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GARBIS H. KEULEGAN: A LONG LIFE IN HYDRAULICS 
by John F. Kennedy 

Iowa Institute of Hydraulic Research 
Iowa City, LA 52242-1585 USA 

Abstragt 
Garbis H. Keulegan (1890-1989) was one of the giants of Twentieth Century 

hydraulics and fluid mechanics. His long life (which began in Turkish occupied Armenia), 
education, involvement in tiie two World Wars, technical contributions, and career as a 
U.S. Government employee (the longest on record) are recounted. His research and engi
neering work produced major contributions in electricity and magnetism, properties of 
materials, elasticity and vibrations, instrumentation, fluid mechanics, oceanography, and 
hydraulics. He was equally gifted as an imaginative researcher, a resourceful mathemati
cian, and an applications-oriented engineer. 

Biographigal Sketch 

One who studies the history of any arena of human endeavor soon realizes that the 
life stories of the creative individuals who developed the subject are at least as interesting as 
the annals of the subject itself. In hydraulics, one would be hard pressed indeed to find a 
more fascinating, a more productive, or a longer career tiian that of die engineer and scien
tist we honor and celebrate at this symposium: G.H. Keulegan. Because of his very mod-
est-indeed, shy and almost humble-personality and his small physical stature, it is per
haps difficult to think of him as a giant of our field, but he was precisely that, as this 
Symposium on the occasion of die centennial of his birth attests. 

Garbis Hvannes Keuleyan was bom on 12 July 1890 in the city of Sebastia-Sivas 
(the ancient Roman City of Sebastia, dating from the time of Trajan) in Turkish occupied 
Armenia Minor (now Sivas, Turkey), one of the major population centers on the Anatolian 
Plain. He was the first of six children born to Hvannes Gerabed Keuleyan, an Armenian 
engineer, and Emma Marguerite née Klein, a German. In 1910, at the age of only about 
twenty, he received his first engineering degree from Anatolia College in Marsovan, 
Armenia Minor (now Merzifon, Turkey), which is some 100 miles northwest of the city of 
his birth. After serving one year in the Turkish army and working another as an engineer, 
he departed his homeland (never to retum, as it tumed out) in early 1912 for the United 
States to continue his engineering education. While awaiting the start of the academic year, 
he visited cousins first in Syracuse, where he worked in an office-fumiture factory and a 
printing establishment; and later in Detroit, while employed in Cadillac and Ford factories. 

In the fall of 1912 he enrolled at Ohio State University (OSU) on a scholarship, 
first registering in the Civil Engineering Department. It was here, through a typographical 
error that he neglected to correct, that his name evolved from Keuleyan to Keulegan. 
Apparently he felt it was easier to change his name than to correct his records. At OSU he 
supported himself by working as a cataloguer and bookbinder in the university library. His 
special talent with mathematics soon was recognized by his engineering professors, one of 
whom suggested that he transfer to the School of Arts to specialize in physics and mathe
matics. He received an A.B. in Mathematics and Physics in 1914. His performance as an 
undergraduate at OSU was so outstanding that he was granted a University Fellowship, 
under which he served as a teaching assistant, for pursuit of his graduate studies. He 
completed the requirements for his Masters degree, including a thesis entitled "Modem 
Theories of Matter", within a year and was granted the degree in the spring of 1915. 
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Following his graduation he entered the Westinghouse Apprenticeship Course, and 
in 1917 was employed as a research engineer by Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, PA. His early work at Westinghouse was concemed with 
electrical hysteresis losses and magnetism. On 31 May 1918, he enlisted in the army. In 
die course of his infantry training, at Camp Sherman, Ohio, his linguistic abilities were 
recognized (he was fluent in several languages, including Armenian, Turkish, German, 
French, and English; he could also read Latin and Greek), and he was assigned to the staff 
of General John J. Pershing as a translator. He was serving witii General Pershing in 
France when the armistice was signed. For many years thereafter he attended periodic 
reunions of Worid War I veterans who served under Pershing, until "tiiere weren't many 
left. Just me and Irving Berlin." 

His original plan had been to retum to his native Armenia after the war, to go into 
engineering practice in his father's business. However, his entire family, except one 
brotiier who was studying in Paris at the time, was killed in the 1915 deportation to Syria 
and Mesopotamia of some 1,750,000 Armenians living under Turkish rule, and the atten
dant massacre of 600,000 of them. Because of this, and tiie continued domination of his 
country by USSR, Turkey, and Iran, he had no desire to retum to it, and decided to remain 
in tiie United States, which he had come to love. He had been granted United States citi
zenship in 1918, while serving in the army. Following his discharge from tiie military he 
retumcd to Westinghouse, where he resumed his work on hysteresis and magnetism until 
1920. For about six months during 1920-21 he was employed by the Terrestial Magnetism 
Department of the Cameige Institution in Pittsburgh. 

Keulegan applied for a job with the National Bureau of Standards (NBS) in 1921, 
attracted apparentiy by the greater liberty to pursue his own research interests, not to men
tion tiie prestige of a position in the "Nation's Laboratory." In his own modest words he 
recalled: " I applied for a low grade position, but they would not accept me. They told me I 
was qualified for a higher grade, which I accepted." Thus he began his employment as a 
physicist with NBS, a position he would hold until 1962. His early work at NBS was 
concemed principally with solid mechanics, and included theoretical and experimental 
studies of hysteresis in stmctural members subjected to cyclic loading; vibration of bars; 
development of various instruments and meters for use in aircraft; and, building on his 
Masters tiiesis, temperaUire coefficients and moduU of metals. 

Shortly after joining the NBS staff, Keulegan started work toward his doctorate in 
physics by taking night courses at Johns Hopkins University, a pursuit which involved 
frequent commuting by train between Washington, D.C., and Baltimore. In 1928 he 
submitted a doctoral thesis to Johns Hopkins on a problem, which he had been investigat
ing at NBS, "On the Vibration of U Bars." He was awarded his Ph.D. in the spring of that 
year, and tiiat fall , on 15 September, married Nellie Virginia Moore, in Washington, D.C. 
Thus, at age 38 he had completed his formal schooUng, married, and finally was prepared 
to settle down and pursue his career-although he had been far from idle previously. It is 
as though this "late start" anticipated his very long Ufe and career. 

Keulegan's early work at NBS, on strut (bar) vibration, development of a fabric-
tension meter, and optimal liquid damping of aircraft instruments, was done for the 
National Advisory Committee for Aeronautics (NACA, the predecessor of NASA). It 
apparentiy was his work for NACA that stimulated his interest in the mechanics of solids 
and fluids. The latter subject was to occupy most of his professional attention from the 
early 1930's onward. Two other (not entirely unrelated) developments of that period were 
to provide him with ample outlet for these interests. 
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The first of these was the establishment of the National Hydraulic Laboratory 
(NHL) at NBS, at the instigation of John R. Freeman and Senator Joseph E. Ransdell of 
Louisiana. NHL finally was established under the Hydraulic Laboratory Act of 1930, 
signed by President Hoover on 14 May of that year. The fu-st director of NHL was 
Herbert N. Eaton, who assembled a staff initially comprising Karl H. Beij, Lawrence L . 
DeFabritis, and Keulegan. Despite the grand plans and vision for NHL, little notable 
research was done there except tiiat of Keulegan and his close collaborators (Rouse 1976). 
Moreover, practically none of this research required the large, and largely inflexible, 
equipment installed in the laboratory, principally as a result of Freeman's design which had 
been heavily influenced by his exposure to European laboratories. 

A second impact on his work, which he was not to experience until some years 
later, resulted from the establishment of the Beach Erosion Board (BEB) of the Department 
of the Army, BEB was established by the 71st Congress as part (Section 2) of the River 
and Harbor Act, which was approved on 3 July 1930 (Quinn 1977). In tiie late spring of 
1940 Freeman Scholar Martin A. Mason transferred to BEB from NHL. During the early 
war years he realized that BEB's knowledge of beaches and shore processes might be use
fu l in the planning and execution of amphibious landings. In June 1942 a meeting was 
held to discuss BEB's potential role in providing beach intelligence to die military. A result 
of this conference was an order from the Chief of Engineers to BEB to carry out its first 
intelligence study, "Landing Area Report: Cherbourg to Dunkirk," in anticipation of the D-
Day landings. The report so impressed the Joint Chiefs of Staff that they, along with their 
European-Allies counterparts, requested tiiat BEB augment its military beach-intelligence 
program. Among those recruited to the program were Keulegan and William C. 
Krumbein, a geologist from the University of Chicago. Kingman, Mason, Keulegan, 
Krumbein, and Jay Hall constituted tiie core of BEB's staff until the end of die war. 

Keulegan was seconded from NHL to BEB from 1942 until 1946, During tiiis time 
he applied his extensive knowledge of waves, tides, and currents to a variety of military 
problems, working principally with Hall. Experiments were run almost continuously in 
BEB's 24-foot and 85-foot wave tanks. The mission of the beach-intelligence group was 
to provide military planners of military amphibious landings with information on beach 
slopes, sand characteristics, reef positions and sizes, and tide and surf conditions; intelli
gence that was essential to successful execution of tiiese operations. Much of this had to be 
inferred from aerial photos of wave-diffraction patterns. The staff often had a month or 
less to prepare these data and present them, in forms understandable to and usable by mili
tary planners. Their fu-st study for an actual landing, "Operation Torch," was of tiie North 
Africa coast between Casablanca and Tangiers. The report was completed in September 
1942, and the landing took place two months later. Subsequent studies were concemed 
witii landing sites on Sicily and southern Italy. After these, the European Allies assumed 
responsibility for future beach-intelligence studies in their theaters of operations, and the 
BEB group's attention then tumed to the Pacific, starting with the north coast of New 
Guinea, followed by other beaches northward up the Pacific Island chains (the Solomons, 
Carolines, Phillipines, etc.). Other BEB activities on which Keulegan worked and con
sulted during the war years included the beaching and retraction characteristics of landing 
craft; development of towed breakwaters; and a feasibility study of a mid-Atiantic floating 
landing field for aircraft refueling. 

In a letter dated 19 December 1945, the Chief of Engineers requested NBS to; 
".„investigate and establish the basic laws of similitude for models involving the density 
currents and tiie mixing of salt water and fresh water," The Corps' interest in this problem 
arose principally from salt-water intrusion problems that were being encountered at the 
mouths of the Sacramento and Mississippi Rivers, as well as at navigation locks between 
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fresh- and salt-water bodies. These problems were complicated by water waves and, 
especially, tides. Density-current problems also were being encountered in the Corps of 
Engineers' and Bureau of Reclamation's reservoirs, in which it was being found that 
sediment-laden density currents could persist along the ful l lengths of reservoirs and up to 
the dams-distances amounting to hundreds of miles at some installations. Keulegan was, 
of course, the logical NHL staff member to head these efforts. In the organization chart 
presented in the 1946 proposed program for NHL, he was designated as head of Unit 3 -
Theoretical Hydraulics. His staff was to be comprised of an assistant head, four physi
cists, and three laboratory mechanics (National Bureau of Standards 1946). 

The general course of Keulegan's technical activities for the next 16 years, until he 
retired from NBS in 1962, was pretty well set. By the end of 1946 he akeady had submit
ted to the Corps of Engineers two progress reports on his study of density-current model 
laws: "Model Laws for Density Currents; First Progress Report"; and, "The Problems of 
Salt Water Intrusion in Canal Locks and the Sufficient Conditions for Adequate Model 
Experiments." In addition, in the years following his return to NHL, he continued his the
oretical work on water waves and completed his famous paper on damping of solitary 
waves. He commenced his series of studies on surges in small basins connected to the sea, 
and also found time to write Chapter 11, "Wave Motion" of Rouse's Engineering 
Hydraulics (Rouse 1950). Upon reaching the then-mandatory retirement age of 70, 
Keulegan received two one-year presidential extensions, to complete a beach-erosion study 
he was conducting at NHL for BEB. Much of Keulegan's published work from tiie early 
1930's until his retirement from NBS in 1962 appeared in NBS or NHL reports submitted 
to clients, the National Bureau of Standards Journal of Research or TransagtiQng Qf thg 
American Geophysical Union. Topics on which he published during this period included: 
laminar-flow pressure losses in curved pipes (with K. Beij); oscillatory-water-wave theory 
(in a series of classical papers, most co-authored with G.W. Patterson); the stability of 
flow in steep channels (the roll-wave problem); interfacial stability and mixing in two-layer 
flows; resistance laws for open-channel flows; solitary waves; and the dynamics of 
density-sfratified flows (for which he coined the term "density currents"). His NHL 
studies had been primarily theoretical in nature, although he made extensive use of the 
experimental results of others, and had an uncanny ability to recognize questionable data 
and spurious correlations. He did not participate extensively in the activities of profes
sional societies, and only rarely attended technical conferences and symposia. A notable 
exception was the NBS Semicentennial Symposium on Gravity Waves, which was held at 
NBS on 18-20 June 1951. This speciality symposium was planned, organized, and con
ducted by Keulegan and his long-time NBS colleague, K.H. Beij. They also edited the 
symposium proceedings (National Bureau of Standards 1952). 

Keulegan's work on density currents and salinity intrusion at NHL attracted tiie 
attention, and eventually financial sponsorship, of the Army Corps of Engineers 
Waterways Experiment Station (WES). During the later years of this work, as retirement 
age drew near, he wondered aloud on occasion to Henry Simmons (who was monitoring 
the WES studies at NHL) what he might do to remain professionally active following 
retirement. Simmons encouraged him to consider coming to WES, and brought this pos
sibility to tiie attention of Eugene Fortson (then Chief of die WES Hydraulics Division) and 
Colonel Edmund Lang (then WES Director). They were enthusiastic about the prospect, 
and in March 1960 Lang wrote to Keulegan to explore it formally. Keulegan's conditions 
for employment at WES were straightforward: that he be given an office; that the office 
have a window, and that there be a tree outside the window. An extended period of corre
spondence and visits followed, during which Keulegan completed his BEB work at NHL, 
and an administrative avenue was sought to employ him at WES. He eventually was 
offered a half-time position as a Consultant and Special Assistant to the Chief, Hydraulics 
Laboratory. The initial appointment was for one year, and the Keulegans assumed that 
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their relocation would be temporary. In January 1963, diey rented out their Washington 
home, moved to Vicksburg, MS, and rented a house üiere. Keulegan rapidly became fully 
engaged in the beach-erosion study he was supervising at WES, but also found that he was 
being sought out by his WES colleagues to assist them with especially difficult problems 
involving hydraulics, fluid mechanics, or modelling. The Keulegan family soon found that 
diey enjoyed living in Vicksburg, and Keulegan himself prized die opportunity to work on 
the most interesting aspects of a wide variety of problems. Thus, they decided to relocate 
permanently in Vicksburg, and witiiin a year of arriving there bought a house. Their break 
with Washington, D.C. was made complete in 1984, when they sold their house there. 
Keulegan's work at WES continued to be concemed principally with waves and tides, and 
density currents and salinity intrusion. He also was invaluable in designing strategies for, 
and guiding the conduct of, particularly difficult model studies. 

Witii the passage of time, his work day became shorter, and eventually he spent just 
his momings in his office. His daily routine then consisted of coming to his office at about 
7 am. There he would work on the problems of interest to him. He took special delight in 
helping others find new ways to approach technical problems that were troubling them. At 
about 11 am he would leave his office for lunch at home or a restaurant. Afternoons were 
spent in relaxation. Pencil and paper continued to be his principal research tools. He never 
even adopted the electronic desk-top calculators. Instead, he utilized progressively longer 
slide rules as his eyesight became weaker. Three bouts of surgery, including hip repair 
(following a fall on a WES model) and cataract removal, failed to stop his relentless 
research productivity. 

He had several hobbies. He loved to read about American history, particularly that 
of the early West. He also liked western movies, especially those featuring Gene Autry or 
die Lone Ranger, and die family dinner hour was arranged so he could watch their televised 
programs. He was an avid gardener, and prized his roses and tomatoes. His morning 
delight was drinking his coffee while watching the birds around the birdhouses and bird-
baths which he built and tended. At about age 95, as a gesture toward healthful living, he 
stopped smoking. 

In 1989 the U.S. Office of Personnel Management recognized him as the oldest 
employee in Federal Service, and as the one who had served the most years. On tiiis occa
sion, he received a letter from President Ronald Reagan and Mrs. Reagan. In 1981, when 
asked to what he attributed his longevity and ability to work for so many years, Keulegan 
explained: " I never had big ideas. I did not want to be a section chief, I did not want to be 
rich-I'm just interested in my work. I love people; I love working in the hydraulics labo
ratory. I enjoy my work immensely—it helps keep me alert." 

In die course of his long and very distinguished career, Keulegan was accorded a 
ful l complement of professional recognitions. These included: the Commerce Department 
Gold Medal (1960); the National Medal of Science (1968); the Army Research and 
Development Award, and Honorary Membership in ASCE (1969); tiie Meritorious Civüian 
Service Award (1973); the Commander's Service Award for Civilian Service, and election 
to the National Academy of Engineering (1979); and selection for inclusion in the WES 
Gallery of Distinguished Civilian Employees (1986). 

Time does not stand still even for the greatest of men, and in 1988 he wrote the 
following letter, in his own still steady hand, to Mr. Frank Herrmann, Jr. (Chief of the 
WES Hydraulics Laboratory): 
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215 Buena Vista Dr. 
Vicksburg, MS 39180 

Sept 17,1988 

Mr. Frank A. Herrmann 
Chief Hydraulics Laboratory 
U.S. Army Corp Eng., Waterways Experiment Station 
P.O. Box 631, Vicksburg, MS 39180 

Dear Frank, 

Conditions are such that I will not be able to return and to resume my 
regular work at the laboratory. Thus, I am compelled to resign as of Sept. 26, 
1988. 

My association with you and with the other members of the laboratory 
staff has been a real source of pleasure. I hasten to express my deep apprecia
tion of the all the kindness and favors shown. 

Sincerely, 

G.H. Keulegan 

Garbis Keulegan died of multiple complications on 28 July 1989, at age 99, less 
than one year after retiring the second time. Services were held at St. Paul Catholic Church 
in Vicksburg, Mississippi. His remains are interred at nearby Green Acres Cemetery. 
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1.0 Abstract 

The results of an experimental investigation into the merging of buoyant discharges in 
a current is presented. Trajectory data f r o m the merging buoyant f lows are reported. 
The investigation shows that the conditions at the point of merging have an important 
effect on the behavior of such flows. 

2.0 Introduction 

When a buoyant jet is released into cof lowing f l u i d i t may in i t ia l ly behave as an 
advected jet, then change to an advected plume and f ina l ly become an advected 
thermal. In the first two regions the velocity distribution in the f l ow is approximately 
gaussian and in the f inal region the f low is vortex like. This is illustrated in Figure 1. 

Fig. 1 The behavior of a buoyant jet in a coflow. 

When the buoyant jets merge their behavior after merging depends on the conditions 
at merging. This may be important in the design of some ocean outfalls and has been 
ignored in past publications [Brooks (1978) Robert (1977)] 

3.0 The Experiments 

The investigation involved a series of experiments in which the trajectories of the 
merging buoyant f lows in an ambient current were studied. A manifold (figure 2) was 
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designed to enable the same discharge f rom each of up to 17 ports, w i th one or all of the 
ports being dyed. In figure 2 the discharge through the central port is independent of 
the others and is dyed. The ports were all 3.3mm in internal diameter (dp). Port 

spacings (pg) of 60mm and 90 mm were used. The manifold was mounted on a trolley 

and towed at a variety of speeds (ambient velocities (U )) down a tank f u l l of ambient 

f l u i d (fresh water). The man i fo ld itself was not submerged and hence ambient 
turbulence was minimal. Density differences were created by discharging salt solutions 
(35 grams/l i t re) and the dye used was non-buoyant. The density differences were 
sufficiently small for the Boussinesq approximation to be appropriate and the f low 
could be interpreted as a lighter effluent rising. A l l results were recorded w i t h a video 
camera. 

Inflow ef dyed fluid to te 

OlSCHARCe OF A CENTRAL CTfED JET 
INSIDE AN ARRAY OF CLEAR JETS 

Fig 2. The manifold used in the experimental investigation (schematic) 

Two sets of experiments were carried out. The first to examine the behavior of the 
central merging buoyant f l o w in a diffuser w i t h a larger number of ports and the effect 
of reduced numbers of ports surrounding the central port. The second series examined 
the behavior of the edge buoyant f low under the same conditions. Comparisons could 
be made then between the behavior of the central and edge discharges. These 
experiments were then compared w i t h the behavior of a single buoyant discharge 
under the same conditions. Each of the buoyant f lows had the same discharge and 
density difference was towed at the same ambient velocity. 

A computer program for a single buoyant jet i n a coflow [Davidson 1988] was used to 
compute the transitions between the f low regions and it was assumed that the point of 
merging occurred when the calculated wid th [defined as the position where the velocity 
is [1/e] times the centreline velocity] was 0.3p . 
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This was consistent w i th the observations. 

4.0 Results 

The data and tracings in this section are presented as if the f low was f rom an outfall and 
the effluent was rising to the ocean surface. 

Figure 3 (a) shows a tracing of a single buoyant f l ow in an ambient current were the 
init ial velocity ratio (Uj.) is 0.5 and the Froude number (Fr^) is 3.39. The init ial velocity 
ratio is the ratio of the ambient velocity to the absolute velocity of the discharge. In 
Figure 3(b) a similar tracing of a central buoyant f l o w in an array of 17 ports is 
presented. In this case the central merging buoyant f lows are behaving as advected 
thermals and there was in effect an infinite array of discharges. It is to be noted that the 
merging buoyant f l o w rises more slowly than the single buoyant f l o w and that the 
profiles are similar apart f r o m minor variations in the outer edges of the dyed f lu id 
where there is a slightly greater spread i n the merged case. A brief study of merging 
buoyant discharges in a counterflowing ambient f l u i d revealed a similar behavior. 

I I 1 I I t : I . : 1 1 

0 ' 90 • 180 270 
Horizontal Distance (x/dpj 

(a) A tracing of the rise of a single buoyant f low in a coflow. 

Ur ' 0.50 dp s 3.3mm 
•^eO Fro = 139 p^yHp^tB.Jd 

I I 1 I 1 I 1 I 1 L 

0 90 180 270 
Horizontal Distance (x/dpj 

Fig. 3 (a) A tracing of the rise of merging buoyant flows in a coflow. The merging is in 

the advected thermal region. 
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Similar experiments were carried out when the merging was in the advected plume 
region and in the transition region between the plume and the thermal region. Apart 
f r o m a marked discontinuity at the point of merging in the advected plume region the 
results were similar. In every case the trajectory of the centreline of the central buoyant 
jet of an array was less steep than that of a single buoyant jet w i t h no surrounding 
buoyant jets. 

The effects of the number of ports in the array was also investigated. Firstly the 
number of discharges in the array was increased f rom 1 to 17 ports. Where the merging 
was in the advected thermal region the entrainment into the f l o w was small and even 
w i t h 17 ports in the centre of the tank the walls of the tank appeared to have a 
negligible effect. For the case of merging in the transition or advected plume regions 
the entraining flows were considerable and in order to overcome the wal l effect for an 
array of ports greater than 11 one wal l was treated as a centreline. For effective port 
numbers of twelve, fourteen and sixteen, six, seven an eight ports were used against the 
tank wall . This in effect doubled the tank wid th and in effect removed any influence of 
the wall . This data is presented in Figure 4. Only the cases of merging i n the advected 
plume and the advected thermal regions are shown. It can be seen that in every case 
the merged trajectories are below those of a single buoyant f low in a coflowing ambient 
f l u i d . For merging in the advected thermal region, the central port of an array of 7 or 
more ports behaves as i f i t were i n an inf ini te array of ports. For merging in the 
advected plume region 13 or more buoyant jets are required before the central port can 
be treated as if it were in an infinite array of ports. 

HoftanU ObtoKa (i/<lt>) 

(a) The point of merging is in the advected (b) The point of merging is in the advected 
thermal region plume region. 

Figure 4. Trajectories of merging buoyant flows in a coflowing ambient current. 

Finally, by studying the trajectories of the edge and central discharges i n the array an 
idea of the buoyant clouds shape can be obtained. Figure 5 presents such data for 11 
buoyant discharges which are in i t ia l ly advected thermals and hence they merge as 
advected thermals. I t is notable that the trajectory of the buoyant jet on the edge of the 

-2A.4-



cloud is above that of the central buoyant f l ow. This difference can be seen prior to 
point of naerging. Where the merging is in the plume region the trajectory at the edge 
of the cloud is below that of the central trajectory, however, prior to merging the centre 
and edge trajectories coincide. This is illustrated in Figure 5b. 

1.0 

CcNTP£ -CRT AND E^GS =Cffr "A.£:"PI£3 

Comoute- merge aant rCj.-J.JS 
"pj .- !8.:Sdo 
d, 1 3,3 mm 

•3' ^ 

I 

U3 ao -20 160 200 
Horizontal Oistance (xAiol 

u ao ta 
tStlera (mya,! 

(a) Merging in the advected thermal region. (b) Merging in the advected plume region. 

Figure 5. A comparison of the trajectory of the central discharge and the edge discharge 
of an array of 11 buoyant flows in a coflowing ambient f lu id . 

A plausible explanation for the differences i n the shapes of the merging buoyant 
discharges can be obtained for the case were the velocity at anytime is due to the 
vorticity i n the advected thermals. The advected thermal region may be modelled as a 
line of two-dimensional vortex pairs. When, or soon after, merging occurs they w i l l be 
approximately evenly spaced. This is illustrated for f ive vortex pairs w i t h a vortex 
spacing of d in Figure 6. 

Oiffuser 

'Buoyant cloud rises towards 

ttie ambient surface 

each vortex has a strength of K 

Figure 6. A merging array of advected thermals. 
For either vortex of the central vortex pair the induced upward velocity v is v = 
0.2K/27id (where K is the circulation and d is the vortex spacing) 

For the edge vortices the induced upward velocity is v = 0.75 K/2Kd. 

This implies that the merged advected thermal vortices move upwards more slowly 
than a single advected vortex which move w i t h a velocity of v = K/2Kd 

In addition i t implies that the outer vortices move upwards faster than the central 
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vortex pair. This is consistent w i t h the observations and is also consistent w i t h the 
upward movement of the edge advected thermal relative the central advected thermal 
prior to the point of merging. The vortex type model also accounts qualitively for the 
difference i n the movement of the edge and central plume prior to merging in the 
advected thermal case. Af ter the point of merging the developed vort ic i ty of the 
advected thermals w i l l cross diffuse un t i l the effective strength of each vortex pair 
becomes negligible. A t this stage the merged f l o w becomes similar to that of merged 
plumes and the flow around the surface of the rising cloud causes the shape to change 
wi th , the outer edge falling below the centre. It is presumed that in an indefinitely deep 
ocean the cloud w i l l then eventually ro l l up into a single two dimensional advected 
thermal . 

5.0 Conclusions 

The above results have considerable practical implications. In an ambient f l ow each of 
the merged buoyant flows rise more slowly, to the surface, than a single buoyant f low 
w i t h the same properties and the peak dilutions are of a similar magnitude. For a 
given total discharge increasing the number of ports w i l l increase the d i lu t ion at the 
surface. I f these discharges merge there is the added advantage of delaying the arrival 
of the effluent at the surface. 
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ABSTRACT 

A c o m m e r c i a l t h r e e - c o m p o n e n t l a s e r d o p p l e r anemometer (LDA) has been u s e d 
t o a c q u i r e a d e t a i l e d s e t o f t h r e e - d i m e n s i o n a l mean and f l u c t u a t i n g v e l o c i t y 
m easurements i n a l o w - s p e e d a i r j e t e n t e r i n g a s t a g n a n t a m b i e n t , o v e r t h e 
f i r s t 15 j e t e x i t d i a m e t e r s a l o n g t h e j e t t r a j e c t o r y . T h e s e d a t a a r e 
c o n s i s t e n t w i t h p r e v i o u s measurements i n a x i s y m m e t r i c , t u r b u l e n t j e t s . Mean 
v e l o c i t y and R e y n o l d s s t r e s s d a t a a p p r o a c h a s e l f - p r e s e r v i n g b e h a v i o r by x/D 
a i 5 . However, t h e RMS t u r b u l e n c e f l u c t u a t i o n s were n o t s e l f - p r e s e r v i n g a t 
t h i s a x i a l l o c a t i o n , a s e x p e c t e d b a s e d upon p r e v i o u s e x p e r i m e n t a l s t u d i e s . 
T h e s e d a t a c o n f i r m t h e a b i l i t y t o o b t a i n r e l i a b l e t h r e e - d i m e n s i o n a l v e l o c i t y 
d a t a u s i n g t h e p r e s e n t 3-D LDA s y s t e m . 

INTRODUCTION 

The l a s e r d o p p l e r anemometer has become a w i d e l y - u s e d t o o l f o r 
n o n - i n t r u s i v e measurement i n t u r b u l e n t f l o w s . R e c e n t l y , s e v e r a l t y p e s o f 
t h r e e - c o m p o n e n t s y s t e m s have been d e v e l o p e d , t o e n a b l e s i m u l t a n e o u s 
measurement o f t h r e e f l u c t u a t i n g v e l o c i t y components. As d i s c u s s e d by Meyers 
( r e f . 1 ) , many of t h e s e t h r e e - c o m p o n e n t s y s t e m s s u f f e r f rom a s i g n i f i c a n t l y 
compromised a c c u r a c y o f one o f t h e v e l o c i t y components ( a l o n g t h e o p t i c a l 
a x i s ) . 

I n t h e p r e s e n t s t u d y , v e l o c i t y measurements have been made i n a 
nonbuoyant, a x i s y m m e t r i c a i r j e t e n t e r i n g a s t a g n a n t a m b i e n t , a s a means o f 
a s s e s s i n g t h e r e l i a b i l i t y o f t h r e e - c o m p o n e n t d a t a o b t a i n e d from a c o m m e r c i a l 
3-D LDA s y s t e m . The a x i s y m m e t r i c j e t i s a r e l a t i v e l y s i m p l e t u r b u l e n t f r e e 
s h e a r f l o w w h i c h h a s p r e v i o u s l y been w i d e l y s t u d i e d ( f o r e x a m p l e , r e f s . 
2-9) and w h i c h becomes s e l f - p r e s e r v i n g away from t h e j e t e x i t . The f l o w f i e l d 
i s a x i s y m m e t r i c , a l l o w i n g a c h e c k between v e l o c i t y m e a s u r e m e n t s made w i t h 
d i f f e r e n t c h a n n e l s o f t h e LDA s y s t e m . Mean v e l o c i t y p r o f i l e s become 
s e l f - p r e s e r v i n g w i t h i n 10-20 e x i t d i a m e t e r s ( r e f s . 2 - 7 ) , w h i l e t h e t u r b u l e n c e 
f i e l d becomes s e l f - p r e s e r v i n g beyond 60-80 e x i t d i a m e t e r s ( r e f s . 2, 8, 9 ) . 
The d a t a f o r t h e p r e s e n t s t u d y have been p r e s e n t e d i n d i m e n s i o n a l form i n r e f . 
10. 

DESCRIPTION OF EXPERIMENTAL F A C I L I T Y AND PROCEDURE 

The p r e s e n t LDA s y s t e m i s a c o m m e r c i a l f i v e beam DANTEC f r i n g e - t y p e LDA 
s y s t e m w i t h t h e g e n e r a l l a y o u t d e s c r i b e d by Buchave ( r e f . 1 1 ) . The s y s t e m h a s 
been d e s c r i b e d i n some d e t a i l i n r e f . 10. O t h e r t y p e s o f 3-D LDA s y s t e m s have 
been d e s c r i b e d i n r e f . 1. The j e t f a c i l i t y c o n s i s t s o f an a i r c o m p r e s s o r 
w h i c h s u p p l i e s a i r t h r o u g h a p r e s s u r e r e g u l a t o r , o i l s e p a r a t o r , f i l t e r s , 
c o n t r o l v a l v e , and r o t a m e t e r t o a 120:1 a r e a r a t i o c o n t r a c t i o n w h i c h e x i t s t o 
a 0.415 i n c h (10.54mm) d i a m e t e r j e t e x i t p i p e w h i c h i s n o m i n a l l y 45 j e t 
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d i a m e t e r s i n l e n g t h . F o r t h e p r e s e n t n o m i n a l e x i t R e y n o l d s number o f 23,000 
b a s e d on j e t e x i t d i a m e t e r , i t i s e x p e c t e d t h a t e x i t v e l o c i t y p r o f i l e s s h o u l d 
c o r r e s p o n d t o f u l l y d e v e l o p e d t u r b u l e n t p i p e f l o w . The j e t e n t e r s n e a r t h e 
c e n t e r l i n e o f a 18" x 20" (.46x.51m) c r o s s s e c t i o n low s p e e d wind t u n n e l . The 
j e t e n t e r s t h e t u n n e l t e s t s e c t i o n t r a n s v e r s e t o t h e t u n n e l a x i s . F o r t h e 
p r e s e n t s t u d y , no c r o s s f l o w h a s been u s e d ; t h e t u n n e l h a s been used s i m p l y t o 
c o n t a i n t h e j e t f l o w s e e d p a r t i c l e s . The t u n n e l i s f i t t e d w i t h a v e r t i c a l 
g l a s s s i d e , t o a l l o w o p t i c a l a c c e s s f o r t h e LDA s y s t e m . 

The j e t f l o w h a s been s e e d e d w i t h 0.5-4 m d i a m e t e r g l a s s m i c r o b e a d s from 
a c y l i n d r i c a l f l u i d i z e d bed f e e d e r w h i c h i s f i t t e d w i t h an e l e c t r i c s h a k e r , t o 
e n s u r e a u n i f o r m s e e d r a t e . I n an e f f o r t t o a c h i e v e a u n i f o r m s e e d p a r t i c l e 
number d e n s i t y t h r o u g h o u t t h e f l o w f i e l d , t h e j e t f a c i l i t y was run w i t h t h e 
p a r t i c l e f e e d e r on f o r 18-24 h o u r s b e f o r e any d a t a t a k i n g was begun. The 
maximum p a r t i c l e d i a m e t e r o f 4 m i s e s t i m a t e d t o be c a p a b l e o f f o l l o w i n g t h e 
f l o w up t o f r e q u e n c i e s o f 2-3 kHz, b a s e d upon t h e work o f H j e l m f e l t and 
Mockros ( r e f . 1 2 ) . O v e r a l l v a l i d a t e d d a t a r a t e s y i e l d c a l c u l a t e d d a t a 
d e n s i t i e s on t h e o r d e r o f 0.3, b a s e d on t h e computed T a y l o r m i c r o t i m e s c a l e 
( r e f . 1 3 ) . D a t a f i l e s o b t a i n e d i n t h e c u r r e n t s t u d y a t e a c h l o c a t i o n c o n s i s t 
o f 2816 m e a s u r e m e n t s o f e a c h o f t h e t h r e e v e l o c i t y components, p l u s t h e s a m p l e 
i n t e r v a l t i m e s i n c e t h e l a s t v a l i d a t e d c o i n c i d e n t s e t o f t h r e e v e l o c i t y 
component m e a s u r e m e n t s . F o r t h i s s t u d y , c o i n c i d e n c e between measured v e l o c i t y 
components h a s been d e f i n e d t o o c c u r when a l l t h r e e l a s e r v e l o c i m e t e r c h a n n e l s 
s e n d a v a l i d a t e d v e l o c i t y measurement t o t h e b u f f e r w i t h i n 300 Ms o f one 
a n o t h e r . T h i s i s a p p r o x i m a t e l y t w i c e t h e l e n g t h o f a t y p i c a l b u r s t on any o f 
t h e t h r e e c h a n n e l s . 

D a t a h a s been r e d u c e d u s i n g t e c h n i q u e s d i s c u s s e d i n r e f s . 13-17. The 
" t a i l s " o f f r e q u e n c y h i s t o g r a m s a r e d e l e t e d f o r e a c h c h a n n e l , i n an e f f o r t t o 
e l i m i n a t e s p u r i o u s d a t a . A p p r o x i m a t e l y one p e r c e n t o f d a t a f o r e a c h c h a n n e l 
i s e l i m i n a t e d t h i s way. A l s o , t o i n v e s t i g a t e t h e need f o r v e l o c i t y b i a s 
c o r r e c t i o n s , both s a m p l e i n t e r v a l t i m e w e i g h t i n g a s w e l l a s s t a t i s t i c a l 
a v e r a g i n g h a s been u s e d t o c a l c u l a t e a v e r a g e v e l o c i t i e s , RMS v a l u e s , and 
v e l o c i t y c r o s s - c o r r e l a t i o n d i s t r i b u t i o n s . D a t a p r e s e n t e d h e r e i n h a s been 
c a l c u l a t e d u s i n g s t a t i s t i c a l a v e r a g i n g . T h e r e was v e r y l i t t l e d i f f e r e n c e 
between t h e s e two a v e r a g i n g methods. 

RESULTS 

D a t a c o n s i s t o f a s e r i e s o f r a d i a l t r a v e r s e s a c r o s s t h e j e t a x i s i n t h e 
h o r i z o n t a l o r v e r t i c a l d i r e c t i o n s a t f i v e l o c a t i o n s a l o n g t h e j e t a x i s and a 
t r a v e r s e a l o n g t h e j e t c e n t e r l i n e . At e a c h p o i n t t h e r e d u c e d d a t a c o n s i s t o f 
t h e c a l c u l a t e d mean and RMS v e l o c i t y components, and t h e c a l c u l a t e d v e l o c i t y 
c r o s s - c o r r e l a t i o n s . R e s u l t s f o r t h e l a t e r a l s u r v e y s a c r o s s t h e j e t r a d i u s a r e 
p r e s e n t e d i n F i g s . 1-5, w h i l e t h e j e t c e n t e r l i n e t r a v e r s e r e s u l t s a r e 
p r e s e n t e d i n F i g s . 6-8. Note t h a t a l l o f t h e s e r e s u l t s a r e e s s e n t i a l l y 
t h r e e - d i m e n s i o n a l m e a s u r e m e n t s i n what i s b a s i c a l l y a t w o - d i m e n s i o n a l ( x , r ) 
mean f l o w f i e l d . As a c h e c k o f t h e s e l f - p r e s e r v i n g b e h a v i o r o f t h e f l o w , 
r a d i a l p r o f i l e s have been p l o t t e d v e r s u s ( r / b ) where b i s t h e j e t r a d i u s where 
U i s i s one h a l f t h e c e n t e r l i n e v a l u e , w h i l e f o r t h e a x i a l t r a v e r s e r e s u l t s , x 
h a s been n o r m a l i z e d by t h e j e t e x i t d i a m e t e r , D. V e l o c i t i e s h a v e been 
n o n d i m e n s i o n a l i z e d by t h e l o c a l c e n t e r l i n e a x i a l mean v e l o c i t y . 

Mean a x i a l v e l o c i t y r e s u l t s ( F i g . 1) a p p e a r s e l f - s i m i l a r , e s p e c i a l l y f o r 
t h e t h r e e t r a v e r s e s f a r t h e s t from t h e j e t e x i t . Mean v e l o c i t i e s h a v e been 
n o r m a l i z e d by t h e l o c a l c e n t e r l i n e a x i a l mean v e l o c i t y . Mean r a d i a l v e l o c i t y 
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d a t a ( F i g . 2) show c o n s i d e r a b l e s c a t t e r , but d i s p l a y t h e c o r r e c t m agnitude ( a 
maximum of a b o u t 5% of t h e a x i a l v e l o c i t y ) and s p a t i a l v a r i a t i o n (V c h a n g e s 
s i g n a c r o s s t h e j e t c e n t e r l i n e ) . D a t a have been p r e s e n t e d from both s i d e s o f 
t h e j e t c e n t e r l i n e , w i t h t h e a b s o l u t e v a l u e of r a d i a l v e l o c i t y shown i n F i g . 
2. G e n e r a l l y , a s x i n c r e a s e s , n o n - d i m e n s i o n a l V i n c r e a s e s somewhat. 

R a d i a l p r o f i l e s o f measured a x i a l , and r a d i a l RMS v e l o c i t i e s a r e 
p r e s e n t e d i n F i g s . 3 and 4. RMS v e l o c i t i e s have a l s o been n o r m a l i z e d by t h e 
c e n t e r l i n e v a l u e o f mean a x i a l v e l o c i t y . C i r c u m f e r e n t i a l RMS v e l o c i t y i s 
s i m i l a r t o t h e r a d i a l RMS v a l u e s . The a x i a l RMS v e l o c i t y i s c o n s i s t e n t l y 
l a r g e r t h a n t h e o t h e r two components. T h i s b e h a v i o r i s e x p e c t e d on p h y s i c a l 
g rounds ( r e f . 1 8 ) , and h a s been o b s e r v e d i n e a r l i e r s t u d i e s ( r e f s . 8, 9 ) . A l l 
t h r e e RMS v e l o c i t y p r o f i l e s d i s p l a y a peak a t r/b a 0.7 n e a r e r t o t h e j e t 
e x i t , w h i c h d i s a p p e a r s a t l a r g e r x v a l u e s . At t h e l a r g e s t x v a l u e f o r t h e 
p r e s e n t s t u d y (x/D a 1 5 ) , c e n t e r l i n e v a l u e s o f t h e t h r e e RMS v e l o c i t i e s have 
r i s e n t o a p p r o x i m a t e l y 25%, )5%, and 18* o f t h e l o c a l c e n t e r l i n e v e l o c i t y . 
T h e s e v a l u e s a r e somewhat l o w e r t h a n measured i n r e f s . 8 and 9 beyond x/D a 60 
t o 80, where s e l f - p r e s e r v a t i o n o f t h e t u r b u l e n c e f i e l d was o b s e r v e d . I n r e f s . 
8 and 9, o n ce t h e t u r b u l e n c e f i e l d became s e l f - p r e s e r v i n g , t h e a x i a l RMS 
v e l o c i t y was measured t o be a b o u t 28% o f t h e c e n t e r l i n e v e l o c i t y , w h i l e both 
t h e r a d i a l and c i r c u m f e r e n t i a l RMS v e l o c i t i e s were found t o r e a c h a b o u t 23% of 
t h e c e n t e r l i n e v e l o c i t y . 

R a d i a l p r o f i l e s o f t h e -u v c o r r e l a t i o n ( F i g . 5) show some s c a t t e r , but 
a g r e e w e l l w i t h r e s u l t s i n r e f s . 8 and 9. O t h e r measured c o r r e l a t i o n s were 
s m a l l ( r e f . 1 0 ) . R e y n o l d s s t r e s s i s a maximum a t r/b a 1; t h i s maximum v a l u e 
i n c r e a s e s w i t h i n c r e a s i n g x. 

The v a r i a t i o n o f mean a x i a l v e l o c i t y on t h e j e t c e n t e r l i n e ( F i g . 6 ) shows 
t h e e x p e c t e d d e v e l o p m e n t o f an i n v e r s e v a r i a t i o n w i t h x. • J e t w i d t h d a t a 
e x t r a c t e d g r a p h i c a l l y from t h e l a t e r a l p r o f i l e s o f mean a x i a l v e l o c i t y ( F i g . 
7) a l s o d i s p l a y t h e e x p e c t e d l i n e a r w i d t h growth. A x i a l v a r i a t i o n o f t h e 
t h r e e RMS v e l o c i t i e s on t h e j e t c e n t e r l i n e ( F i g . 8 ) c o n f i r m t h a t t h e 
t u r b u l e n c e f i e l d h a s n o t y e t become s e l f - p r e s e r v i n g a t x/D a 15, a s e x p e c t e d . 

F i n a l l y , t h e s c a t t e r i n measured c i r c u m f e r e n t i a l and r a d i a l v e l o c i t i e s o f 
a p p r o x i m a t e l y ±0.5 m/s i s b e l i e v e d t o be r e p r e s e n t a t i v e o f t h e t y p i c a l 
measurement u n c e r t a i n t y o r d e r o f m agnitude f o r mean v e l o c i t y i n t h e p r e s e n t 
s t u d y . T h i s c o r r e s p o n d s t o e r r o r s o f between 1.5 and 3% i n t h e mean a x i a l 
v e l o c i t y ( F i g . 1 ) . However, p e r c e n t u n c e r t a i n t y i s c o n s i d e r a b l y l a r g e r f o r 
mean r a d i a l v e l o c i t y ( F i g . 2 ) , s i n c e i t i s s m a l l e r i n m a g n i t u d e . 

CONCLUSION 

A s e t o f t h r e e - c o m p o n e n t LDA d a t a h a s been o b t a i n e d i n a low s p e e d , 
t u r b u l e n t , a x i s y m m e t r i c a i r j e t e n t e r i n g a s t a g n a n t a m b i e n t . Mean and 
t u r b u l e n t v e l o c i t y r e s u l t s a r e c o n s i s t e n t w i t h o t h e r p u b l i s h e d r e s u l t s f o r 
t u r b u l e n t , c i r c u l a r j e t s . The p r e s e n t d a t a d e m o n s t r a t e t h e u t i l i t y o f t h e 
s y s t e m t o make a c c u r a t e 3-D v e l o c i t y m e a surements. 

ACKNOWLEDGEMENTS 

P a r t i a l s u p p o r t f o r t h i s e f f o r t was p r o v i d e d by t h e NASA L a n g l e y R e s e a r c h 
C e n t e r u n d e r G r a n t NAG1-748, Mr. John W. P a u l s o n , J r . , t e c h n i c a l m o n i t o r . Mr. 
Edward J o h n s o n was e x t r e m e l y h e l p f u l i n l e a r n i n g t o u s e t h e 3-D LDA s y s t e m . 

-2A.9-



REFERENCES 

1. Meyers, J . F., "The E l u s i v e T h i r d Component", P r o c e e d i n g s o f I n t ' l . 

Symposium on L a s e r Anemometry, ASME F E D - V o l . 33, A. Dybbs & P. A. Pfund, 

e d i t o r s , 1985, pp. 247-254. 
2. R a j a r a t h a m , N., T u r b u l e n t J e t s , V o l . 5, D e v e l o p m e n t s i n Water S c i e n c e , 

E l s e v i e r P u b l i s h i n g Co., NY, 1976, pp. 27-49. 
3. C o r r s i n , S., " I n v e s t i g a t i o n o f Flow i n an A x i a l l y S y m m e t r i c H e a t e d J e t 

of A i r " , NACA Wartime R e p o r t W-94, 1943. 
4. H i n z e , J . 0. and Z i j n e n , B. G. Van d e r Hegge, " T r a n s f e r o f Heat and 

M a t t e r i n t h e T u r b u l e n t M i x i n g Zone o f an A x i a l l y S y m m e t r i c a l J e t " , J . 
A p p l . S c i . R e s . , V o l . A1 , 1950, pp. 435-461. 

5. A l b e r t s o n , M. L., D a i , Y. B., J e n s e n , R. A., and Rouse, H., " D i f f u s i o n 
o f Submerged J e t s " , T r a n s . ASCE, V o l . 115, 1950, P a p e r 2409, pp. 639-697. 

6. R i c o u , F. P. and S p a l d i n g , D. B., 'Measurements o f E n t r a i n m e n t by 
A x i s y m m e t r i c a l T u r b u l e n t J e t s " , J . F l u i d M e c h a n i c s , V o l . 11, 1961, pp. 
21-31 . 

7. Sami, S., Carmody, T., and Rouse, H., " J e t D i f f u s i o n i n t h e R e g i o n o f 

Flow E s t a b l i s h m e n t " , J . F l u i d M e c h a n i c s , V o l . 27, P a r t 2, 1967, pp. 

231 - 2 5 2 . 
8. W y g n a n s k i , I . and F i e d l e r , H., "Some Measurements i n t h e S e l f - P r e s e r v i n g 

J e t " , J . F l u i d M e c h a n i c s , V o l . 38, P a r t 3, 1969, pp. 577-612. 
9. H u s s e i n , H. J . , George, W. K., and Capp, S. P., " C o m p a r i s o n Between 

H o t - w i r e and Burst-Mode LDA V e l o c i t y Measurements i n a F u l l y - D e v e l o p e d 
T u r b u l e n t J e t " , P a p e r AIAA-88-0424, p r e s e n t e d a t AIAA 2 6 t h A e r o s p a c e 
S c i e n c e s M e e t i n g , Reno, NV, J a n . 11-14, 1988. 

10. Kuhlman, J . M. and G r o s s , R. W., " T h r e e Component L a s e r D o p p l e r 
Measurements i n an A x i s y m m e t r i c J e t " , NASA CR-181908, O c t o b e r 1989. 

11. B u c h a v e , P., "Three-component LDA Measurements", DISA I n f o r m a t i o n No. 
29, J a n . 1984, pp. 3-9. , 

12. H j e l m f e l t , A. T., J r . and Mockros, L. F., "Motion o f D i s c r e t e P a r t i c l e s 

i n a T u r b u l e n t F l u i d " , A p p l i e d S c i e n c e R e s e a r c h , V o l . 16, 1966, pp. 

149-161. 

13. E d w a r d s , R. V., e d i t o r , " R e p o r t o f t h e S p e c i a l P a n e l on S t a t i s t i c a l 

P a r t i c l e B i a s P r o b l e m s i n L a s e r Anemometry", ASME J . F l u i d s E n g i n e e r i n g , 

V o l . 109, Ju n e 1987, pp. 8 9 - 9 3 . 

14. Y a n t a , W. J . and S m i t h , R. A., "Measurements o f T u r b u l e n c e - T r a n s p o r t 

P r o p e r t i e s w i t h a L a s e r D o p p l e r V e l o c i m e t e r " , P a p e r AIAA-73-169, 

p r e s e n t e d a t AIAA 1 1 t h A e r o s p a c e S c i e n c e s M e e t i n g , W a s h i n g t o n , D . C , 

J a n . 10-12, 1973. ^ „ ^ 

15. B e n d a t , J . S., and P i e r s a l , A. G., Measurement and A n a l y s i s o f Random 

D a t a , W i l e y , 1966. 

16. M e y e r s , J . F . , " L a s e r V e l o c i m e t e r D a t a A c q u i s i t i o n and R e a l Time 
P r o c e s s i n g U s i n g a M i c r o c o m p u t e r " , p r e s e n t e d a t 4 t h I n t ' l . Symposium on 
A p p l i c a t i o n s o f L a s e r Anemometry t o F l u i d M e c h a n i c s , L i s b o n , P o r t u g a l , 
J u l y 11-14, 1988. 

17. G o u l d , R. D., S t e v e n s o n , W. H., and Thompson, H. D., " P a r a m e t r i c S t u d y 

o f S t a t i s t i c a l B i a s i n L a s e r D o p p l e r V e l o c i m e t r y " . AIAA J o u r n a l , V o l . 

27, No. 8, Aug. 1989, pp. 1140-1142. 

18. T e n n e k e s , H. and Lumley, J . L., A F i r s t C o u r s e i n T u r b u l e n c e , MIT P r e s s , 

C a m b r i d g e , MA, 1972, pp. 74-75. 

-2A.10-



F i g . 4 N o n d i m e n s i o n a l RMS r a d i a l v e l o c i t y v e r s u s r/b 



F i g . 6 A x i a l p r o f i l e o f i n v e r s e o f c e n t e r l i n e v e l o c i t y 

2.0 

F i g . 8 A x i a l p r o f i l e s o f n o n d i m e n s i o n a l 

RMS v e l o c i t i e s 

c e n t e r ! i ne 



TURBULENCE STRUCTURE OF THE HORIZONTAL BUOYANT JET 
by 

P r o f e s s o r N.E. Kotsovinos and L e c t u r e r A. Pantokratoras 

Democritus U n i v e r s i t y of Thrace 

671 00 XANTHI - GREECE 

A b s t r a c t 

The b a s i c o b j e c t i v e of t h i s paper i s to rep o r t the 
experimental r e s u l t s of a s e t of w e l l organized experiments 
i n a hot, h o r i z o n t a l buoyant J e t where the turbulence 
s t r u c t u r e of temperature f l u c t u a t i o n s was s t u d i e d as a 
f u n c t i o n of the i n i t i a l d e n s i m e t r i c Froude number. 
I n t r o d u c t i o n 

I n s p i t e of the f a c t that the turbulence s t r u c t u r e of 
h o r i z o n t a l buoyant J e t s i s an i n t e r e s t i n g problem, both from 
a t h e o r e t i c a l and from a p r a c t i c a l point of view (e.g 
d i l u t i o n of sewage from a submarine o u t f a l l ) , measurements of 
the t u r b u l e n c e a r e completely non - e x i s t e n t i n the 

l i t e r a t u r e . The e x i s t i n g measurements i n h o r i z o n t a l t u r b u l e n t 
buoyant J e t s concern l a b o r a t o r y s t u d i e s of the t r a j e c t o r i e s 
and time averaged measurements of c o n c e n t r a t i o n p r o f i l e s ; see 
f o r example Rawn and Palmer (1930), Bosanquet et a l (1961), 
Caderwall (1963), Anwar (1969, 1972), Ryskiewich e t a l (1975) 
and Sobey et a l (1988). 

Assuming t h a t to the f i r s t approximation the d i l u t i o n , 
t r a j e c t o r y and turbulence s t r u c t u r e of the tu r b u l e n t buoyant 
J e t i s independent of the Reynolds number, we f i n d t h a t the 
p h y s i c a l model of a buoyant J e t i s based on the d e n s i m e t r i c 
Froude number, which, i s de f i n e d as 

r p - p •xl/2 
F = Ü A ^ °gD 
o o [ ^ 

where p^ i s the d e n s i t y of the ambient f l u i d , u^ and p^ a re 

r e s p e c t i v e l y the v e l o c i t y and d e n s i t y of the buoyant J e t a t 

the e x i t ; D i s the e x i t diameter and g the g r a v i t a t i o n a l 

constant. 

P r e v i o u s s t u d i e s of the turbulence s t r u c t u r e of v e r t i c a l 

buoyant j e t s i n d i c a t e d t h a t the turbulence s t r u c t u r e of a 

buoyant J e t i s not s e l f - preserved, and t h a t i s i n a 

t r a n s i t i o n process, from the tu r b u l e n t s t r u c t u r e of a J e t to 

that of a plume. The important dimensionless l e n g t h which 

d e s c r i b e s t h i s t r a n s i t i o n process (see L i s t 1982, Kotsovinos 

1985) I s g i v e n by the parameter 5. 

? = 

1/2 

S 3̂ "̂̂  r ^ • ^ - l / 4 ^ 

1/2 
m 
o 

S 
F 
o 

where S i s the d i s t a n c e along the buoyant J e t a x i s ; and 

m̂  a r e r e s p e c t i v e l y the kinematic f l u x e s of buoyancy and 

momentum at the e x i t , which a r e de f i n e d as: 
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Experimental apparatus and procedure 

The experiments were conducted i n a t r a n s p a r e n t g l a s s 
w a l l e d tank 450 cm long, 270 cm wide and 200 cm deep. The 
h o r i z o n t a l round buoyant J e t was produced by d i s c h a r g i n g hot 
water from an o r i f i c e of diameter 1 cm i n t o the tank. 
Measurements were taken by means of 10 c a l i b r a t e d 
t h e r m i s t o r s , p o s i t i o n e d to measure temperature d i s t r i b u t i o n s 
a c r o s s the buoyant j e t . S p e c i f i c a l l y , a l l measurements were 
taken i n the v e r t i c a l plane which i n c l u d e d the v e c t o r of the 
e x i t v e l o c i t y . The a r r a y of the 10 t h e r m i s t o r s was always i n 
t h i s v e r t i c a l plane and e i t h e r along a v e r t i c a l ( w M or aji 
h o r i z o n t a l (HH^) l i n e (see F i g u r e 1). 

The bead diameter of the t h e r m i s t o r s was 0.125 mm and the 
t h e r m i s t o r time constant f o r a 63 % response was 7 
m i l l i s e c o n d s . The t h e r m i s t o r response to temperature was 
measured w i t h a bridge c i r c u i t , u s i n g p r e c i s i o n metal f i l m 
r e s i s t o r s . The a b s o l u t e accu r a c y of the temperature 
measurements was l e s s than 0.01 C. The analog outputs 
corresponding to temperature measurements were f e d i n t o an 
analog to d i g i t a l d a t a a c q u i s i t i o n system i n t e r f a c e d to HP 
9845B microcomputer. The d a t a sampling r a t e was 55 Hz and the 
sampling time f o r each t h e r m i s t o r 120 seconds. The s t r u c t u r e 
of the t u r b u l e n t temperature f l u c t u a t i o n s were determined 
n u m e r i c a l l y on the HP 9845B microcomputer u s i n g the d i g i t i z e d 
r e c o r d s of the c a l i b r a t e d temperature f l u c t u a t i o n s . 
P r e s e n t a t i o n and d i s c u s s i o n of r e s u l t s 

The p r o f i l e of the mean temperature T (x,y) along the 
v e r t i c a l l i n e VV' (see F i g . 1) i s p l o t t e d i n F i g u r e 2 
a g a i n s t non-dimensional d i s t a n c e from the buoyant j e t a x i s . 
The mean temperatures T ( x , y ) are normalized u s i n g the l o c a l 
mean temperature T ^ ( s ) on the J e t a x i s ( d e f i n e d as the 

maximum mean temperature of the p r o f i l e ) , and the d i s t a n c e 

u s i n g the temperature h a l f width b„. The p r o f i l e of the 

turb u l e n c e i n t e n s i t y T' (x,y) along a_ v e r t i c a l l i n e , 

normalized by the l o c a l mean temperature T ^ ( s ) , i s p l o t t e d 

v e r s u s the non-dimensional d i s t a n c e y/h^ from the j e t a x i s 

i n F i g u r e 3, f o r ? = 0.93 ( J e t - l i k e flow) and 5 = 14.44, 

(plume - l i k e f l o w ) . 

The normalized t u r b u l e n c e i n t e n s i t y along the J e t a x i s i s 

p l o t t e d i n F i g u r e 4 v e r s u s the dime n s i o n l e s s l e n g t h s c a l e 5. 

I t can be observed that the normalized t u r b u l e n c e i n t e n s i t y 

i n c r e a s e s w i t h 5 and t h a t f o r 5 > 10, the normalized 

which i s higher than the value of 0.44 which has been 

found f o r a v e r t i c a l round plume, see Kotsovinos (1985) 

or by Papanikolaou and L i s t (1987). 

t u r b u l e n c e i n t e n s i t y reaches a value 
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The c e n t e r l i n e normalized turbulence i n t e n s i t y f o r the 
same ? i s p l o t t e d i n Figure 5 as f u n c t i o n of the c u r v a t u r e R 
of the buoyant j e t a x i s . T h i s p l o t i n d i c a t e s t h a t the 
c u r v a t u r e of s t r e a m l i n e s i n c r e a s e s the t u r b u l e n t i n t e n s i t y of 
the h o r i z o n t a l buoyant j e t . The s p e c t r a l d e n s i t y E.j,.j,(f) of 

the t u r b u l e n t temperature f l u c t u a t i o n s i s p l o t t e d i n F i g u r e 6 
as a f u n c t i o n of the frequency f ( i n Hz). I t i s observed that 
t h e r e i s a range of low frequency wave-numbers, next to the 
"-5/3" slo p e of the i n e r t i a l subrange, where the s p e c t r a l 
slope i s "-3". T h i s s p e c t r a l s l o p e was observed a l s o by 
Kotsovinos (1986), i n a v e r t i c a l round plume. The "-3" 
s p e c t r a l s l o p e i n d i c a t e s that the e f f i c i e n c y of the 
t r a n s f o r m a t i o n of the p o t e n t i a l energy to k i n e t i c energy 
i n c r e a s e s w i t h i n c r e a s i n g the eddy s i z e (or d e c r e a s i n g the 
wavenumber). 
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F i g u r e 1. Experimental set-up. (1) Heater; (2) tank; (3) pump; 

(4) constant head tank; (5) flowmeter. 
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F i g u r e 2. Non-dimensional p r o f i l e of the mean temperature f ( x , y ) 

along the v e r t i c a l l i n e VV'(see F i g u r e 1). o, measurements; 

, curve f i t t i n g . The numbers i n d i c a t e the p o s i t i o n of 

t h e r m i s t o r i n the l i n e VV'. 
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F i g u r e 3. P r o f i l e of the non-dimensional t u r b u l e n c e i n t e n s i t y 

r — ^ _ 
V T' / T v e r s u s the non-dimensional d i s t a n c e y/b„. 
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• , 5 = 0.93; o, 5 = 14.44 ; , curve f i t t i n g . 
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F i g u r e 4. Non-dimensional t u r b u l e n c e i n t e n s i t y along the J e t a x i s , a , 

h o r i z o n t a l buoyant J e t ( t h i s work); a , Kotsovinos 1985, 

v e r t i c a l buoyant J e t ; o, Papa n i c o l a o u and L i s t 1987, 

v e r t i c a l buoyant J e t . 
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F i g u r e S. Non-dimensional tu r b u l e n c e i n t e n s i t y as a f u n c t i o n of the 

c u r v a t u r e R(m) of the buoyant J e t a x i s , n . 5 = 4.5; o, 5 = 6 . 
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F i g u r e 6. S p e c t r a l d e n s i t y E.j,.j,(f) of temperature f l u c t u a t i o n s a s a 

f u n c t i o n of the frequency f ( H z ) . o, experimental data; 

, curve f i t t i n g ; 5 = 2.75. 
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EXPERIMENTAL STUDY OF SUBMERGED PLANE 
TURBULENT JETS IN REVERSING CROSSFLOW 

Daoyi Chen*, Changzhao Yu and Zhenhuan X i a 
Department of Hydraulic Engineering 
Tsinghua U n i v e r s i t y , B e i j i n g , China 

A b s t r a c t : 

I n order to simulate sewage d i s c h a r g i n g i n t o a t i d a l r i v e r , a 
submerged plane t u r b u l e n t j e t i n a r e v e r s i n g channel c r o s s f l o w was 
produced and measured i n an experimental set-up with a 30 m long 
flume and a two-dimensional LDV. 

Phase d i s t r i b u t i o n of short-time averaged v e l o c i t y showed 
time-dependent p a t t e r n s of the unsteady flow f i e l d . The e f f e c t of 
unsteadiness on j e t flows was stu d i e d experimentally by comparing 
between steady and unsteady flows the c r i t i c a l c o n d i t i o n of flow 
p a t t e r n and the height of the c i r c u l a t i o n zone underneath the 
bending j e t . The r e v e r s i n g period i n t i d a l flow was found t o be 
long enough to ne g l e c t the e f f e c t of unsteadiness on the j e t flow. 

I n t r o d u c t i o n : 

Considering the "thermal p o l l u t i o n " caused by heated water 
d i s c h a r g i n g from power s t a t i o n s , Brocard^ (1985) has exp e r i m e n t a l l y 
s t u d i e d a buoyant s u r f a c e j e t i n t o a r e v e r s i n g c r o s s f l o w . 

Many c o a s t a l c i t i e s u s u a l l y dispose of t h e i r sewage by 
di s c h a r g i n g i t in t o an estu a r y or a t i d a l r i v e r as a submerged 
plane j e t f o r the purpose of d i l u t i n g the p o l l u t a n t . For example, 
a l a r g e sewage d i s c h a r g i n g system w i l l be b u i l t i n a t i d a l s e c t i o n 
of Yangzhe R i v e r near Shanghai City^. At t h i s l o c a t i o n , a "cloud" 
with high c o n c e n t r a t i o n of the p o l l u t a n t w i l l be formed i n the 
o s c i l l a t i n g ambient water near the j e t o u t l e t . Because of the 
co m p l e x i t i e s c r e a t e d by unsteady flow, the mixing c h a r a c t e r i s t i c s 
of such a discharge a r e s t i l l a open question. T h i s i s the 
background f o r t h i s study. 

Experimental apparatus: 

The r e v e r s i n g channel flow was produced by a mechanical device 
c o n t r o l l e d by an I n t e l 86/330 computer. I t s Rmx86 operating system 
i s advantageous i n r e a l - t i m e c o n t r o l l i n g . The plane j e t was 
discharged from the bottom of the flume with a 2mm width s l o t , the 
water depth was about 15cm, and width of the flume was 60 cm. 

F i r s t l y , the i n t e r r u p t c o n t r o l f u n c t i o n of the computer was 
developed. Then, a t each time given by the computer c l o c k , the 
c u r r e n t job on computer CPU was a u t o m a t i c a l l y i n t e r r u p t e d and 
turned to run a water l e v e l c o n t r o l l i n g subroutine which took water 
l e v e l data from a c a p a c i t i v e sensor, c a l c u l a t e d an adjustment 
P r e s e n t l y at OeFree Hyd r a u l i c s Laboratory, C o r n e l l U n i v e r s i t y , I t h a c a , MY-U853, USA 
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amount by the PID (proportion, i n t e g r a t i o n and d i f f e r e n t i a l ) 
algorithm, sent a c o n t r o l s i g n a l to the mechanical device, and 
f i n a l l y returned t o the c u r r e n t job. The LDV measurement could 
s t a r t a t any expected time by means of the computer t e r m i n a l , and 
u s u a l l y continued f o r a t l e a s t two r e v e r s i n g c y c l e s . 

I n order to measure unsteady flow, u s u a l l y , a time s c a l e T 
must be very c a r e f u l l y determined such t h a t T^ > Tg > T., 
where T^ i s the r e v e r s i n g c y c l e period, T^ the l a r g e s t t u r b u l e n t 
time s c a l e and Tg the time s c a l e f o r time averaging. I n many c a s e s , 
t h i s c o n d i t i o n i s not easy to meet. 

One f e a t u r e of t h i s experiment i s the combination of phase-
averaging and time-averaging to overcome the d i f f i c u l t y of unsteady 
flow measurement. Measurement of v e l o c i t y was c a r r i e d out to get 8¬
16 p o i n t s i n each r e v e r s i n g c y c l e by the LDV. 

For each p a r t i c u l a r flow f i e l d , the LDV was moved to v a r i o u s 
l o c a t i o n s to get a t l e a s t 200 points of v e l o c i t y and water l e v e l 
data which were put i n t o a l a r g e computer ELXSI 6400. Water l e v e l 
was used as a b a s i s of a time sequence f o r determining the phase of 
the flow, and phase-averaging was a p p l i e d t o those short-time 
averaged v e l o c i t i e s again. The v e l o c i t y v e c t o r flow p a t t e r n was 
then r e c o n s t r u c t e d to show the development of flow f i e l d i n 
r e v e r s i n g c y c l e s . 

Because water flows i n t i d a l r i v e r s a r e mainly s u b j e c t t o 
g r a v i t y and unsteadiness, Froude and Strouhal s i m i l a r i t y laws were 
employed to e v a l u a t e what the c y c l e period i n the experiment. 

The water depth i n Yangzhe R i v e r i s about 25 m, the sewage 
di s c h a r g e v e l o c i t y 2 -2.5 m/s and the c y c l e p e r iod 12 hours. 
According to St and F r laws, water depth of the channel flow was 
chosen to be 14 - 18 cm, plane j e t v e l o c i t y 0.15 - 0.18 m/s and 
t i d a l v e l o c i t y from -0.031 to 0.046 m/s i n the experiment. By 
s i m i l a r i t y , the c y c l e period i s about one hour. Thus i t was too 
long to make e f f i c i e n t measurement. The c y c l e p e r i o d i n experiments 
was reduced to 6.4 minutes, 3.2 minutes and 1.6 minutes to c r e a t e 
stronger unsteadiness than i n t i d a l r i v e r s f o r b a s i c r e s e a r c h 
purpose. Otherwise, the buoyant e f f e c t was not to be concerned. 

R e s u l t s and a n a l y s i s : 

Experiments i n d i c a t e t h a t flow p a t t e r n s w i l l change 
corresponding to the main c u r r e n t r e v e r s i n g channel flow^. S e v e r a l 
b r i e f schemes of these flow p a t t e r n s i n time sequence a r e shown i n 
F i g . 1 . An example of a r e c o n s t r u c t e d flow p a t t e r n by the computer 
i s shown i n Fig.2 only f o r those data i n a r e v e r s i n g c y c l e . When 
the t i d a l flow i s i n the downstream d i r e c t i o n i n case ( 1 ) , the j e t 
i s bent by the main flow and a r e c i r c u l a t i o n zone i s generated 
under the j e t . And then, the t i d a l flow v e l o c i t y u decreases, the 
j e t r i s e s and the r e c i r c u l a t i o n zone becomes l a r g e r and higher i n 
c a s e ( 2 ) . When u i s q u i t e s m a l l , another r e c i r c u l a t i o n zone appears 
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a t the s u r f a c e of the upstream s i d e . When u approaches zero, the 
j e t impinges on the water s u r f a c e and two l a r g e r e c i r c u l a t i o n zones 
are formed a t both the upstream and downstream s i d e s of the j e t . 

A f t e r t h a t point, the flow p a t t e r n s r e v e r s e and f i n a l l y only 
one r e c i r c u l a t i o n zone e x i s t s a t the upstream s i d e . Obviously, 
there i s a c r i t i c a l c o n d i t i o n a t which flow p a t t e r n s s w i t c h from 
one r e c i r c u l a t i o n zone to two c i r c u l a t i o n zones, or v i c e v e r s a . 
Because the flow p a t t e r n i s c o n t r o l l e d by the momentum r a t i o of the 
j e t to the t i d a l flow, a parameter was defined as 

R = ( - ^ ) ^ - | -

The c r i t i c a l c o n d i t i o n of flow p a t t e r n s s w i t c h i n g was determined by 
experiment as about = 1.0. 

I n shallow channel flow, the height and the length of these 
r e c i r c u l a t i o n zones, as w e l l as t h i s c r i t i c a l c o n d i t i o n of the flow 
p a t t e r n , w i l l be the main c h a r a c t e r i s t i c s of the r e v e r s i n g flow 
with a v e r t i c a l j e t . Because the r a t i o of the height t o the length 
of the r e c i r c u l a t i o n zone i s about 0.2 f o r most of the flow 
s i t u a t i o n s , we are only concerned with i t s height, which i s defined 
i n F i g . 2 . 

1) . C r i t i c a l c o n d i t i o n of the flow p a t t e r n v a r i a t i o n : T h i s 
c r i t i c a l parameter i s u s e f u l i n studying the e f f e c t s of 
uns t e a d i n e s s . For the 6.4 minute c y c l e experiment, the v a r i a t i o n of 

R and — with time i n a r e v e r s i n g c y c l e i s given i n Fig.3 and 

i n d i c a t e s these r e s u l t s match w e l l with the c r i t i c a l c o n d i t i o n 
d e r i v e d f o r steady flow. T h i s means t h a t the unste a d i n e s s may be 
too s m a l l to t e l l the d i f f e r e n c e between steady and unsteady c a s e s 
fo r the T=6.4min c o n d i t i o n . 

For the T=3.2min case, the flow p a t t e r n does not f o l l o w the 
c r i t i c a l c o n d i t i o n promptly. When R reaches i t s peak v a l u e which i s 
l a r g e r than 1.0, the flow p a t t e r n s t i l l c o n t a i n s only one 
r e c i r c u l a t i o n zone. Only a f t e r a time l a g , i t sw i t c h e s t o two 
r e c i r c u l a t i o n zones. T h i s i s the e f f e c t of unsteadiness which i s 
c o n t r o l l e d by i n e r t i a . 

2) The height of the c i r c u l a t i o n zone: Taking advantage of 
the LDV, the height of the r e c i r c u l a t i o n zone may e a s i l y be 
measured more p r e c i s e l y than with other techniques. The r e s u l t s 
shown i n Fig.4 are the r e l a t i v e height obtained f o r T=6.4min. I t 

appear t h a t — monotonically i n c r e a s e s with R and these 

experimental data match w e l l with one curve which was obtained from 
the steady flow. Considering t h a t the c r i t i c a l flow p a t t e r n 
c o n d i t i o n f o r T=6.4min i s about the same as f o r a steady flow i n 
s e c t i o n 1, one may conclude t h a t the e f f e c t of un s t e a d i n e s s f o r 
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T=6.4iain may be neglected. 

For T=3.2min and 1.6min i n Fig.5 and Fig.6, r e s p e c t i v e l y , the 
experimental data are qu i t e s c a t t e r e d around the curve, caused by 
the l a g of flow p a t t e r n v a r i a t i o n . When the t i d a l c u r r e n t v e l o c i t y 
u near zero, the a c c e l e r a t i o n a t t a i n s i t s maximum value, and the 
e f f e c t of the unsteadiness may be the str o n g e s t i n the whole c y c l e 
p e r i o d . Those experimental data marked by "o" are obtained a t the 
period with strong a c c e l e r a t i o n . 

3) D i s c u s s i o n of the unsteadiness: The degree of unsteadiness 
of the flow may described by the St (Strouhal number). As we have 
d i s c u s s e d , Strouhal and Froude laws dominate the s i m u l a t i o n of 
n a t u r a l flows by experiments. A 12 Hour t i d a l c y c l e period 
corresponds to about 1 hour i n the model. I t s S t number i s about 
0.5x10"^. 

The experimental r e s u l t s of T=6.4min have confirmed t h a t the 
e f f e c t s of unsteadiness may be neglected. And, the longer the c y c l e 
time, the weaker i s the unsteadiness. Therefore, the e f f e c t of 
unsteadiness on discharge mixing a l s o does not need to be 
considered i n a t i d a l r i v e r l i k e the Yangzhe. 

S t a r t i n g from t h i s point, the accumulation of p o l l u t a n t i n a 
t i d a l r i v e r may be e a s i l y simulated by a quasi-steady numerical 
model. The authors have b u i l t a numerical k-e model to s o l v e t h i s 
problem. Of course, t h a t numerical model i s capable of d e a l i n g with 
unsteady flow. But a quasi-steady assumption r e s u l t s i n more 
e f f i c i e n t and economic c a l c u l a t i o n s . 

For s h o r t e r c y c l e times, the e f f e c t of unsteadiness g r a d u a l l y 
became obvious as the c y c l e was decreased from T=3.2min t o T=1.6 
min. One may conclude t h a t unsteadiness becomes important when 
T < 3.2min corresponds to 

H 
S t = —2- > 0.8xlO"2 

TAU 

where Au i s the v e l o c i t y d i f f e r e n c e u _ - u . i n t i d a l flow. 

Otherwise, a monotonie r e l a t i o n was obtained between ( — i ) ^ — 
u Ho 

and — . When d i s c h a r g i n g e f f l u e n t i n a r i v e r with f i x e d water 

depth Hg and c u r r e n t flow v e l o c i t y u, i t i s found t h a t the height 
of the c i r c u l a t i o n depends only on the j e t v e l o c i t y a t e x i t 

~ V. 

T h i s i s r e s u l t v a l i d f o r steady or unsteady flow. I t should be 
h e l p f u l f o r engineering design. 

-2A.22-



Conclusion: 

1) The s l o t j e t experimental set-up with a LDV i s 
advantageous f o r measuring v e l o c i t y and t u r b u l e n t q u a n t i t i e s i n 
unsteady flow. Of course, i t i s somewhat time-consuming due to 
unst e a d i n e s s . 

2) The e f f e c t of unsteadiness e x h i b i t s a l a g i n the flow 
p a t t e r n change which i s c o n t r o l l e d by i n e r t i a . The height of the 
r e c i r c u l a t i o n zone monotonically depends on the momentvim r a t i o of 
the v e r t i c a l j e t to the h o r i z o n t a l c u r r e n t flow. At a c r i t i c a l 

c o n d i t i o n of {—J-)"^— « 1.0, the flow p a t t e r n switches from one 
U HQ 

type with one r e c i r c u l a t i o n zone to another type with two 
r e c i r c u l a t i o n zones. 

3) . For some long term r e v e r s i n g c y c l e flows l i k e those i n 
t i d a l r i v e r s , the e f f e c t of unsteadiness may be neglected. Then a 
quasi-steady assumption i s v a l i d f o r the Strouhal c o n d i t i o n 

St = — < 0.5xl0'2. 
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EMPIRICAL ENERGY TRANSFER FUNCTION FOR DYNAMICALLY COLLAPSING PLUMES 

W.E. F r i c k ^ , C A . Bodeen^, D.J. Baumgartner^, and C.G. Fox^ 

A b s t r a c t 

Dynamic c o l l a p s e i s recognized as one of s e v e r a l p r o c e s s e s t h a t 
determine f a r - f i e l d plume behavior, t h e r e f o r e , models t h a t use the round 
plume assumption become i n v a l i d t h ere. To overcome t h i s l i m i t a t i o n , a 
c o n s e r v a t i o n of energy approach i s used to model c o l l a p s i n g plumes i n 
s t r a t i f i e d ambient flows. A common time s c a l e governing r i s e and c o l l a p s e 
i s found t h a t f u r t h e r proves the importance of c o l l a p s e . 

I n t r o d u c t i o n 
The n e a r - f i e l d plume r e g i o n i s d e f i n e d as the r i s i n g phase, g e n e r a l l y 

about one h a l f B r u n t - V a i s a l a wavelength. However, the f a r - f i e l d i s of 
i n t e r e s t to oceanographers studying hydrothermal plumes and to 
e n v i r o n m e n t a l i s t s concerned with the h e a l t h of c o a s t a l waters, 
p a r t i c u l a r l y as r e l i a n c e on d i f f u s e r s f o r wastewater d i s p o s a l i n c r e a s e s . 

One reason many models apply only to r i s e I s the round plume 
assumption. F a r - f i e l d plume c r o s s - s e c t i o n s f r e q u e n t l y deform through 
dynamic c o l l a p s e , i n c o n t r a d i c t i o n of the round c r o s s - s e c t i o n h y p o t h e s i s . 
Other p r o c e s s e s (asymmetric entrainment, i n t e r n a l r e f l e c t i o n , and c e n t e r -
of-mass e f f e c t s ) a l s o c o n t r i b u t e ( F r i c k , Baumgartner, and Fox 1990). 

U n f o r t u n a t e l y , models f o r f a r - f i e l d plumes g e n e r a l l y do not stand 
independently but depend on n e a r - f i e l d model output f o r i n i t i a l 
c o n d i t i o n s . Consequently, they are sometimes j o i n e d . For example, 
Brandsma, Sauer, and Ayers (1983) f i t a f a r - f i e l d c o l l a p s e model to a 
round plume i n i t i a l d i l u t i o n model. Obviously, c o l l a p s e i s precluded 
u n t i l maximum r i s e i s reached, an example of the compromises t h a t r e s u l t 
from p a t c h i n g together d i s p a r a t e models. While c o l l a p s e may not a f f e c t 
r i s e and d i l u t i o n s i g n i f i c a n t l y i n the n e a r - f i e l d , i t does c o n t r i b u t e to 
the d e t e r m i n a t i o n of i n i t i a l c o n d i t i o n s (e.g. c o l l a p s e k i n e t i c energy) f o r 
the f a r - f i e l d model. C o l l a p s e i s an i n e r t i a l p r o c e s s w i t h a 
c h a r a c t e r i s t i c time s c a l e and d e l a y i n g i t s onset i n v i t e s tampering w i t h 
the model s t r u c t u r e to remedy the delayed c o l l a p s e . 

The concepts of t h i s paper are being used to c o n s t r u c t a u n i f i e d 
model which w i l l minimize the number of tuned c o e f f i c i e n t s and avoid 
d i f f i c u l t i e s a s s o c i a t e d w i t h patching together d i f f e r e n t models. T h i s 
t hree-dimensional Lagrangian plume model s u b s t a n t i a l l y g e n e r a l i z e s the EPA 
plume model UMERGE (Muellenhoff e t a l . , 1985). The model p r e d i c t s 
i d e n t i c a l l y to i n t e g r a l f l u x models u s i n g the same assumptions ( F r i c k , 
Baumgartner, and Fox, 1990) but r e c a s t s the problem, p r o v i d i n g new ways 
of i d e n t i f y i n g t h e o r e t i c a l d e f i c i e n c i e s . Because the b a s i c model uses 
only one e m p i r i c a l c o e f f i c i e n t w hile m a i n t a i n i n g a l e v e l of performance 
com p e t i t i v e w i t h m u l t i - c o e f f i c i e n t models, there i s optimism t h a t more 
e m p i r i c a l hypotheses may be used without overtuning to data. 

An i n c l u d e d theory of c o l l a p s e , based on c o n s e r v a t i o n of energy 
r e s u l t s i n some i n t e r e s t i n g c o n c l u s i o n s : a) when s c a l e d by r i s e , c o l l a p s e 
i s not a f f e c t e d by the degree of s t r a t i f i c a t i o n , b) observed behavior can 
be reasonably p r e d i c t e d u s i n g an e m p i r i c a l p a r t i t i o n i n g h y p o t h e s i s and a 
second tuned c o e f f i c i e n t , and c) a time parameter based on the 
B r u n t - V a i s a l a frequency c h a r a c t e r i z e s both r i s e and c o l l a p s e temporally. 

^ H a t f i e l d Marine S c i e n c e Center, Newport, OR 97365 
^ Environmental Research Lab., Univ. of Arizona, Tucson, AZ 85706-6985 
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P h y s i c s of C o l l a p s e 

Plumes are o f t e n analyzed u s i n g a c o n t r o l volume on which mass, 
energy, and momentum balan c e s are performed. With Lagrangian models the 
r e l e v a n t volume i s an element -- a wedge shaped d i s c d e f i n e d by the plume 
boundary and two f a c e s p e r p e n d i c u l a r to i t s center-of-mass a x i s ( F r i c k , 
Baumgartner, and Fox, 1990). A buoyant f o r c e due to the d i f f e r e n c e be
tween the average element d e n s i t y and the corresponding ambient d e n s i t y 
a c c e l e r a t e s the element's center-of-mass v e r t i c a l l y . P e r t u r b a t i o n s on the 
average d e n s i t y d i f f e r e n c e s produce the f o r c e s of c o l l a p s e . 
A l t e r n a t i v e l y , the process can be viewed as a con v e r s i o n of p o t e n t i a l to 
k i n e t i c energy. 

The element i s mixed by turbulence t h a t tends to make i t s d e n s i t y 
uniform. Consequently, a d e n s i t y s t r a t i f i e d ambient f l u i d w i l l produce 
d e n s i t y d i f f e r e n c e s t h a t are f u n c t i o n s of he i g h t w i t h i n the element, 
ca u s i n g d i f f e r e n t p a r t s to a c c e l e r a t e a t d i f f e r e n t r a t e s , i . e . to deform 
the element. S u b t r a c t i n g the average d e n s i t y d i f f e r e n c e from the t o t a l 
d e n s i t y a t any poi n t l e a v e s a d e n s i t y d i f f e r e n c e and a s s o c i a t e d p o t e n t i a l 
energy, P, t h a t governs the deformation. The i n c l i n a t i o n of the element 
a l s o a f f e c t s the magnitude of P. 

As t h e r e are no c o n s t r a i n t s , P converts spontaneously i n t o the 
k i n e t i c energy, K -- embodied i n an organized d r i f t t h a t spreads the plxome 
h o r i z o n t a l l y as d e n s i t y d i f f e r e n c e s d r i v e mass towards the l e v e l of the 
center-of-mass. The p o t e n t i a l energy depends only on the a c t u a l mass 
d i s t r i b u t i o n (assumed to be e l l i p t i c a l , c f . Amen and Maxworthy, 1979) 
wh i l e the k i n e t i c energy depends a d d i t i o n a l l y on a c h a r a c t e r i s t i c v e l o c i t y 
and on energy l o s s e s to the ambient f l u i d . 

The d e r i v a t i o n of the energies u s i n g e l l i p t i c i n t e g r a l s i s avoided 
by n o t i n g t h a t every p o i n t i n an e l l i p s e w i t h semi-major and semi-minor 
axes a and b can be re p r e s e n t e d as a mapping of another p o i n t on an 
r e f e r e n c e c i r c l e . T h i s b a s i c idea makes i t e a s i e r to f i n d K and P by 
i n t e g r a t i n g over the g e o m e t r i c a l l y s i m p l e r c i r c l e . 

R e f e r r i n g to p o i n t Q i n Figure 1, x = r cos a and z = r ( b / a ) s i n a. 
Comparable e x p r e s s i o n s f o r x and z can be found when a and b change to 
become a + da and b + db. The speed of Q i s |v| = (dx^ + dy^)^'^ / dt, 
where v i s the v e l o c i t y v e c t o r of Q ( r e l a t i v e to the element) and dt t s 
the time increment during which Q moves to the new l o c a t i o n . The r e l a t i v e 
p o s i t i o n of the p o i n t Q ( d e f i n e d by r and a) i n the r e f e r e n c e c i r c l e 
remains unchanged. 

The k i n e t i c energy of an i n f i n i t e s i m a l mass, dm = p h r cos $ da dr 
i s e xpressed as 

rsferanc» cirde 

F i g u r e 1. Geometric v a r i a b l e s a f f e c t i n g the d e r i v a t i o n of K and P. 
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a 2jt 

1) K - 1/2 J J |v|2 p h r cos $ da dr 

0 0 

where h i s the t h i c k n e s s of the volume element and p i s the average e l e 
ment d e n s i t y . The f a c t o r cos $ - b/a maps the e l l i p s e onto the c i r c l e . 
I n t e g r a t i n g Eqn. 1 y i e l d s B e l l and Dugan's (1974) e x p r e s s i o n . 

2) K - (m/8) (db/dt)2 [ 1 + (a/b)2 ] 

S i m i l a r l y , 

3) P - (mg/4) (b cos 6)2 {dpjdz)/p^ 

where g i s the a c c e l e r a t i o n of g r a v i t y , 6 i s the plume t r a j e c t o r y 
e l e v a t i o n angle, and dp^/dz i s the ambient s t r a t i f i c a t i o n . The v a l u e of 
P i s twice t h a t of B e l l and Dugan (1974). 

The t o t a l energy K + P w i l l not be conseirved due to l o s s e s from wave 
generation, i n i t i a t i o n of motion i n the ambient f l u i d , and v i s c o u s a c t i o n 
between the plume and the ambient f l u i d . An e m p i r i c a l p a r t i t i o n i n g 
h y p o t h e s i s i s advanced to govern energy conversion: 

4) dK = - kp dP 

where dK and dP are the changes i n K and P r e s p e c t i v e l y and kp i s an 
e m p i r i c a l p a r t i t i o n i n g c o e f f i c i e n t . The v a l u e of the c o e f f i c i e n t i s 
expected to be somewhat l e s s than 0.5 because about h a l f the energy i s 
l o s t to the ambient f l u i d and because the element i s only p a r t i a l l y mixed. 
As c o l l a p s e becomes pronounced, v i s c o u s f o r c e s may reduce f u r t h e r the 
apparent magnitude of the c o e f f i c i e n t . 

V e r i f i c a t i o n of B a s i c Concepts Using a Wake Model 

Wakes are round, h o r i z o n t a l , c y l i n d r i c a l volumes of w e l l mixed f l u i d 
e s t a b l i s h e d , f o r our purposes, without net buoyancy i n s t r a t i f i e d ambient 
f l u i d . Wake experiments a r e u s e f u l f o r v e r i f y i n g b a s i c c o l l a p s e models 
because a l l dimensions of i n t e r e s t are reported ( u n l i k e most plume 
experiments) and there i s no entrainment. 

F i g u r e 2 shows the p r e d i c t e d c o l l a p s e of the wake r e g i o n w i t h time, 
as measured by the r a t i o of the semi-minor to the semi-major axes. Many 
cas e s are r e p r e s e n t e d corresponding to d i f f e r e n t ambient s t r a t i f i c a t i o n s , 
element diameters, and p a r t i t i o n i n g c o e f f i c i e n t s . A time parameter 
tN(kp)^'^ s e r v e s as the dimenionless independent v a r i a b l e where t i s time 
and N i s the B r u n t - V a i s a l a frequency: [ (g/p ) (dp^^/dz) ] 

The uniform dependence on the time parameter i s not unexpected. 
Middleton and Thomson (1986) show t h a t buoyancy dominated plumes r i s e i n 
TT B r u n t - V a i s a l a periods (confirmed by the Lagrangian model, see Table 1 ) . 
C o l l a p s e and r i s e are governed by the same time parameter, implying t h a t 
c o l l a p s e i s normally s i g n i f i c a n t i n d i s t a l plumes i n s t r a t i f i e d ambient 
f l u i d . Thus, although c o l l a p s e may proceed more s l o w l y as s t r a t i f i c a t i o n 
weakens, r i s e time i n c r e a s e s c orrespondingly. 

The e f f e c t of d e c r e a s i n g kp i s to r e t a r d c o l l a p s e by t r a n s m i t t i n g 
more of the converted p o t e n t i a l energy to the ambient. I n e r t i a l i n i t s 
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F i g u r e 2. The temporal c o l l a p s e response of wakes. 

response, the r a t i o b/a changes s l o w l y a t f i r s t . However, given the same 
kp i t responds more r a p i d l y than p r e d i c t e d by B e l l and Dugan (1974). With 
kp = 0.5 the model agrees w i t h Equation 4 of B e l l and Dugan (1974). 

Entrainment and C o l l a p s e i n Flumes 

Entrainment, when coupled w i t h c o l l a p s e , c o m p l i c a t e s plume models 
c o n s i d e r a b l y . F i r s t , i t i s not known how the element grows. We assume 
t h a t entrainment v a r i e s smoothly around the plume per i m e t e r such t h a t 
db/da a/b. T h i s i s c o n s i s t e n t with the T a y l o r entrainment h y p o t h e s i s , 
s i n c e entrainment should be stronger a t the semi-minor a x i s than a t the 
semi-major a x i s due to i t s proximity to the c e n t e r of e n e r g e t i c motion. 
One r e s u l t i s t h a t the plume w i l l again tend to become round i f i t b u r s t s 
through a s t r a t i f i e d l a y e r and r e - e n t e r s an u n s t r a t i f i e d l a y e r . 

Second, K may be an e x p l i c i t f u n c t i o n of entrainment. I f entrainment 
i s a uniform process t h a t s e p a r a t e s a l l p o r t i o n s of the plume from each 
other l i k e an expanding u n i v e r s e then there might be energy a s s o c i a t e d 
w i t h t h i s organized p r o c e s s . However, i t i s assumed t h a t K i s not so 
a f f e c t e d . Nor i s P an e x p l i c i t f u n c t i o n of entrainment s i n c e the 
e n t r a i n e d f l u i d has i d e n t i c a l l y the same d e n s i t y as the ambient f l u i d a t 
the same l e v e l and hence no p o t e n t i a l energy w i t h r e s p e c t to i t . I n t e r n a l 
c o n v e r s i o n of t u r b u l e n t k i n e t i c energy i s the s o l e source of P. 

T h i r d , c o l l a p s i n g wakes t r a n s m i t energy i n t o the ambient f i e l d , 
plumes undoubtedly do the same. However, plumes may r e c o v e r some of the 
l o s t energy through entrainment. 

The p a r t i t i o n i n g h y p o t h e s i s parameterizes these unknown p r o c e s s e s . 

V e r i f i c a t i o n 

E l e v e n plumes i n s t r a t i f i e d , q u i e s c e n t ambient are modelled u s i n g kp 

= 0 . 2 and a T a y l o r entrainment c o e f f i c i e n t of 0.116. They correspond to 

plumes d e s c r i b e d by Fan (1967) and are summarized i n Table 1. The 

di m e n s i o n l e s s c o l l a p s e and r i s e times are g i v e n by t^N and tj.N, where N i s 

the B r u n t - V a i s a l a frequency. The r e f l e c t i o n parameter measures element 

f a c i a l o v e r l a p ( F r i c k , Baumgartner, and Fox, 1990)--a v a l u e g r e a t e r than 

2.0. i n d i c a t i n g upstream a n v i l formation, c f . J e t 16 i n F i g u r e 3. 

Suspected impending a n v i l formation i s i n d i c a t e d by "imp". 
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TABLE 1. Plume p r e d i c t i o n s f o r cases g i v e n by Fan (1967) 

h o r i z o n t a l d i s c h a r g e s 45 degree d i s c h a r g e s - ¬
Case 12 16 30 31 32 33 1 2 11 15 18 

t j l 3.13 3,58 3.96 3.35 2.88 2.77 3.20 2.86 3.01 3.00 2.88 

t^N 3.11 3.18 3.32 3.16 3.16 3.16 2.42 1.94 2.20 2.26 1.97 
t ^ / t ^ 0.99 0.89 0.84 0.94 1.10 1.14 0.76 0.68 0.73 0.75 0.69 
r e f l e c t i o n 1.06 2.22 3.12 1.61 0.65 0.43 2.27 1.11 1.41 1.22 1.14 
a n v i l no yes yes imp. no no imp. no no no no 

, As t h e o r i z e d (Middleton and Thomson,1986), r i s e times are 

r e l a t e d to TT N"̂. Furthermore, t ^ / t ^ i s a l s o approximately constant given 
a c o n s t a n t e l e v a t i o n angle, suggesting t h a t the r i s e and c o l l a p s e time 
s c a l e s a r e c l o s e l y r e l a t e d . T h i s i s an important f i n d i n g because i t shows 
t h a t i n s t r a t i f i e d f l u i d c o l l a p s e i s g e n e r a l l y important i n the d i s t a l 
plume. V a r i a t i o n s are a t t r i b u t e d to plume o r i e n t a t i o n s i n c e a v e r t i c a l l y 
r i s i n g plume expe r i e n c e s no c o l l a p s e w h i l e a h o r i z o n t a l l y d i s c h a r g e d j e t 
i s s u b j e c t to c o l l a p s e . Also, the r a t i o of momentum to buoyancy l e n g t h 
s c a l e s i s l i k e l y to a f f e c t the degree of t u r b u l e n t mixing and, i n d i r e c t l y , 
the v a l u e s of Table 1. 

F i g u r e 3 d e p i c t s s e l e c t e d c a s e s g r a p h i c a l l y . For comparison both 
round and c o l l a p s i n g plume p r e d i c t i o n s are given, the former showing the 
l a r g e s t v e r t i c a l widths. The r e l a t i v e l y minor d i f f e r e n c e s between the two 
p r e d i c t i o n s during r i s e support the use of the round plume assvimption when 
i n t e r e s t i s confin e d to th a t region. However, i n the d i s t a l plume the 
d i f f e r e n c e s become pronounced and c o n s i d e r a b l e deformation i s i n d i c a t e d . 
The r e s i d e n c e time of l a r g e p a r t i c l e s f a l l i n g through the plume and other 
p r o c e s s e s w i l l be g r e a t l y a f f e c t e d . 

A l s o shown i n dotted o u t l i n e are plume p r e d i c t i o n s when c o l l a p s e i s 
delayed u n t i l maximum r i s e i s reached. I n p r i n c i p l e , the d e c i s i o n to 
delay c o l l a p s e could wrongly i n f l u e n c e tuned entrainment c o e f f i c i e n t s . 

As i n d i c a t e d e a r l i e r , other mechanisms of deformation a r e omitted f o r 
pedagogical reasons. S i m i l a r i l y , the v e r t i c a l v e l o c i t y has been 
a r b i t r a r i l y s e t to zero a f t e r maximum r i s e ( F r i c k , Baumgartner, and Fox 
(1990) omit c o l l a p s e but otherwise give a more r e a l i s t i c t r e a t m e n t ) . I t 
i s d i f f i c u l t to r e f i n e the v a l u e of kp or j u s t i f y a d d i t i o n a l e m p i r i c a l 
hypotheses without more complete experimental data. Indeed, the number 
of tuned c o e f f i c i e n t s should be i n v e r s e l y p r o p o r t i o n a l to the u n c e r t a i n t y 
of the experimental data. 

More b a s i c experiments to de f i n e simple plumes i n th r e e - d i m e n s i o n a l 
space a r e badly needed. With the l i m i t e d v e r i f i c a t i o n data a v a i l a b l e 
(which u s u a l l y do not provide simultaneous v e r t i c a l and h o r i z o n t a l plume 
dimensional measurements) i t cannot be a s s e r t e d w i t h confidence t h a t a l l 
the observed c o l l a p s e i s due to energy c o n v e r s i o n because a r e d u c t i o n i n 
entrainment would cause a s i m i l a r e f f e c t . However, the v e r t i c a l dimension 
would never decrease. 
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F i g u r e 3. Model p r e d i c t i o n s compared to Fan (1967) 
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THE STUDY ON THE DILUTION OF PURE JET IN THE RIVER 

by Xu Liang 
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Ab s t r a c t 

Experimental s t u d i e s are reported for the pure j e t i n 
the r i v e r for which the f a c t o r s which i n f l u e n c e the 
d i l u t i o n have been q u a l i t a t i v l y analysed. The t e s t 
r e s u l t s show t h a t , for the case studied,the d i l u t i o n 
i n c r e a s e s obviously with the i n c r e a s i n g j e t angle and 
diameter. But the d i l u t i o n weakly depends on j e t 
v e l o c i t y . The r e s u l t s are u s e f u l for designing the o u t f a l l 
i n the r i v e r . 

I n t r o d u c t i o n 

I n r ecent years,the n a t u r a l p u r i f i c a t i o n process 
following the discharge through o u t f a l l has been c a l l e d 
the 'marine treatment'.The way i s used more and more 
widely and has been proved a good way to solve c o a s t a l 
c i t y water p o l l u t i o n problem. Due to economic 
c o n s i d e r a t i o n t h i s method i s e s p e c i a l l y hopeful i n 
China.The Yangtze R i v e r and other big r i v e r s i n China have 
huge d i l u t i o n capacity.To discharge wastewater to the 
r i v e r s by using r i v e r o u t f a l l s may be a f e a s i b l e measure 
of s o l v i n g the water p o l l u t i o n for the c i t y along the big 
r i v e r . However the formula and experience about the r i v e r 
o u t f a l l or pure j e t i n the c r o s s f l o w are l a c k i n g . 

According to the s i m i l a r i t y c r i t e r i a the model was 
b u i l t up and modelling was conducted to study the f a c t o r s 
which i n f l u e n c e the d i l u t i o n of pure j e t , s u c h as, j e t 
a n g l e , j e t diameter, j e t v e l o c i t y and ambicent c o n d i t i o n s 
(depth and c u r r e n t v e l o c i t y ) i n the flume. 

Th i s paper i s d i v i d e d i n t o three s e c t i o n s . The f i r s t 
i s a d e s c r i p t i o n of the h y d r a u l i c modelling t e s t s 
i n c l u d i n g a review of modeling, laws, apparatus and 
contents. The second i s a p r e s c e n t a t i o n of the model t e s t 
r e s u l t s and p h y s i c a l i n t e r p r e t a t i o n ,and f i n a l secton 
contains a summary and c o n c l u s i o n s . 

1.Hydraulics Modelling T e s t s 

1 ) . H y d r a u l i c s Modelling Laws 

Because there i s no buoyancy, the j e t i s c o n t r o l l e d by 
i n i t i a l momentum f l u x , mass f l u x and crossflow.The 
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process of j e t i s mainly c o n t r o l l e d by g r a v i t y and 
v i s c o s i t y . So the model i s done by h y d r a u l i c s i m i l a r i t y 
( g r a v i t y c r i r t e r i a of s i m i l a r i t y and r e s i s t a n c e c r i t e r i a 
of s i m i l a r i t y ) which r e q u i r e s t h a t both the Froude number 
and Reynold number i n the model and i n the prototype keep 
unchanged.Generally,the prototype e f f l u e n t j e t i s f u l l y 
t u r b u l e n t . I f the model j e t i s kept f u l l y turbulent the 
Reynold number stands at i t s auto s i m i l a r range and 
Reynold number can be ignored, from the viewpoint of 
Robert , such a treatment i s s a t i s f a c t o r y . So the 
h y d r a u l i c model i s designed by c o n t r o l l i n g Froude 
number, which r e q u i r e s the r a t i o of Froude number i n the 
model and prototype to be u n i t y . This r e s u l t i n . 

Vr 
^^-^ 

i n which Lr=length r a t i o (prototype:model) V r = v e l o c i t y 
r a t i o G r = g r a v i t a l i o n a l r a t i o =1 

By choosing the geometric s c a l e r a t i o ( i . e . , L r the 
length r a t i o ) , the v e l o c i t y r a t i o , i s determined. 

I n t h i s model Lr=100 Gr=l 

using the law of g r a v i t y c r i t e r i a of s i m i l a r i t y , 

F r = l 
thus Vr=10 

2).Modelling Apparatus and Contents 

A l l t e s t s were performeel i n a flume which i s 8m long, 
0.8m wide, 0.6m deep(fig.1).There are three water l e v e r 
meters to measure the water l e v e l a t the two s i d e s and at 
the cen t r e of the flume. The flume i s equiped with a 
movable c a r r i a g e which i s mounted with c o n d u c t i v i t y probes 
and can be moved e a s i l y to measure the c o n c e n t r a t i o n of 
simulated p o l l u t a n t , e. g., s a l t . , , . - . 

^ •-h e l e v a t e a t a n K 

r. --Zr. e . e v a t e d w a s t e w a t e r box 

flo>-' meter-

— I I 

4 
1 ^ " 

— — — T T -

/ l i -

pujr.p 

tank 

hol'e p l a t e / 

w - f e s t e w a t e r pump 

w a t e r t a n k 

• F i g . l Schematic of T e s t Flume 
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The r e l a t i o n between c o n d u c t i v i t y and concentration 
was conducted and has been determined. The c o n d u c t i v i t y 
s i g n a l i s t r a n s l a t e d i n t o d i g i t a l s i g n a l , which i s 
pri n t e d on the paper by a computer program developed for 
t h i s modelling t e s t . 

For a l l kinds of the o u t f a l l design, the appropriate 
choosing and determining parameters of o u t f a l l play a 
very important r o l e . T h e r e f o r e emphasis i s focused on the 
study of how the j e t d i a m e t e r , j e t angle,and j e t v e l o c i t y 
are i n f l u e n c i n g the d i l u t i o n of the j e t , of course,the 
i n f l u e n c e of water depth and ambient c u r r e n t are a l s o 
t e s t e d . 

2.Flume Test R e s u l t s 

A f t e r the j e t i s i n j e c t e d through the o u t l e t , due to 
i t s i n i t i a l momentum the t r a j e c t o r y i s almost a s t r a i g h t 
l i n e near the port. because of the a c t i o n of cur r e n t and 
the i n c r e a s i n g of h o r i z o n t a l momentum. The t r a j e c t o r y of 
the j e t i s g r a d u a l l y curved with the d i s t a n c e from the 
o u t l e t . F i n a l l y ,the j e t goes with the cu r r e n t and 
disappears l i t t l e by l i t t l e . 

1) .With the same j e t v e l o c i t y , port diameter and ambient 
condition, d i f f e r e n t j e t angle. 

The r e s u l t s of the t e s t s i n t h i s c o n d i t i o n are given 
i n f i g . 2 . The r e s u l t s show that the d i l u t i o n i n c r e a s e s 
with the i n c r e a s i n g the j e t angle.The reason for t h i s 
phenomena i s very obvious .As soon as the j e t i s i n j e c t e d 
i n t o ambient, the d i l u t i o n depends on mometum entrainment 
produced by i n i t i a l momentum and dynamic force entrainment 
produced by the a c t i o n between the j e t and ambient c u r r e t . 
From the theory study. We know th a t the momentum 
entrainment i s c o n t r o l l e d by the mode of vector of 
d i f f e r e n c e between j e t v e l o c i t y and ambient c u r r e n t . 

For c e r t a i n d i s t a n c e from the port, the l a r g e r the j e t 
angle, the l a r g e r the mode, which makes the j e t e n t r a i n 
more non-polluted water.From the experimental obervation. 
t h i s phenomena i s found that the j e t with the l a r g e r j e t 
angle induces more water and be f u l l of whole s e c t i o n i n 
height more q u i c k l y than the j e t with l e s s j e t angle. 

2) .With the same j e t angle, port diameter and ambient 
co n d i t i o n , d i f f e r e n t j e t v e l o c i t y . 

The r e s u l t s are given i n fi g . 3 , t h e y show that the 
in f l u e n c e of j e t v e l o c i t y on d i l u t i o n i s not obvious.which 
i s somewhat c o n t r a r y to the e x p e c t a t i o n . I n f a c t , the 
i n c r e a s i g of the j e t v e l o c i t y causes the i n c r e a s i n g of the 
entrainment and discharge of simulated p o l l u t a n t s , i n some 
c a s e s , the former i n c r e a s e s more than the l a t t e r , while i n 
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other c a s e s , the l a t t e r i n c r e a s e s more than the former. 
So that the above phenomena takes p l a c e . Maybe there i s 
a point which have the maximum d i l u t i o n . T h e r e f o r e the 
re s e a r c h on t h i s problem w i l l be continued. 

F i g . 2 l 'nm| .M r i son n f . I d Ang le F i e . .T Cnmpnr isnn o f .let. V e l o n i t - y 

3).with the same j e t angle, j e t v e l o c i t y and ambient 
co n d i t i o n , d i f f e r e n t port diameter. 

The r e s u l t s which are given i n f i g . 4 show t h a t the 
d i l u t i o n i n c r e a s e s with the decreasing of port diameter, 
which i s c o n s i s t a n t with the expectation.Due to the 
decreasing of port diameter, the discharge of a simulated 
p o l l u t a n t contained i n the j e t a l s o decreases,however, the 
other c o n d i t i o n s are not changed,thereby,dilution i n c r e a s e s . 

For c e r t a i n o u t f a l l p r o j e c t , the decreasing of port 
diameter i s c o n d i t i o n a l . The economic f a c t o r must be 
considered. Therefore, there should be a d e c i s i o n 
r e f e r r i n g to the degree of d i l u t i o n and c o s t . 

I M H . I r n m p i i r i M c i n n C I ' d t - I I ) i i i m i ' I i - r I i i ( , r> I ' l i m p i i r i H I U I O C A m l i i P i i t C n n i l l L l o t i 

3.Summary and Conclutions 

Among the f a c t o r s i n f l u e n c i n g d i l u t i o n . i . e . j e t 
angle, j e t v e l o c i t y and port diameter, the j e t angle i s 
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the most s e n s i t i v e one, the j e t v e l o c i t y i s not obvious, 
and the port diameter plays some role,but i t s i n f l u e n c e i s 
c o n d i t i o n a l . 

The i n f l u e n c e of the ambient conditions on d i l u t i o n 
are very obvious.The d i l u t i o n i n c r e a s e s with i n c r e a s i n g of 
water depth and c u r r e n t v e l o c i t y ( f i g . 5 ) . C o m p a r i n g the 
i n f l u e n c e of these two f a c t o r s the i n f l u e n c e of the 
c u r r e n t v e l o c i t y i s g r e a t e r than that of water depth. 
Therefore,the p r e r e q u s i t e of designing o u t f a l l i s to 
choose the p o s i t i o n where the c u r r e n t v e l o c i t y i s 
higher,while for c e r t a i n water depth the maximum d i l u t i o n 
can be obtained by a d j u s t i n g j e t angle.This doesn't mean 
that the water depth can be neglected. I t should be the 
case while c o n s i d e r i n g the v e l o c i t y , the water depth i s 
a l s o taken into account. 
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Notation: 

The following symbols are used i n t h i s paper; 
V- j e t v e l o c i t y m/s 
Ua-current v e l o c i t y m/s 
8 - j e t angle 
a,-entrainment c o e f f i c i e n t 
A - c o e f f i c i e n t of c o n c e n t r a t i o n p r o f i l e 
D -diameter m 
F -Froude number 
G - g r a v i t a t i o n a l a c c e l e r a t i o n 
C - c o n c e n t r a t i o n of p o l l u t a n t 
Coo-concentration of p o l l u t a n t i n a c u r r e n t 

S u b s c r i p t : 
r-modelling r a t i o (prototype;model) 
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PREDICTION OF SEAWATER EXCHANGE RATIOS IN AND OUTSIDE 
THE BAY BY HYDRAULIC MODEL 

by Takayuki H a t t o r i , Researcher 
C i v i l E n gineering Laboratory, Chubu E l e c t r i c Power Co., I n c . 

and 

A k i r a Wada, P r o f e s s o r 
School of Marine Science and Technology, Tokai U n i v e r s i t y 

1. I n t r o d u c t i o n 

I n c l o s e d sea areas l i k e bay where some f e a r i s r a i s e d about water 

p o l l u t i o n caused by i n d u s t r i a l or household e f f l u e n t s , a measure to 

preserve the q u a l i t y of water has become an important problem. The 

authors have paid a t t e n t i o n to the exchange of water mass i n s i d e the bay 

w i t h water i n the open sea, or the s o - c a l l e d seawater exchange 

phenomenon. As a method fo r t h i s phenomenon, study by box model, 3D 

mathematical model, h y d r a u l i c model, e t c . have been c o n s i d e r e d . 

P a r t i c u l a r l y , w i t h r e s p e c t to the h y d r a u l i c model, r e s e a r c h has been 

conducted on the law of s i m i l a r i t y so t h a t the a c t u a l phenomenon can be 

maintained s i m i l a r on the d i s t o r t i o n model i n r e l a t i o n to the problem of 

thermal d i f f u s i o n p r e d i c t i o n . 

I n t h i s study, the authors conducted h y d r a u l i c t e s t by s i m u l t a n e o u s l y 

generating t i d a l c u r r e n t and constant c u r r e n t having two d i f f e r e n t types 

of periods w i t h i n the d i s t o r t i o n model, w i t h Shimizu Port which has a 

complicated seabed topography and flow taken as a study a r e a . The 

a p p l i c a b i l i t y of a h y d r a u l i c model us i n g a d i s t o r t i o n model to the 

p r e d i c t i o n of seawater exchange phenomena was s t u d i e d w h i l e comparing the 

r e s u l t s of f i e l d o b s e r v a t i o n s on flow w i t h those of s i m u l a t i o n a n a l y s i s 

u sing a 3D mathematical model. 

2. Flow c h a r a c t e r i s t i c s of the sea area concerned 

Shimizu Port f a c e s Suruga Bay as shown i n F i g . 1. The f o l l o w i n g 

phenomena can be observed according to the a u t o - c o r r e l a t i o n c o e f f i c i e n t s , 

energy s p e c t r a and harmonic a n a l y s e s of flow which were c a l c u l a t e d based 

on the r e s u l t s of continuous observations conducted on c u r r e n t i n and 

outside the bay through a l l seasons. I n F i g . 2, t i d a l - c u r r e n t e l l i p s e s 

and c o n s t a n t - c u r r e n t components (15-day mean c u r r e n t during the 

o b s e r v a t i o n period) are shown. 

(1) I n s i d e the bay, the v e l o c i t y component of s e m i - d i u r n a l period can be 

recognized, though the v e l o c i t y i s s m a l l . The constant c u r r e n t i s a 

northéast c u r r e n t flowing out of the innermost p a r t of the bay, but the 

v e l o c i t y i s small ( l e s s than 5 cm/s). 

(2) Outside the bay, the v e l o c i t y component w i t h d i u r n a l p e r i o d can be 

recognized, and the v e l o c i t y i s 5 to 20 cm/s. The c o n s t a n t c u r r e n t flows 

southward along the c o a s t a l l i n e through a l l seasons. I n the o f f i n g of 

Shimizu Port, the v e l o c i t y i s 4 to 10 cm/s, and 4 to 23 cm/s i n the sea 

area i n f r o n t of Miho, i n d i c a t i n g a r a p i d flow and conspicuous c o n s t a n t 

flow. Outside the bay, t h e r e f o r e , the flow i s the combination of a 

-2B.1-



c o n s t a n t - c u r r e n t component and a d i u r n a l - t i d a l component. 

3. H y d r a u l i c model t e s t 

The h y d r a u l i c model t e s t was conducted i n the m e t e o r o l o g i c a l and 
oceanographic s i m u l a t i o n b u i l d i n g l o c a t e d i n the Power Engineering 
Laboratory of Chubu E l e c t r i c Power Co., I n c . 

3-1 Model s c a l e and t e s t equipment 

The model having a h o r i z o n t a l s c a l e of 1/600 and v e r t i c a l s c a l e of 
1/60 was used i n the t e s t . Froude's law was used as the law of s i m i l a r i t y 
to m a i n t a i n the s i m i l a r i t y of flow phenomena between the prototype and the 
model. The s e m i - d i u r n a l c u r r e n t i n s i d e the bay was generated using the 
t i d e generator (plunger type) i n s t a l l e d i n the o f f i n g of the water tank. 
On the other hand, the d i u r n a l t i d a l c u r r e n t and constant c u r r e n t o u t s i d e 
the bay were generated using the t i d a l c u r r e n t and constant c u r r e n t pipes 
i n s t a l l e d a t both ends w i t h i n the tank (see F i g . 1 ) . 

3-2 Reproduction of flow p a t t e r n s 

The depth of water i n s i d e the bay i s 5 to 20 m; o u t s i d e the bay, the 
water becomes suddenly deep, i . e . , 30 to 500 m, and there are r a p i d 
t o p o g r a p h i c a l changes i n the sea bottom. I n the sea a r e a s having such a 
complicated seabed topography, the t i d a l c u r r e n t and constant c u r r e n t 
having two d i f f e r e n t types of periods mentioned above were reproduced 
s i m u l t a n e o u s l y . A t y p i c a l example of reproduced r e s u l t s i s shown i n F i g . 
3. As i s c l e a r from the f i g u r e , the r e p r o d u c i b i l i t y of c u r r e n t e l l i p s e s 
and c o n s t a n t - c u r r e n t components was r e l a t i v e l y good except f o r a point 
where the flow i s weak. Meanwhile, the electromagnetic c u r r e n t meter was 
used to measure the v e l o c i t y of flow. 

3-3 D e f i n i t i o n of seawater exchange r a t i o 

A broken l i n e was s e t to d i v i d e the bay between i n s i d e and o u t s i d e 

(see F i g . 4 ) . The seawater exchange r a t i o was defined so as to determine 

to what extent the u n i t water mass a t any point (mark x f o r example) 

i n s i d e the bay i s r e p l a c e d w i t h the water outside the bay a f t e r the l a p s e 

of a c e r t a i n period of time. I n the h y d r a u l i c model t e s t , magnesium was 

used as t r a c e r , and the ion c o n c e n t r a t i o n of magnesium was measured w i t h 

an atomic spectro-photometer to determine the seawater exchange r a t i o a t 

each p o i n t . 

3-4 H y d r a u l i c t e s t method and cases 

Seawater exchange t e s t was conducted by i n s t a l l i n g a gate a t the bay 
mouth and throwing magnesium c h l o r i d e i n t o the sea i n such a way t h a t the 
c o n c e n t r a t i o n of magnesium ion i n s i d e the bay would become about 3 to 3.3 
ppm h i g h e r than t h a t o u t s i d e the bay. Then, the water i n s i d e the bay was 
kept s t a t i o n a r y , and the gate was opened. At the same time, c o n s i d e r i n g 
the t i d a l phase d i f f e r e n c e , the t i d e of s e m i - d i u r n a l p e r i o d was generated 
i n the ebb d i r e c t i o n and the t i d a l c u r r e n t w i t h d i u r n a l p e r i o d was 
generated i n the n o r t h e r n d i r e c t i o n . The change of c o n c e n t r a t i o n a t each 
point i n s i d e the bay owing to subsequent t i d a l development was f o l l o w e d . 
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The c o n c e n t r a t i o n a t each point was represented by m i d d l e - l a y e r water. 
T e s t s were conducted on two c a s e s , and subsequent comparison was made of 
r e s p e c t i v e c a s e s . T e s t on Case 1 was conducted to determine the seawater 
exchange r a t i o i n s i d e the bay under the present c o n d i t i o n . T e s t on Case 
2 was conducted to determine what kind of e f f e c t the i n t a k e and d i s c h a r g e 
of c o o l i n g water f o r a steam power s t a t i o n would have on the exchange of 
seawater i n s i d e the bay when the power s t a t i o n i s i n s t a l l e d i n s i d e the 
bay. Cooling water was withdrawn from a deep l a y e r on the e a s t e r n s i d e 
of the power s t a t i o n s i t e and r e l e a s e d i n t o a s u r f a c e l a y e r i n f r o n t of 
the s i t e . The flow r a t e of c o o l i n g water i s 94 m^/s, and the temperature 
r i s e of d i s c h a r g e d warm water i s 7°C, The o u t l e t has a width of 90 m, and 
the depth of water a t the o u t l e t i s 3.5 m. Warm water was discharged a t 
mean v e l o c i t y of 30 cm/s. 

3- 5 H y d r a u l i c t e s t r e s u l t s 

The seawater exchange r a t i o s obtained a t t y p i c a l p o i n t s i n s i d e the bay 

are shown i n F i g . 5. T h i s f i g u r e shows the mean seawater exchange r a t i o s 

a t each point per p e r i o d ( s e m i - d i u r n a l period) c a l c u l a t e d from the 

diagram showing the change of seawater exchange r a t i o s w i t h the l a p s e of 

time as i l l u s t r a t e d i n F i g . 6. I t i s evident from the f i g u r e t h a t the 

seawater exchange r a t i o s i n the innermost p a r t of the bay w i l l be improved 

from 2% under the present c o n d i t i o n to 9 - l l Z i n the f u t u r e (when the power 

s t a t i o n i s i n s t a l l e d ) ; from the c e n t e r of the bay over to the bay mouth, 

8-lOZ under the p r e s e n t c o n d i t i o n to 11-15Z i n the f u t u r e . P a r t i c u l a r l y , 

i n the opening pa r t on the O k i t s u s i d e , the flow of c u r r e n t toward the 

o u t s i d e of the bay occurred owing to the e f f e c t of d i s c h a r g e c u r r e n t i n 

the upper l a y e r , and the flow of c u r r e n t toward the i n s i d e of the bay 

occurred i n the lower l a y e r . I t can, t h e r e f o r e , be c o n s i d e r e d t h a t these 

constant c u r r e n t s g r e a t l y c o n t r i b u t e to improvement i n the seawater 

exchange r a t i o s i n s i d e the bay due to i n s t a l l a t i o n of the power s t a t i o n . 

4. Numerical s i m u l a t i o n 

4- 1 B a s i c equations of the mathematical model 

The constant c u r r e n t s such as d e n s i t y c u r r e n t , d i s c h a r g e c u r r e n t and 

wind blowing c u r r e n t have a tendency to be r e v e r s e d u s u a l l y between the 

upper l a y e r and the lower l a y e r , thereby g r e a t l y c o n t r i b u t i n g to the 

exchange of seawater i n the bay. I n t h i s study, t h e r e f o r e , the model 

which can reproduce 3D phenomena was used. Navier-Stokes equations as 

w e l l as equations of c o n t i n u i t y and d i f f u s i o n were used as b a s i c equations 

i n the model. 

Among p a r t i c l e s of number N which were thrown i n t o each point ( s t . A-

J ) i n s i d e the bay, those of M p i e c e s flowed out of the bay, and the 

seawater exchange r a t i o of t h i s u n i t water mass was d e f i n e d as M/N. The 

p a r t i c l e s moved owing to flow and turbulence. The turbulence was assumed 

to f o l l o w the primary Markov pr o c e s s . 

4-2 R e s u l t s of numerical s i m u l a t i o n 

D i u r n a l - p e r i o d c u r r e n t , s e m i - d i u r n a l - p e r i o d c u r r e n t , c o n s t a n t c u r r e n t 

and d i s c h a r g e c u r r e n t c o n s i d e r i n g the e f f e c t of d e n s i t y c u r r e n t , r i v e r 
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c u r r e n t , e t c . were reproduced i n the model. 

The authors conducted study on the e f f e c t of d i f f e r e n c e i n d i f f u s i o n 
c o e f f i c i e n t s which are d i f f i c u l t to determine e x p e r i m e n t a l l y on the 
exchange of seawater, the e f f e c t of discharged warm water and r i v e r water 
on the exchange of seawater, and so on, o b t a i n i n g the f o l l o w i n g 
i n f o r m a t i o n : 

(a) I n the c l o s e d i n n e r bay, the i n f l o w of f r e s h water such as r i v e r 

water has a l a r g e e f f e c t on flow p a t t e r n s i n the sea, even though i t s 

q u a n t i t y i s s m a l l . 

(b) The r e l e a s e of thermal e f f l u e n t from the power s t a t i o n g r e a t l y 
c o n t r i b u t e s to the exchange of seawater i n the c l o s e d i n n e r bay. I n F i g . 
6, seawater exchange r a t i o s i n s i d e the bay i n the same case as the 
h y d r a u l i c t e s t a r e shown. 

5. C o n c l u s i o n 

To examine the a p p l i c a b i l i t y of the h y d r a u l i c t e s t method us i n g a 

d i s t o r t i o n model to the p r e d i c t i o n of seawater exchange phenomena, 

comparative study was made w i t h the r e s u l t s of f i e l d o b s e r v a t i o n s and 

numerical s i m u l a t i o n w i t h r e s p e c t to the r e p r o d u c t i o n of flow i n the 

model. As a r e s u l t , the f o l l o w i n g points were c l a r i f i e d ! 

(1) The t i d a l c u r r e n t and constant c u r r e n t having two d i f f e r e n t types of 

p e r i o d s can be reproduced w i t h a high accuracy i n the d i s t o r t i o n model. 

(2) For d e t e r m i n a t i o n of seawater exchange r a t i o by h y d r a u l i c t e s t , the 

a u t h o r s c o u l d not make comparison and v e r i f i c a t i o n w i t h f i e l d 

i n v e s t i g a t i o n r e s u l t s , but found t h a t the t e s t could be conducted w i t h a 

c e r t a i n l e v e l of accuracy on the whole by the use of a d i s t o r t i o n model 

though there are some problems i n t e s t methods. Moreover, as a r e s u l t of 

t h i s study, the authors could o b t a i n a c o n c l u s i o n t h a t when the steam 

power s t a t i o n i s i n s t a l l e d i n s i d e the c l o s e d bay, the exchange of seawater 

makes c o n s i d e r a b l e progress owing to i n t a k e and d i s c h a r g e of i t s c o o l i n g 

water i n s i d e the bay thereby producing a l a r g e w a t e r - p u r i f y i n g e f f e c t . 
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WATER EXCHANGE BEHIND THE INLET WEIR 
OF A SEMI-ENCLOSED LAGOON 

by Soon-Keat Tan 

School of Civil & Structural Engineering 

Nanyang Technological Institute, Singapore. 

A b s t r a c t 

A submerged weir (with c u l v e r t s a t lower l e v e l ) a t the i n l e t of 
a lagoon was c o n s t r u c t e d to ensure a minimum depth o f water a t a l l 
times. T h i s approach r e s u l t e d i n i n t e n s e mixing of water behind the 
weir as the t i d e r i s e s . The mixing or water renewal i s r e s t r i c t e d to 
ar e a s near the i n l e t . A s e r i e s of l a b o r a t o r y experiments were c a r r i e d 
out to determine the volume of the p a r a b o l o i d of water where mixing 
i s i n t e n s e . The r e s u l t s o b t a i n e d c o u l d be u s e d to a p p l y to 
s i t u a t i o n s where th e r e i s an i n l e t channel behind a submerged w e i r . 

I n t r o d u c t i o n 

C o a s t a l l a g o o n s , be i t n a t u r a l or man-made, a r e p o p u l a r 
l o c a t i o n s f o r r e c r e a t i o n a l a c t i v i t i e s . As such, good water q u a l i t y i n 
a lagoon always tops the l i s t of the requirements. A second but of no 
l e s s important requirement i s the p r o v i s i o n of a s u f f i c i e n t depth of 
w a t e r i n a l a g o o n a t a l l t i m e s ( d u r i n g b o t h r i s i n g and r e c e d i n g 
t i d e s ) . Some managers of lagoons have i n v e s t e d i n water r e t a i n i n g 
s t r u c t u r e s such as submerged weirs, w i t h lower c u l v e r t s i n some c a s e s , 
to ensure t h a t a minimum depth of water i s maintained. The swimming 
and canoeing lagoon a t Sentosa I s l a n d ( l o c a t e d south of the Singapore 
I s l a n d ) were c o n s t r u c t e d i n t h i s manner, F i g . 1. I n so doing however, 
the e f f e c t i v e n e s s of n a t u r a l t i d a l renewal of water i n the lagoon 
c o u l d not be est i m a t e d u s i n g the t i d a l prism method. 

C a n o e i n g L a g o o n 

s u b m e r g e d [i w e i r 

S e a 
s u b m e r g e d w e i r 

F i g u r e 1. A sketch of Sentosa Lagoons 

I n order to a s s e s s the e f f e c t i v e n e s s of t i d a l f l u s h i n g , one 

needs to have a d e t a i l understanding of the h y d r a u l i c s due to the 
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submerged w e i r a t the i n l e t . Of paramount importance i s the mixing 
volume as the t i d e r i s e s and f a l l s . Where there i s a submerge i n l e t 
w e ir of c r e s t l e v e l a t an e l e v a t i o n between the low and high water, 
the h y d r a u l i c s of flow over the weir changes from one of plunging 
over a v e r t i c a l drop s t r u c t u r e to flow over an o b s t r u c t i o n as the 
t i d e r i s e s . As the t i d e recedes, a r e v e r s a l of flow c h a r a c t e r i s t i c s 
takes p l a c e . However, the main bulk of water exchange i s i n the 
t u r b u l e n t mixing zone a t the i n l e t where the flow plunges over the 
weir, i n t o the r e c e i v i n g body of water and r e a t t a c h e d to the s u r f a c e 
f u r t h e r downstream. The problem then i s to estimate the p a r a b o l o i d of 
water where mixing of sea and lagoon water takes p l a c e during the 
f l o o d t i d e s . 

T h i s paper d e s c r i b e s the author's attempt to determine the 

extent of mixing caused by flow over a v e r t i c a l drop s t r u c t u r e i n t o a 

r e s e r v o i r of water below i t . T h i s i s the f i r s t step towards the 

q u a n t i t a t i v e e s t i m a t i o n of water exchange a t the i n l e t s . 

Review 

When water flow over a v e r t i c a l drop s t r u c t u r e i n t o a body of 
w a t e r below i t , i n t e n s e m i x i n g o f the i n c o m i n g w a t e r w i t h t h e 
r e s e r v o i r of water i n the s t i l l i n g b a s i n takes p l a c e . T h i s phenomenon 
has been used w i d e l y i n water treatment work where a mixing p r o c e s s 
i s c a l l e d f o r . The h y d r a u l i c s o f the f l o w i s o n l y u n d e r s t o o d 
q u a l i t a t i v e l y . The design of the drop s t r u c t u r e , shape and s i z e of 
the s t i l l i n g b a s i n i s g e n e r a l l y based on e m p i r i c a l r u l e s . 

V e r t i c a l drop s t r u c t u r e s are a l s o u t i l i z e d as flow c o n t r o l 

s t r u c t u r e s i n i r r i g a t i o n c a n a l s . However, the major concerns there 

are the design of appropriate w e i r s and s t i l l i n g b a s i n s , f o r example, 

Chris t o d o u l o u e t . a l . (1984) and Naib (1984). Noutsopoulos (1984) 

l o o k e d i n t o the h y d r a u l i c c h a r a c t e r i s t i c s i n a s t r a i g h t drop 

s t r u c t u r e of t r a p e z o i d a l c r o s s s e c t i o n . However, the author only 

d e a l t w i t h shallow downstream flow, i n which case, the problem was 

e s s e n t i a l l y one o f i m p a c t of a s h e e t of w a t e r j e t onto a s o l i d 

s u r f a c e . 

While there are many p u b l i c a t i o n s on ' i n t e r n a l ' j e t flows ( f o r 

example Sawyer ( 1 9 6 3 ) and J o h n s o n & H a l l i w e l l ( 1 9 8 6 ) , t h e r e a r e 

r e l a t i v e l y few p u b l i c a t i o n s on impinging j e t i n t o a body of (deep) 

water. The few p u b l i c a t i o n s t h a t the author i s aware of are Mikis & 

T i n g ( 1 9 8 3 ) and Sene e t . a l . ( 1 9 8 9 ) . Of t h e s e two, the l a t t e r 

p resented some r e s u l t s which are of d i r e c t r e l e v a n c e to the c u r r e n t 

s tudy. 

Approach of the study 

The a c t u a l f l o w o v e r the w e i r i n the l a g o o n i s a t h r e e 

dimensional phenomenon. However, i n the case of the Sentosa lagoons, 

the i n l e t s are a c t u a l l y narrow channels of about the same width as 

the w e i r . A f i r s t a p p r o a c h i s to t r e a t the problem as a two 
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dimensional problem as shown i n F i g . 2 which shows the schematic 
s k e t c h of a two dimensional flow p a t t e r n i n a channel when the t i d e 
r i s e s to a l e v e l above the c r e s t of the weir while the water l e v e l i n 
the r e s e r v o i r downstream i s below the weir c r e s t . The j e t plunges 
i n t o the r e c e i v i n g water, and r e a t t a c h e d to the s u r f a c e a c e r t a i n 
d i s t a n c e downstream. Here, the body of water e n c l o s e d by the path of 
the j e t i s c o n t i n u o u s l y being d i s p l a c e d f u r t h e r downstream as s u r f a c e 
flow. The body of water below the path of the j e t i s put i n c i r c u l a r 
motion a l s o . However, replacement of water i s slow. 

r e - c i r c u l a t i n g flow 

F i g u r e 2 The experiment s e t up 

Si n c e the flow p a t t e r n due to the impinging j e t i s e s t a b l i s h e d 

w i t h i n a few minutes w h i l e the change i n water l e v e l i n the r i s i n g 

t i d e and t h a t i n a reasonably l a r g e lagoon i s r e l a t i v e l y s m a l l during 

t h a t few minutes, one can adopt a s i m p l e r approach of modeling the 

w h o l e t i d a l c y c l e t h r o u g h a number o f d i s c r e t e s t e p s o f 

p s e u d o - s t a t i o n a r y t i d a l l e v e l s . I n f a c t , to model i n c r e a s i n g t i d a l 

l e v e l one only needs to i n c r e a s e the incoming flow r a t e and r a i s e the 

t a i l gate l e v e l a c c o r d i n g to the r a t e of f i l i n g of the lagoon. T h i s 

approach has the advantage of e s t a b l i s h i n g s t a t i o n a r y flow p a t t e r n s 

where the d e s i r e d flow c h a r a c t e r i s t i c s could be measured w i t h ease. 

A s e r i e s of l a b o r a t o r y experiments was c a r r i e d out to determine 

the shape and s i z e of the p a r a b o l o i d of water. 

Experiment set-up and r e s u l t s 

The experiment setup i n a flume i s as shown i n F i g . 2. Two 

open c h a n n e l f l u m e s were u s e d a t v a r i o u s s t a g e s o f the s t u d y . 

A l t o g e t h e r e i g h t s e t s o f e x p e r i m e n t s were c a r r i e d o u t . Flow 

v i s u a l i z a t i o n techniques and video taping were employed i n a n a l y z i n g 

the o v e r a l l flow p a t t e r n . Point v e l o c i t i e s ( h o r i z o n t a l and v e r t i c a l 

component) were measured u s i n g c r o s s - f i b r e c o n s t a n t t e m p e r a t u r e 

p r o b e s . The p a t h o f the j e t was d e t e r m i n e d from the p o i n t o f 

i n f l e x i o n of the v e r t i c a l v e l o c i t y p r o f i l e s a t v a r i o u s l o c a t i o n s 

along the flume. 
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F i g u r e 4 The l o c u s of the impinged j e t i n the r e c e i v i n g water. 



I t was found t h a t the path of the j e t i n the r e c e i v i n g water i s 
w e l l d e f i n e d and when presented i n terms of x/x^j^^^^ and y/y^Q^x' (the 
symbols are as defined i n F i g . 2) , the r e s u l t s from the e i g h t s e t s of 
experiment f a l l i n t o a w e l l d e f i n e d curve, F i g . 3. 

Fi g u r e 4a shows the p l o t of the maximum depth of plunge of j e t 
as a f u n c t i o n of the p o t e n t i a l d i f f e r e n c e . The f u n c t i o n i s w e l l 
d e f i n e d . F i g u r e 4b shows the p l o t o f d i m e n s i o n l e s s l e n g t h o f 
reattachment of j e t as a f u n c t i o n of dimensionless b r i n k h e i g h t above 
the w e i r . The goodness of f i t of the data i s not as good as t h a t of 
F i g . 4a. Bearing i n mind the nature of the experiment and the r e s u l t 
was v e r y good indeed. 

A p p l i c a t i o n of the r e s u l t s 

F i g u r e s 4a and b can be used to estimate the maximum depth of 

plunge, y^ax l e n g t h of reattachment, x^^x' l̂"̂ *̂ ® ^^e other 

parameters a r e known c o n s t a n t s . Then F i g . 3 can be used to o b t a i n the 

path of the j e t i n the r e c e i v i n g water, hence the volume of water 

being renewed during each t i d a l c y c l e . 

The average t i d a l range i n Singapore water i s approximately 2 m 

(approximately 0.25 m ACD to 2.25 m AGO). The maximum i s s l i g h t l y 

over 3 m (approximately 0.1 m ACD to 3.1 m ACD). The w e i r - c r e s t s of 

the lagoons are a t 1.8 m ACD on the average and the lower c u l v e r t s i s 

a t 1.5 m. However, because of the r i s e of the water l e v e l i n the 

lagoons during the r i s i n g t i d e , the phenomenon of plunging j e t over 

the w e i r normally does not l a s t more than h a l f an hour and the drop 

i s seldom more than 0.5 m. 

A computer program i s c u r r e n t l y being developed to s i m u l a t e the 

t i d a l v a r i a t i o n i n the sea, change i n water l e v e l i n the lagoon as i t 

i s being f i l l e d , and the corresponding path of the plunging j e t a t 

v a r i o u s d i s c r e t e time i n t e r v a l s . 

Concluding remarks 

The r e s u l t s of a s e r i e s of experiments on the c h a r a c t e r i s t i c s 

of a plunging j e t from a v e r t i c a l s t r u c t u r e i n t o a r e c e i v i n g body of 

water below i t was presented. Due to the nature of the phenomenon, 

the l a b o r a t o r y model i s a c t u a l l y a prototype i n i t s own r i g h t . There 

i s no c l e a r cut s c a l i n g laws t h a t can be used. However, when the 

r e s u l t s are analyzed and presented through combinations of v a r i o u s 

parameters, there emerges a way of e x t r a p o l a t i n g or i n t e r p o l a t i n g the 

experimental r e s u l t s to apply to combination of c o n d i t i o n s not t e s t e d 

i n t h e - l a b o r a t o r y e x p e r i m e n t . Though the a p p r o a c h needs to be 

v e r i f i e d , the author b e l i e v e d t h a t the r e s u l t s obtained are q u i t e 

v a l i d , a t l e a s t f o r the case of two dimensional flow i n a r e c t a n g u l a r 

channel. 

There w i l l be some doubt whether the approach proposed i s v a l i d 

f o r t h e c a s e of i r r e g u l a r c h a n n e l boundary and when the f l o w 
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concemed i s three dimensional i n nature. However, the approach w i l l 
be u s e f u l to o b t a i n a f i r s t s o l u t i o n . 
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FLOW AND MASS TRANSPORT OFFSHOïlE FROM TIDAL INLETS 
by Rodger B. Tomlinson 
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Manly Vale NSW 2093 Australia 

Abstract 

Physical model studies of the structure of the flow emerging from a tidal inlet are reported 
for the case of an idealised sinusoidaUy varying discharge. The characteristic structure of 
the ebb tidal flow was similar to that of a starting jet and the flood tidal flow was similar 
to a potential sink. The spatial structure of the discharge can be normalised with respect to 
a length scale / = [moT^/p]^'^. Only a small fraction of water discharged from the inlet 
on the ebb tide was found to retum on the following flood tide. Comparison of 
experimental results with prototype flow observations suggests that the model flow 
behaviour and the derived characteristic length scales describe the mass transport in 
unsteady flow features such as those generated by tidal forcing at inlets and straits. 

Introduction 

Studies by Özsoy (1977), Mehta and Zeh (1980) and others have examined the nearshore 
hydrodynamics of the flow issuing from a tidal irHet. These studies have considered the 
ebb discharge to be a quasi-steady turbulent jet and give a good estimate of the velocity 
distribution, sediment movement and induced flow near the entrance. 

Wilkinson (1978) and Tomlinson (1986) have examined the gross features of the offshore 
flow structure (shown schematically in Figure 1) in an idealised two-dimensional physical 
model in which a sinusoidaUy reversing flow was discharged from an open charmel into a 
stagnant basin. During each period of ebb flow, a vortex pair was observed to form and 
ultimately become the dominant feature of the flow. Initially the vortex pair rolled up until 
its strength was sufficient to move away from the inlet. During the remainder of the ebb 
phase the flow was like a starting jet with die motion of the vortex pair cap being 
controlled by the advection of mass, momentum and vorticity from the jet "tail", the 
entrainment of ambient fluid into the cap, and the bottom frictional resistance to the flow. 
During the flood phase, the flow back into the inlet approximated a potential radial sink 
flow. The influence of this flow reversal on the behaviour of the ebb discharge flow 
structure depended on tiie extent of the flood witiidrawal. As tiie vortex pair cap moved 
furtiier away from tiie inlet its motion became less dependent on tiie dynamics of tiie jet 
tail, witii the dominant force acting on tiie cap being bottom friction. This, combined with 
a diffusion of vorticity, caused tiie flow to slow down and grow in size. 

It can be shown for a turbulent periodic jet tiiat a characteristic length scale exists, which 
depends on tiie momentum flux per unit depth, mo, tiie density, p, and tiie period, T and 
which is given by: 

1/3 

/ = - m . T 2 

Physically, this length scales the size of a large Reynolds number jet after one period from 
the commencement of the ebb flow. The inlet channel width, bo, is also used as a scale 
and the time, t, can be non-dimensionalised witii respect to the period, T. These length and 
time scales can thus be used to derive parameters which characterise tiie flow based on the 
inlet source conditions. 
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Tomlinson (1986) has carried out extensive modelling of the flow structure and a brief 
outline of these experimental results is presented here. The features observed suggest a 
different fate for water discharged on the ebb tide and in particular, any pollutant load 
carried by it, than would be predicted by the quasi-steady formulations. 

Experimental Techniques and Idealised Flow Behaviour 

The laboratory experiments were conducted in a 5m square tank with a false floor (3m 
square) representing the bottom boundary. The sinusoidaUy varying discharge entered the 
basin from an inlet channel which could be varied in width (0 - 200 mm) and in depth 
(0-100mm). Uniform offshore bed slope was possible by raising the inlet end of the false 
floor. The period of the flow used was 60 seconds in most cases. Experiments were run 
with periods up to 250 seconds. The capacity of the experimental apparatus was such that 
characteristic lengths, /, up to 5 m were achieved, although the majority of tests were 
conducted with / approximately 1 m. 

For aU but a few tests with smaU /A)o values, the vortex pair was not influenced by the 
flow reversal to die inlet. In most cases the vortex pair remained stable for at least one 
cycle and data were obtained for this period. The experimental technique was to take time 
exposure photographs of the flow development. Dye and surface particles were used as 
tracers. From the photographic record the foUowing were obtained:- the tmsteady velocity 
distribution, centre of rotation of the vortices, translation velocity of Üie cap, lateral spread 
of the cap, entrainment velocities. 

Typical results for the ideaUsed uniform depth flows are shown in Figures 2 and 3. Also 
shown on these figures are the predictions obtained using a semi-empirical mathematical 
model utilising integral equations of mass and momentum for the general case of a two-
dimensional shaUow water unsteady jet. The self-preservation of flow in and around the 
vortex pair cap which is neariy circular in shape enabled empirical relationships to be 
derived for die conservation of cap mass and momentum. 

The growth rate in the early stages of flow development (Figure 2) is primarily dependent 
on the rate of increase of the mass flux which scales as (//bo)^'^. As the rate of supply of 
mass from the jet decreases with time, the growth rate asymptotes to that for an isolated 
vortex pair. Typical results for the rate of seaward translation of the periodic jet are shown 
in Figure 3. The influence of bottom friction is also evident, particularly after the vortex 
pair has decoupled from the jet. In general, in the eariy stages of the flow the translation 
of the cap is a function of the inlet width ratio for values of //bo up to around 50, with a 
weak dependence on the depth ratio, //ho. For times greater than t = 0.5T the cap 
translation is approximately independent of the inlet width ratio for //bo values greater than 
20. This suggests that approximate depth independent solutions (such as Van Senden, 
1985) are possible for the eariy flow stage when the source mass flux in increasing nearly 
linearly with time. 

The influence of flow depth and hence bottom frictional resistance has not adequately 
determined due to the Umitations of the experimental facilities. The numerical predictions 
however suggest a reduction in the growth rate with increasing values of the ratio of the 
characteristic length to the inlet depth, //ho. 

In a basin with a linearly increasing oifshore depth, the periodic jet growth rate and 
seaward migration were suppressed with increasing bed slope. 

The clearly defined vortex pair structure is reorganised by a cross-flow. For unifonn cross-
flows wiüi low velocity relative to the jet exit velocity, the vortex pair was deflected 
downstream and migrated away from the inlet and the boundary. For larger values of 
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cross-flow the vorticity associated with the upstream vortex was dispersed by the cross-flow 
shear and the downstream vortex was spun up near the boundary. This vortex then 
migrated away from the inlet along the boundary under the influence of the cross-flow and 
the self-induced motion of the image vortex across the boundary. 

From the experimental results it is taken that the downstream vortex will attach to the 
boundary for a dimensionless cross-flow velocity, Vc/(/ /T) greater than about 0.6. Once 
attached to the boundary the vortex appears to translate at a constant speed regardless of the 
initial flow conditions. A similar vortex-like structure develops in the lee of a steady jet, 
but in that case it remains stationary downstream of the jet. 

Mass TransTX)rt 

An important finding of the experimental study was that for aU but flows with small //bo 
values, die bulk of the water discharged on an ebb cycle would not retum to the inlet on 
the following flood flow reversal. If as an approximation, the ebb vortex pair is taken to 
move away from the inlet at an average velocity equal to C(//T), where C is a function of 
//bo only, then the limiting condition for the vortex pair cap to be outside the radius of 
withdrawal of die next flood tide was found to be Üiat //bo be greater than about 13. 

Dye concentration measurements were taken to quantify this tidal exchange. The fraction of 
ebb discharge retuming on the subsequent flood tide was obtained by means of conductivity 
probes located at the inlet channel which detected the concentration of electrolyte labelled 
fluid in the flood flow. The total fraction of fluid re-entering tiie inlet shown in Figure 4 
was calculated by integrating the product of the fraction retuming and the total inflow over 
the flood phase of tiie cycle. The considerable scan;er in tiie data for experiments with 
similar //bo values has masked any //ho dependence. 

Model Case Study - Nerang River Entrance 

A detailed description wUl now be given of an attempt to realistically model an ebb tidal 
discharge, ouüining tiie scaling difficulties encountered. The inlet studied was the Nerang 
River entrance in Queensland (Wilkinson et al., 1979) where an ebb-staged sewage disposal 
scheme was planned. This river discharges into a large intra-coastal waterway which is 
connected to tiie ocean by a short channel. The average river discharge is less tiian 2% of 
the total discharge through the channel and was ignored. 

The flow characteristics at a tidal entrance can be expressed in terms of tiie characteristic 
scales and parameters defined earlier. In terms of tiie tidal prism, Px, the mean cross-
sectional area of the channel, Ac, and the mean deptii of flow in the channel, ho, the 
characteristic length scale, /, is given by: 

_ Ac ho _ 

Typical values of tiiis length scale for tidal inlets range from 7 km-19 km (US data. Per 
Bmun [1978]). The corresponding inlet deptii ratio, //ho, ranges from IO'' to 6 x lO-', and 
the inlet widtii ratio, //bo, from 8 to 77. The characteristic length scale and inlet 
parameters for the Nerang entrance were estimated as: 

/ = 7960m 
//bo = 33.7 
//ho = 1090 

An undistorted scale model should ideally be used to correctiy scale the lateral mixing of 
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the jet. However, due to unavoidably low Reynolds numbers in a model, the requirement 
to correctly scale bottom shear necessitates distortion of die vertical model scale. A 
compromise between these two requirements was adopted in which water depdis everywhere 
were increased by a fixed amount while bottom slopes were undistorted and were the same 
as in the prototype. This meant Üiat momentum and lateral mixing were correcüy scaled 
but that friction effects would only be correctly scaled at one particular depth contour. The 
flow at the inlet chaimel was considered two-dimensional. 

Similarity of frictional and inertial forces between model and prototype can be achieved if 
(//ho)r = 1/fr, where f is a friction factor. In the model the bed was formed of fibrous 
cement sheeting. Reynolds numbers based on the flow depth were in the range of 2 000 to 
800 in the area of interest. A mean friction factor of f = 0.04 was adopted for the smooth 
turbulent flow. In die prototype, die median diameter of bottom sediments is approximately 
0.25 mm for a distance of 3 km offshore from die Nerang entrance channel. Taking the 
mean ripple height in such material to be approximately 20mm, a mean depdi of 25 m, and 
a typical velocity of 0.3 ms"̂  in die jet, the relative roughness of the sea bed is 800 and die 
Reynolds number of die order 10̂  to lO''. Under diese conditions die bottom would be 
hydraulically rough and the friction factor would have a value of 0.014. The approximate 
depdi scaling for die model was dien given by (l/lk> \ = 2.87. The horizontal length scale 
and time scales were fixed by die experimental facihties. The offshore slope was modelled 
in two linear stages. 

The predicted and modelled behaviour of the periodic jet are shown in Figure 5. 
Verification of tiie results witii field data has not been possible, however. In general tiie 
flow pattem observed was similar to tiiat described earlier for the general experiments. 
However, frictional effects dominated tiiis flow (tiie inlet deptii ratio being much higher tiian 
previously modelled) and would also dominate most coastal flow situations, leading to 
instability of the vortex pair structure. 

The mixing that would occur in tiie prototype was only partially reproduced in the model 
due to the very much lower Reynolds numbers which exist in tiie model. Concentration 
levels were continuously monitored during tests to determine tiie exchange efficiency and it 
was found that the strengtii of tiie offshore current had negligible effect on the fraction of 
fluid retuming to the inlet on the flood tide. Figure 6 shows tiie fraction of retuming fluid 
passing die entrance on tiie flood tide. The retum fraction drops rapidly to a concentration 
of about 0.20 one hour after the flow reversal and tiien steadily reduces to zero by the end 
of the flood cycle. The total retiim fraction'was found to be 0.14 with no offshore current, 
0.14 for die 50% exceedance current and 0.17 for tiie 10% exceedance current. 

Discussion 

Despite the lack of direct field verification of the flow stmctiire, sufficient evidence exists to 
suggest that the general features of the flow generated off tidal inlets and straits can be 
modelled in tiie manner described here. For example, LANDSAT remotely sensed imagery 
and physical model studies (Onishi, 1986) have been combined to confirm general features 
of tiie flow through narrow straits which are similar to those predicted off tidal inlets. 
Sheres & Kenyon (1989) have recentiy reported a vortex pair-tike flow stmctiare at the 
entrance to tiie Santa Barbara Channel. Finley & Baumgardner (1980) observed tidal inlet 
flows at Aransas Pass, Texas using LANDSAT imagery, which demonstrated the 
characteristic transient downstream circulation evident in tiie present cross-flow model 
studies. Van Senden (1985) monitored non-buoyant discharges from a tidal river and was 
able to describe tiie observed starting jet flow witii a simple time dependent similarity 
model. Data measured by Mehta & Zeh (1980) and Tomlinson & Foster (1986) have 
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shown enhanced entrainment into the nearfield of a tidal jet which is likely to be a result of 
the circulation around a vortex pair cap. 

It has been seen from the experiments diat ambient turbulence can greaüy reduce the 
coherent duration of a vortex pair. In a real flow situation (particularly at a coastal inlet) 
wave activity, wind shear, and longshore drift are present at varying magnitudes throughout 
the flow cycle and would influence the spin-up of vorticity. However, the combined 
evidence presented in the stiidies referred to above, and tiiat obtained recently by the autiior, 
suggests tiiat tiie long term fate of the ebb discharge at a tidal inlet can be physically 
modelled to adequately account for the effects of bottom friction, offshore bed slope and 
longshore currents (outside tiie littoral zone). The results of tiie experiments have been 
used to predict die exchange of poUuted waters discharged on die ebb tide for a number of 
proposed, and in the case of the Nerang, implemented sewage disposal schemes along the 
eastern seaboard of Australia (Tomlinson & Webb, 1989). 

The characteristic lengtii scales and parameters have been shown to be good indicators of 
the experimental flow behaviour witii die characteristic lengtii, /, approximating the seaward 
migration during one tidal period of a typical tidal inlet ebb discharge. 

In conclusion, tiie physical model studies have demonstrated that tidaUy induced flows 
cannot be adequately described as quasi-steady flows. The vortices generated primarily due 
to flow separation at the end of the inlet channel, are seen to be tiie dominant feature of the 
exchange processes at tiie inlet and their existence explains a number of natural flow 
features, particularly in the presence of a longshore current. 
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UNSTEADY PLOW AND EXCHANGE OF MATTER 
IN THE ENTRANCE OP A TIDAL HARBOR 

by E.J.Langendoen and C.Kranenburg 

Department of C i v i l Engineering, D e l f t U n i v e r s i t y of Technology, 
P.O.Box 5048, 2600 GA D e l f t , the Netherlands 

A b s t r a c t , . , . 

Measurements of v e l o c i t y and temperature d i s t r i b u t i o n s were made m 

a p h y s i c a l model of the entrance of a t i d a l harbor. The geometry of the 

entrance was v a r i e d , the flow v a r i e d s i n u s o i d a U y w i t h time, the water 

l e v e l was constant and d e n s i t y d i f f e r e n c e s were absent. The formation 

and decay of gyres i n the harbor i s shown to correspond w i t h v a r i a t i o n s 

i n a d v e c t i v e and t u r b u l e n t t r a n s p o r t s of matter through the harbor 

entrance. 

I n t r o d u c t i o n . , , • 

Removal and d i s p o s a l of sediments deposited m harbor b a s i n s 

u s u a l l y i n v o l v e h igh c o s t . The s i l t a t i o n of a harbor r e s u l t s from a n e t 

t r a n s p o r t of sediments in t o the harbor t h a t i s caused by the o f t e n q u i t e 

complicated flow p a t t e r n s i n the harbor entrance. Three main mechanisms 

of exchange of water through the entrance can be d i s t i n g u i s h e d : 

- exchange caused by gyres d r i v e n by the flow i n the a d j a c e n t water body 

(e.g., a r i v e r or e s t u a r y ) , 

- n e t f l u x caused by withdrawal of water from the harbor or by 

v a r i a t i o n s i n water l e v e l , ,, -, j 

- g r a v i t y c u r r e n t s d r i v e n by d i f f e r e n c e s i n d e n s i t y ( g e n e r a l l y r e l a t e d 

to d i f f e r e n c e s i n s a l i n i t y ) between the harbor and the e s t u a r y . 

These mechanisms may a c t simultaneously, or one of them may be dominant 

during a c e r t a i n phase of the t i d e . The t h i r d mechanism i s an i n h e r e n t l y 

unsteady p r o c e s s , whereas the f i r s t two may be e i t h e r ( q u a s i - ) steady or 

unsteady. 

C i r c u l a t i o n p a t t e r n s i n harbor entrances d r i v e n by steady r i v e r 

flows have been e x t e n s i v e l y examined i n the l a b o r a t o r y (Rohr, 1934; 

Vollmers, 1963; Dursthoff, 1970; W e s t r i c h & Clad, 1979). Most of these 

s t u d i e s c o n c e n t r a t e d on the assessment of bulk exchange parameters. 

Booij (1986 1989) rep o r t e d d e t a i l e d measurements of the flow p a t t e r n s 

i n s e v e r a l model harbors. Such measurements not only i n c r e a s e our 

i n s i g h t i n t o the flow phenomena (e.g., mixing l a y e r a t the t r a n s i t i o n 

from r i v e r to harbor, secondary c u r r e n t s , number and s i z e of gyres, 

r e s i d e n c e times, e f f e c t of a net flow through the e n t r a n c e ) , but a l s o 

s e r v e the purpose of t e s t i n g and improving computer models. These models 

can be used to desig n harbor entrances so as to minimize the c o s t ot 
maintenance dredging. T ^ 

Time-varying flows, caused by t i d a l motions, f o r example, f u r t h e r 

complicate the c i r c u l a t i o n s i n harbor e n t r a n c e s . D e t a i l e d measurements 

of v e l o c i t y d i s t r i b u t i o n s seem to be s c a r c e . O v e r a l l exchange p r o p e r t i e s 

of t i d a l harbors and the i n f l u e n c e of t h e i r geometries were examined by 

We s t r i c h (1977), Nece (1984), and J i a n g & Fal c o n e r (1985) f o r the ca s e 

where d e n s i t y d i f f e r e n c e s were absent. 

I n t h i s paper some r e s u l t s are presented of an ongoing r e s e a r c h 

programme on the i n f l u e n c e of the shape of the entrance of a t i d a l 
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harbor on the r e s u l t i n g v e l o c i t y f i e l d s . These r e s u l t s are concerned 

w i t h l a b o r a t o r y experiments i n three model harbors i n which the v e l o c i t y 

d i s t r i b u t i o n s and the exchange of (heated) water owing to an o s c i l l a t o r y 

( t i d a l ) r i v e r flow were measured. The i n f l u e n c e s of v a r i a t i o n s i n water 

l e v e l and d e n s i t y c u r r e n t s , and those of other geometries, w i l l be d e a l t 

w i t h elsewhere. 

P h y s i c a l model 

The model c o n s i s t s of a b a s i n i n which harbor entrances of v a r i o u s 

geometries can be b u i l t , and an a d j a c e n t s t r a i g h t flume, width 1 m, 

r e p r e s e n t i n g a r i v e r i n which a uniform time-varying ( t i d a l ) c u r r e n t i s 

generated. The bottom of the model i s h o r i z o n t a l and the s i d e w a l l s are 

v e r t i c a l . The flow i n the flume i s generated by a water supply and an 

a d j u s t a b l e s h a r p - c r e s t e d weir a t each end of the flume. I n the p r e s e n t 

experiments the flow r a t e v a r i e d s i n u s o i d a U y i n time, and no v e r t i c a l 

t i d e was generated. The water depth was 0.11 m. Three geometries of the 

harbor were considered, see F i g . 1. 

I f the models are supposed to r e p r e s e n t a harbor of width 200 m and 

depth 20 m, the l e n g t h and depth s c a l e s are of the order 200. 

Recognizing t h a t modeling of f r e e - s u r f a c e deformations i s not e s s e n t i a l 

here, the Froude number c r i t e r i o n can be dropped, and a v e l o c i t y s c a l e 

of 2.5 was assumed. Assuming a maximum water v e l o c i t y i n the f i e l d of 1 

m/s, the r e l a t e d maximxim Reynolds number i n the model harbors i s about 

15000. A Reynolds number t h i s l a r g e i s needed to m a i n t a i n t u r b u l e n t 

flow. The amplitude of the flow r a t e i n the flume was 42 i/s.The p e r i o d , 

T, of the o s c i l l a t i n g flow i n the model r i v e r was determined from a 

S t r o u h a l number, uT/L, where u i s the amplitude of the v e l o c i t y i n the 

r i v e r and L the width of the harbor entrance. For a d i u r n a l t i d e and the 

v a l u e s of u and L mentioned above t h i s number, which i s r e l a t e d to the 

Keulegan-Carpenter number f o r o s c i l l a t i n g flow around r i g i d b odies, 

becomes about 224. Since f o r the model L = l m and u=0.38 m/s, the model 

p e r i o d would become 590 s. To speed up the experiments a l i t t l e , a 

p e r i o d of 500 s was s e l e c t e d . 

Depth averaged v e l o c i t i e s were measured u s i n g f l o a t s t h a t drew 

about 10.5 cm. The movements of the f l o a t s were recorded on v i d e o . 

Images were d i g i t i z e d on a micro-computer each 0.25 s, and the p o s i t i o n s 

of the f l o a t s were determined. V e l o c i t i e s were obtained by time-

d i f f e r e n c i n g . Mean h o r i z o n t a l flow components were a l s o measured a t some 

tens of l o c a t i o n s ( a t 1.5, 4, 6 and 8 cm above the bottom) u s i n g 

e l e c t r o - m a g n e t i c v e l o c i t y meters, diameter 33 mm. The i n s t a n t a n e o u s 

v e l o c i t i e s were averaged u s i n g a t r i a n g u l a r f i l t e r w i t h a width of 20 s. 

The a c c u r a c y of the v e l o c i t y measurements i s ± 1 %. 

The exchange of mass between harbor and r i v e r i s caused by 

a d v e c t i o n due to the mean flow and turbulence. To examine the combined 

e f f e c t of a d v e c t i o n and turbulence, the water i n the harbor was heated 

by 1 or 2 degrees c e n t i g r a d e by mixing w i t h hot water when the c u r r e n t 

i n the r i v e r was near maximum. T h i s water was sprayed i n t o the water 

i n s i d e the harbor so as to o b t a i n a h o r i z o n t a l l y and v e r t i c a l l y uniform 

temperature d i s t r i b u t i o n w h i l e d i s t u r b i n g the flow as l i t t l e as 

p o s s i b l e . The hot water was dyed so t h a t the degree of mixing c o u l d be 

observed by eye. Subsequent time h i s t o r i e s of temperature were measured 

u s i n g t h e r m i s t o r s (response time 0.8 s ) a t 24, 36 and 24 l o c a t i o n s i n 

harbors ( 1 ) , (2) and ( 3 ) , r e s p e c t i v e l y . 

-2B.20-



S U X s 

The r e s u l t s p resented concentrate on the square harbor ( 1 ) . R e s u l t s 

f o r harbors (2) and (3) w i l l be d i s c u s s e d i n so f a r as they d i f f e r 

s u b s t a n t i a l l y from those f o r harbor ( 1 ) . 

Depth averaged flow patterns 

Depth averaged flow p a t t e r n s i n harbor (1) a t four time l e v e l s are 

shown i n F i g 2. The flow p a t t e r n s were found to reproduce w e l l from one 

c y c l e to another. The p a t t e r n s shown i n F i g . 2 have been composed of 

s e v e r a l r e c o r d i n g s . Around maximum c u r r e n t (t=125 s and 375 s ) a s i n g l e , 

q u a s i - s t e a d y gyre e x i s t s i n the harbor ( F i g . 2 a ) . When the v e l o c i t y m 

the r i v e r decreases to t h a t i n the harbor, the gyre s t a r t s to i n c r e a s e 

i n s i z e and i t s c e n t e r moves towards the r i v e r ( F i g . 2b, s l a c k w a t e r ) . 

A f t e r s l a c k water the d i r e c t i o n of the flow r e v e r s e s , and the flow m 

the r i v e r i s guided i n t o the harbor by the r o t a t i n g gyre while water i s 

fl o w i n g out of the harbor a t i t s downstream s i d e ( F i g . 2 c ) . A new gyre 

s t a r t s to develop a t the upstream corner of the entrance, and the o l d 

gyre i s squeezed and breaks up i n two p a r t s . One p a r t i s advected w i t h 

the r i v e r flow, and the other p a r t i s pushed to the back of the harbor 

w h i l e decaying ( F i g . 2d). The new gyre grows, moves towards the 

downstream corner, and a f t e r some time occupies the complete harbor. A 

flow p a t t e r n then a r i s e s t h a t i s the r e v e r s e of t h a t shown m F i g . 2a. 

I n harbor (2) a second, counter r o t a t i n g gyre e x i s t s a t the back ot 

the harbor around maximum c u r r e n t . T h i s gyre spans the width of the 

harbor, and i t s breadth g r a d u a l l y i n c r e a s e s from about .25 m to .5m. 

The flow near the entrance a t s l a c k water resembles t h a t m harbor ( 1 ) , 

but the o l d gyre decays much slower w h i l e t r a n s p o r t i n g a patch of new 

water i n the d i r e c t i o n of the second gyre. T h i s second gyre d i s a p p e a r s , 

and a new one r o t a t i n g i n opposite d i r e c t i o n comes i n t o e x i s t e n c e , 

before the next maximum c u r r e n t phase. 

I n harbor (3) a s i n g l e gyre as observed i n harbor (1) e x i s t s around 

maximum c u r r e n t . However, the water v e l o c i t i e s are l e s s by 30 to 50 per 

cent The flow i n the harbor d e c e l e r a t e s more r a p i d l y when s l a c k water 

i s approached, and a t s l a c k water the gyre remains completely w i t h i n the 

harbor. The new gyre i n i t i a l l y grows mainly i n a d i r e c t i o n p a r a l l e l to 

the r i v e r , and the o l d gyre i s more l o n g - l i v e d than t h a t m harbor ( 1 ) . 

Around the next maximum c u r r e n t the o l d water reaches the entrance as a 

r e s u l t of the c i r c u l a t i o n induced by the new gyre. 

Depth dependence of flow patterns ^ ^ o^r 

F i g 3 shows flow p a t t e r n s a t four l e v e l s i n harbor (1) a t t=ó/:) s. 

Two notable p r o c e s s e s can be observed. F i r s t l y , as i s to be expected, a 

secondary c u r r e n t w i t h the v e l o c i t i e s d i r e c t e d towards the c e n t e r of the 

gyre a t 1.5 cm above the bottom, and a flow i n opposite d i r e c t i o n near 

the f r e e s u r f a c e o c curs. T h i s secondary c u r r e n t extends up to the 

bottom, s i n c e s m a l l p a r t i c l e s moving along the bottom were found to 

s p i r a l towards the c e n t e r of the gyre. Secondly, the near-bottom 

v e l o c i t i e s c l o s e to the downstream s i d e w a l l normal to the r i v e r are 

c l e a r l y l a r g e r than those higher i n the water column. Near the bed high-

momentum f l u i d from the mixing l a y e r between harbor and r i v e r appears to 

be t r a n s p o r t e d i n t o the harbor. These two p r o c e s s e s may be r e l a t e d to 

each other. Harbors (2) and (3) showed a s i m i l a r behavior. 
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Temperature measurements 

E s t i m a t e s of heat l o s s e s a t the boundaries and the f r e e s u r f a c e 
i n d i c a t e t h a t these e f f e c t s are n e g l i g i b l e . The t o t a l r a t e of heat 
t r a n s p o r t Qq through the entrance t h e r e f o r e can be determined from 

d r dë 
Qe ( t ) - - S - J e d v - - c , v - (1) 

V 

where t i s time, Cp the s p e c i f i c heat of water, 9 the excess temperature 
w i t h r e s p e c t to the r i v e r water, 9 i s the mean excess temperature of the 
harbor, and V the volume of the harbor. A normalized r a t e of exchange, 
A, can be d e f i n e d according to 

A ( t ) 
CpAu9(t) 

(2) 

where A i s the a r e a of c r o s s - s e c t i o n of the harbor entrance. The 
i n t e g r a l _ i n (1) was approximated u s i n g the t h e r m i s t o r measurements to 
obt a i n 9 ( t ) . T h i s s i g n a l was low-pass f i l t e r e d and n u m e r i c a l l y 
d i f f e r e n t i a t e d w i t h r e s p e c t to time. F i g . 4 shows the r e s u l t i n g time 
h i s t o r i e s of A ( t ) f o r harbors ( 1 ) , (2) and ( 3 ) . For harbor (1) the l a r g e 
peaks around s l a c k water e v i d e n t l y r e s u l t from the pronounced a d v e c t i v e 
exchange which then occurs ( F i g . 2, t=260 s ) . The second peak i s lower 
than the f i r s t , s i n c e water t h a t i s l e s s e a s i l y exchanged remains i n the 
harbor a f t e r the f i r s t s l a c k water. The dip i n A a f t e r s l a c k water seems 
to r e s u l t from the f a c t t h a t the new gyre has not y e t developed. The 
subsequent r i s e i s caused by the a r r i v a l of o l d water, which i s advected 
by the new gyre, a t the entrance. The gradual decrease i n A during the 
qu a s i - s t e a d y phase may p o s s i b l y be a t t r i b u t e d to the time l a g between 
the d e c e l e r a t i n g flow i n the r i v e r and the flow i n the gyre, which 
r e s u l t s i n a d e c r e a s i n g v e l o c i t y d i f f e r e n c e . The f i r s t peak f o r harbor 
(2) i n F i g . 4 i s lower than that f o r harbor ( 1 ) , s i n c e the second gyre 
does not c o n t r i b u t e to the exchange p r o c e s s . However, the second peak i s 
r e l a t i v e l y h i g h because more o l d water i s p r e s e n t near the en t r a n c e . The 
sudden i n c r e a s e around maximum c u r r e n t i s caused by the a r r i v a l of the 
remnants of the o l d primary gyre a t the entrance. The peaks a t s l a c k 
water i n the ca s e of harbor (3) are low, s i n c e the gyre does not move 
in t o the r i v e r . However, A i s quit e l a r g e between the s l a c k p e r i o d s . The 
time averaged v a l u e s of A are 0.019, 0.022 and 0.023 f o r harbors (1) , 
(2) and ( 3 ) , r e s p e c t i v e l y . These v a l u e s are remarkably c l o s e to each 
other, although the flow c o n d i t i o n s are r a t h e r d i f f e r e n t . The v a l u e of A 
i n s t e a d y - f l o w c o n d i t i o n s (u now being the cons t a n t water v e l o c i t y i n 
the r i v e r ) i s about 0.032 ( B o o i j , 1989), which i s a l s o about the v a l u e 
near maximum c u r r e n t i n the pr e s e n t experiments. Turbulent exchange i s 
dominant during t h i s phase of the t i d e . 
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ABSTRACT 

Included among the large bibliography of Garbis Keulegan are some 30 published 
papers and reports, spaiming a period of 49. years, which have contributed to our 
understanding of motion and mixing in estuaries and other stratified water bodies. An 
understanding of motion and mixing in stratified estuaries must start with an understanding 
of motion and mixing in vertically homogeneous open channels. Thus I consider Keulegan's 
1938 paper, "Laws of Turbulent flow in Open Chaimels", to mark the start of this nearly half 
century long period. Keulegan's last paper dealing with this subject area, co-authored with 
W. H. McAnally and titled "Salinity Intrusion Predictions by Analytical Methods", was 
published in 1987. 

The characteristics of mixing in open channel flow depend in large part on the degree 
of vertical stratification. Keulegan's 1938 paper as well as his 1942 paper, "Equation of 
Motion for the steady mean flow of water in Open Charmels" treated one extreme of the range 
of possible characteristics of such flows, that of zero vertical stratification,. His 1944 paper, 
"Laminar Flow at the Interface of two Liquids", treats the other extreme end of this range, that 
is, a flow in which motion and mixing are dominated by molecular diffusion and viscous 
stress. 

In 1946 a paper by Keulegan entitled "Model Laws for Density Currents; First Progress 
Report" was issued by the USAGE Waterways Experiment Station. This was the first of 14 
such reports, each one detailing Keulegan's progress in a study sponsored by WES and 
extending over a period of some 14 years. The major results of this studied are contained in 
three published papers. The first, "Interfacial Stability and Mixing in Stratified Flows" was 
published in 1949 in the National Bureau of Standards, Journal of Research. The second, "The 
Mechanism of an Arrested Saline Wedge", and the third, "Model Laws for Coastal and 
Estuarine Models" were published in 1966 as Chapter XI and Chapter XVII of Estuarine and 
Coastline Hydrodynamics. 

These papers were very important in influencing yoimger scientists and engineers in 
their studies of estuarine kinematics and dynamics. Of perhaps equal importance in the 
advancement of knowledge of this subject was Keulegan's personal interaction with others. 
Keulegan certainly strongly influenced this author in the early days of my studies of estuaries, 
starting in 1949. This aspect of Keulegan's contribution was particularly important during his 
27 years of tenure at the Waterways Experiment Station, This tenure began in 1962, when 
Dr. Keulegan was 72 years old, having completed a career of over 40 years at the National 
Bureau of Standards. He never failed to give his time to provide advice and encouragement 
to the yovmg staff at WES, and to suggest solutions to the problems they brought to him. 
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DISCHARGES INTO THE WATER ENVIRONMENT: 
FROM EXPERIMENTS TO EXPERT SYSTEMS 

by Gerhard H, J i r k a 
DeFrees H y d r a u l i c s Laboratory 

School of C i v i l and Environmental Engineering 
C o r n e l l U n i v e r s i t y , I t h a c a , New York 14853, USA 

I n t r o d u c t i o n 

Over the p a s t s e v e r a l decades, i n c r e a s i n g p u b l i c concern about the 
d e t e r i o r a t i n g q u a l i t y of n a t u r a l water bodies t h a t r e c e i v e p o l l u t i n g 
e f f l u e n t s from m u n i c i p a l , i n d u s t r i a l and a g r i c u l t u r a l sources has spurred 
a f l u r r y of r e s e a r c h a c t i v i t i e s f o r understanding and p r e d i c t i n g the 
a s s o c i a t e d mixing p r o c e s s e s . Indeed, s u b s t a n t i a l advances have been made 
i n our a b i l i t y to analyze complex mixing p r o c e s s e s a r i s i n g from the 
i n t e r p l a y of di s c h a r g e dynamics and ambient r e c e i v i n g water c o n d i t i o n s . 

From the viewpoint of engineering p r a c t i c e , however, e f f l u e n t 
mixing a n a l y s i s i s plagued by s i g n i f i c a n t problems, stemming p r i m a r i l y 
from the sheer number of disc h a r g e s i t u a t i o n s t h a t r e q u i r e a n a l y s i s and 
from t h e i r g r e a t hydrodynamic d i v e r s i t y . For example, even though e x a c t 
f i g u r e s a r e not a v a i l a b l e , i t can be s a f e l y e s t i m a t e d t h a t s e v e r a l 
hundred thousand p o i n t - s o u r c e d i s c h a r g e s e x i s t i n the Unit e d S t a t e s . 
Annually, thousands of new or re-designed i n s t a l l a t i o n s need to be 
analyzed, p l a c i n g a burden on d i s c h a r g e r and r e g u l a t o r , a l i k e . 

The hydrodynamic d i v e r s i t y i s enormous: the s i t e and flow ch a r a c 
t e r i s t i c s of r e c e i v i n g water bodies v a r y widely; they may be s m a l l 
streams, l a r g e r i v e r s , l a k e s , r e s e r v o i r s , e s t u a r i e s and c o a s t a l waters; 
they may be deep or shallow, stagnant or flowing; and may e x h i b i t ambient 
d e n s i t y s t r a t i f i c a t i o n of v a r i o u s degrees. Also, d i s c h a r g e type and 
c o n f i g u r a t i o n may v a r y g r e a t l y ; the flow r a t e may range from s m a l l t r e a t 
ment p l a n t s to l a r g e c o o l i n g water flows; the e x i t v e l o c i t y may be h i g h 
or low; the e f f l u e n t may be l i g h t e r or denser than the ambient; and i t 
may e x h i b i t v a r i o u s geometric d e t a i l ranging from s i n g l e p o r t submerged 
d i s c h a r g e s to m u l t i p o r t submerged d i f f u s e r s to s u r f a c e s h o r e l i n e d i s 
charges. As a consequence, the mixing process may e n t a i l a w e a l t h of 
d i s t i n c t hydrodynamic phenomena, i n c l u d i n g buoyant j e t mixing, i n t e r n a l 
t r a p p i n g i n s t r a t i f i e d ambient, dynamic bottom i n t e r a c t i o n s (e.g. Coanda 
e f f e c t s ) , v e r t i c a l i n s t a b i l i t i e s i n l i m i t e d water depth, buoyant spread
ing along the s u r f a c e or bottom, l a r g e - s c a l e induced c i r c u l a t i o n s i n 
shallow water, s h o r e l i n e attachment, f a r - f i e l d p a s s i v e d i f f u s i o n , and 
other phenomena. 

E f f i c i e n t and r e l i a b l e p r e d i c t i v e t e c h n o l o g i e s are needed i n t h i s 
context. S p e c i a l i z e d "models" t h a t are l i m i t e d to a p a r t i c u l a r pheno
menon c a r r y the in h e r e n t danger of a p p l i c a t i o n o u t s i d e t h e i r range of 
a p p l i c a b i l i t y . Examples of model misuse abound. 

An expert system (CORMIX: C o r n e l l Mixing Zone Expert System) has 
been developed f o r the a n a l y s i s and p r e d i c t i o n of e f f l u e n t d i s c h a r g e s 
under a v a r i e t y of geometric and hydrodynamic c o n d i t i o n s . CORMIX 
co n t a i n s two key elements: a robust c l a s s i f i c a t i o n procedure t h a t 
c l a s s i f i e s any given discharge/ambient s i t u a t i o n as to i t s hydrodynamic 
f e a t u r e s , and a p r e d i c t i v e element t h a t g i v e s d e t a i l e d q u a n t i t a t i v e 
p r e d i c t i o n s of mixing p a t t e r n s f o r each of the sub-processes f o r the 
given discharge/ambient s i t u a t i o n . 
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The Experimental Ra.c;p 

A l l t h a t I S p r e s e n t l y known about t u r b u l e n t mixing phenomena i n the 
water environment has been d e r i v e d from experimental o b s e r v a t i o n s Of 
p a r t i c u l a r i n t e r e s t f o r discharge c l a s s i f i c a t i o n are the s o - c a l l e d near-
f'n K,,"'̂ ''̂ ''̂  phenomena, i e those r e s u l t i n g from the i n f l u x of momentum 
a'nd ̂ ZlTiflc^Sony environment ( o f a r b i t r a r y depth, v e l o c i t y 

f i r s t ïJlf'of ̂ h'"'"''"''.^^ ^ " T ^ S " "'i}] S^^^"' Experimental work i n the 
f i r s t h a l f of the century by P r a n d t l and co-workers l e d to the concept 
of s e l f - s i m i l a r i t y , and the a p p l i c a t i o n of the mixing length h y p o t h e s i s 
fo r pure j e t s and pure plumes, r e s p e c t i v e l y . I n t e g r a l a n a l y s e s w i t h t h ; 
a s s o c i a t e d entrainment h y p o t h e s i s , were pioneered i n the f i f t i e s (Morton 
T a y l o r and Turner; P r i e s t l e y and B a l l ) l e a d i n g to a g l o b a l p r e d i c t i o n of 
j e t - p W t r a n s i t i o n s (buoyant j e t s ) . Length s c a l e E s t i m a t e s , to deter¬
mine the r e g i o n of i n f l u e n c e of s p e c i f i c dynamic phenomena based on 
dimensional a n a l y s i s , a l s o were developed i n the l a t e f i f t i e s ( S c o r e r 
Csanady) p r i m a r i l y f o r the atmospheric environment. Since the s i x t i e s ' 
a l l of these techniques have been s y s t e m a t i c a l l y a p p l i e d to the water 
environment and a d d i t i o n a l phenomena, s i n g u l a r l y or i n combination, have 
^ ^ ^ : J ^ ^ ^ ^ ^ ^ e x p e r i m e n t a l l y : the e f f e c t of s t r a t i f i c a t i o n , s t r a t i f i e d 
c r o s s f l o w submerged m u l t i p o r t d i f f u s e r s , s u r f a c e buoyant j e t s , buoyant 
j e t s i n s h a l l o w water l a y e r s , d i f f u s e r induced c i r c u l a t i o n s , e^c. Even 
though some a d d i t i o n a l work remains to be done, a s o l i d e xperimental 
o b s e r v a t i o n a l base has been e s t a b l i s h e d to guide the i m p l e m e n t a t ? o r o f 
a comprehensive p r e d i c t i v e scheme, e.g. i n the form of an expert system 

CORMIX 

Three subsystems have been developed: CORMIXl: submerged s i n g l e 
p o r t d i s c h a r g e s ; C0RMIX2: submerged m u l t i p o r t d i f f u s e r s ; a^d C o S s 
s u r f a c e d i s c h a r g e s . Each system i s a p p l i c a b l e to an ambient water body 

t^'l ; unsheared ambient v e l o c i t y ( i n c l u d i n g s t a g n a n t ) , and 

d e n s i ^ v f ThTd^ r ''".'1 ^ ^ ^ ^ ^ ^ ^ ^ - t i o n (see F i g . 1, i n c l u d i n g uniform 
buoyant d i s c h a r g e flow may be p o s i t i v e l y , n e u t r a l l y , or n e g a t i v e l y 

I n each subsystem, the hydrodynamic flow classification i s per
formed through a r i g o r o u s , s y s t e m a t i c a p p l i c a t i o n of l e n g t h s c a l e 
a n a l y s i s . That i s , the m u l t i p l e dynamic le n g t h s c a l e s (e.g. j e t / p W 
t r a n s i t i o n s c a l e s ) , geometric length s c a l e s (e.g. water depth), and other 
geometric f e a t u r e s (e.g. d i s c h a r g e angle) are compared with each other 
( i . e . forming non-dimensional groups). I f t h i s i s done i n a s y s t e m a t i c 
f a s h i o n , d i f f e r e n t g e n e r i c flow c l a s s e s can be d i s t i n g u i s h e d . As an 
example. F i g 2 shows the d i f f e r e n t flow c l a s s e s f o r a p o s i t i v e l y buoyant 
s i n g l e p o r t d i s c h a r g e i n t o a uniform d e n s i t y water l a y e r . I n t h a t case 
f l o w _ c l a s s e s range from submerged j e t s w i t h weak s u r f a c e i n t e r a c t i o n t ^ 
v e r t i c a l l y mixed d i s c h a r g e s . I n t o t a l , a l l three subsystems of CORMIX 
d i s t i n g u i s h among some one hundred g e n e r i c flow c l a s s e s w i t h d i s t i n c t 
hydrodynamic f e a t u r e s . Comparison w i t h a v a i l a b l e experimental data 
a l l o w s v a l i d a t i o n of many of these flow c l a s s e s and e s t a b l i s h m e n t of the 
numerical c o e f f i c i e n t s needed f o r the l e n g t h s c a l e a n a l y s i s . 

The d e t a i l e d hydrodynamic prediction i n CORMIX i s c a r r i e d out by 
a s e r i e s o f flow modules t h a t are executed a c c o r d i n g to a protocol t h a t 
p e r t a i n s to each d i s t i n c t flow c l a s s as determined by the c l a s s i f i c a t i o n 
scheme. The s p a t i a l e x t e n t of each flow module i s governed by transition 
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rules. Thus, each flow module a p p l i e s to a s p e c i f i c hydrodynamic sub-
process (e.g. a weakly d e f l e c t e d j e t i n c r o s s f l o w , l a t e r a l buoyant 
spreading along the water s u r f a c e i n the f a r - f i e l d ) . CORMIX contains a 
t o t a l of about f i f t y modules f o r sub-processes; most of these models are 
simple p e r t u r b a t i o n s o l u t i o n s , d e s c r i b i n g the mixing due to a primary 
flow parameter w i t h the p e r t u r b i n g i n f l u e n c e of one or more parameters 
superimposed. A v i r t u a l source matching i s used to provide a hydro-
dynamically c o n s e r v a t i v e , smooth t r a n s i t i o n from one module to the next. 
Again, the e x i s t i n g experimental base i s used to both choose appropriate 
c o e f f i c i e n t s f o r the p r e d i c t i v e elements and to v a l i d a t e the e n t i r e 
system under a gre a t v a r i e t y of discharge/ambient s i t u a t i o n s . ^ A few 
s e l e c t e d comparisons are given i n F i g s . 3, 4 and 5, f o r a v a r i e t y of 
discharge/ambient c o n d i t i o n s . 

Research supported by U.S. Environmental P r o t e c t i o n Agency, 
Environmental Research Laboratory, Athens, Georgia. 
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F i g . 2 : Example of a S u b - C l a s s i f i c a t i o n of CORMIXl: The Behavior of 
P o s i t i v e l y Buoyant Submerged Discharges i n t o a Uniform D e n s i t y 
Ambient Water Layer. 
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F i g . 3 : Example of CORMIXl P r e d i c t i o n : T r a j e c t o r y , Width and D i l u t i o n 
o f ^ N e g a t i v e l y Buoyant J e t ( N e a r - F i e l d ) D i s c h a r g i n g Upward a t 
6 0 i n Deep Flowing R e c e i v i n g Water Without Boundary I n t e r 
a c t i o n . 
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Slolzenbach el ol., 1976 
Surface Isotherms 

C0RMIX2: 
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F i g . 4: Example of C0RMIX2 P r e d i c t i o n : T r a j e c t o r y , Width and Excess 
Temperatures f o r a M u l t i p o r t D i f f u s e r Plume ( V e r t i c a l l y Mixed) 
i n Shallow R e c e i v i n g Water With a Crossflow. 
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F i g . 5; Example of C0RMIX3 P r e d i c t i o n : T r a j e c t o r y , Width and 
Normalized ExcessTemperatures f o r a Buoyant Surface J e t 
At t a c h i n g to the S h o r e l i n e i n a Strong Crossflow. 
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A S T U D Y O F T H E I N F L U E N C E O F L A N G M U T R C E L L S O N L O W - F R E Q U E N C Y T U R B U L E N C E 

A N D S E C O N D A R Y F L O W S U N D E R W I N D W A V E S 

Stephen G. Monismith , Assoc. Member ASCE, Environmental Fluid Mechanics 
Laboratory, Dept of Civü Engineering, Stanford University, Stanford, CA. 94305-4020 

1. I N T R O D U C T I O N 

Two major themes of Garbis Keulegan's research, mixing in stratified flows and 
surface waves, were brought together in his pioneering laboratory smdy of wind mixing 
described in the 1960 NBS report, "Fourteenth progress report on model laws for density 
currents: mixing effects of wind-induced waves" (with Victor Brame). In this smdy, 
Keulegan sought to find out how wind-generated waves affected rates of mixed-layer 
deepening in a stratified fluid. While he was unable to directly establish the link between 
mixing rates and wind waves, his experiments clearly showed that upwelling is an 
important component of mixed layer processes in lakes. Recent theory and experiment 
indicate that this connection does exist and is- potentially of enormous significance from the 
standpoints of mixed-layer physics and biology. This linkage does not appear to be one that 
directly involves turbulence; instead, the relationship between mixing and waves is one 
involving Langmuir cells, secondary flows that may develop through the interaction of the 
surface waves with the wind-drift current. 

Langmuir cells (hereinafter LCs) are streamwise vortices that form in the surface 
layers of the oceans, estuaries, and lakes when the wind blows (Langmuir 1938). As 
evidenced by current measurements (Weller and Price 1988) and by observations of 
various tracers including air bubbles (Thorpe and Hall 1982), and heat (Weller and Price 
1988), LCs consist of altemating zones of upwelling and downwelling in which significant 
quasi-steady vertical velocities are observed. Field observations show that LCs may 
possess a continuum of spanwise length-scales (Smith et al. 1987). The role of LCs in 
mixed-layer dynamics is thought by some to be important (Leibovich 1983), whüe others 
(Gargett 1989) argue that LCs can be thought of as particular eddies whose effects are 
already parametn.-.ed by existing models of mixed-layer physics. Experimental studies of 
simpler boundary-layer flows with organized streamwise vorticity (Peerhossaini and 
Wesfriedl988) consistentiy reveal enhanced vertical mixing of momentum and heat. 

While many explanations of how LCs are generated have been put forward, Faller 
was the first to estabUsh (through physical experiment!) the importance of surface waves. 
The connection between Langmuir cells and waves has been given a strong theoretical 
foundation by Leibovich, Craik, tiieir colleagues and students (see Leibovich 1983). The 
Craik-Leibovich (CL) theory shows that surface waves influence tiie mean velocity field 
through the interaction of their Stokes drift of the waves with the mean flow. While, the CL 
tiieory of Langmuir cell generation is supported by tiie series of laboratory experiments 
carried out by Faller and his students (Faller and Auer 1988), tiiere are stUl many questions 
concerning wheüier or not waves generate LCs in the way predicted by the CL tiieory. 

This report describes one set of measurements collected in our wind wave flume 
using our tiu-ee-component LDA in combination witii flow \asualization. Our measurernents 
show large strong, intermittent secondary flows which lead us to conclude tiie possibility 
that LCs may exist in our facility. Indeed, according to the CL theory, all the necessary 
ingredients for LCs, waves and current shear, are present. The purpose of presenting these 
measurements is that they show that streamwise vortices appear and, by inference, enhance 
mixing. However, the low-frequency unsteadiness we see in our velocity measurements, 
which we believe is a real featiire of LCs, means tiiat tiieir effect on mixing can be hard to 
determine clearly botii in the laboratory and in tiie field. 
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2. EXPERIMENTAL PROCEDURES 
The measurements were made in the SWWWF which is 1.83 m deep, 915 mm 

wide and 35 m long. It is described in detail in Cheung and Street (1988). We worked with 
conditions for which Cheung and Street report two-dimensional L D A measurements. 
Using their data, we present a summiiry of various relevant parameters describing this flow 
in Table 1. 

TABLE 1: EXPERIMENTAL CONDITIONS 
Windspeed, Ua =6.7 ms'^ ~ 
Water: boundary layer thickness, 5 = 3(X) mm / snear velocity, u^ = 12 mm s-̂  
Average ntns velocity fluctuations (low pass filtered) 

X direction u = 18 mm s-l 
y direction v = 17 mm s'̂  
z direction w = 12 mm s'l 

Surface drift velocity Us =137 mms"^ (Eulerian) 
= 189 mm s"̂  (Lagrangian) 

Turbulence time-scale, T5 ~ 5 / u,̂  = 25s 
Rms wave height, r i ' = 6 mm, wave frequency, f j = 3.2 hz 

The three-component LDA used in this study consists of a two-component system 
that makes an angle of 105 degrees with respect to the channel axis and and a one-
component system rotated 30 degrees from the two component one. The LDA is operated 
in side scatter mode. The analog outputs of the three frequency trackers were low-pass 
filtered at 0.5 Hz, sampled at 1 Hz for approximately 1000 s, and stored for later 
analysis, including projecting Tthe tiiree measured velocities onto a Cartesian coordinate 
systern aligned with the channel axis. We shall refer to U as the streamwise velocity (x 
direction); V as tiie spanwise velocity (y direction), and W as tiie vertical velocity (z 
direction). To vis ..alize streamwise vortices, we illuminated a narrow slice of fluid oriented 
across the channel tiiat spanned the entire width of the channe' ô a deptii of about 500 mm. 
We injected fluorescent dye upstream of tiie slit in an horizontal sheet at a depth of 
approximately 200 mm. When the dye reached the slit and was illuminated, it fluoresced, 
witii the intensity of fluorescence being approximately proportional to dye concentration. 
We placed our video camera downstream or the light slit so tiiat an oblique view of 
fluorescing dye could be obtained. The processing technique is described in Monismitii et 
al (1990); it suffices to provide crude maps of 16s averages of dye concentration. 

3. RESULTS 
Witiiin tiie bounds of experimental error and tiie inherent long-term variability of the 

flow, spot measurements of the horizontal and vertical velocities on the channel centerline 
are comparable witii tiiose measured by Cheung and Street (1988). We made a detailed 
cross-channel proftie of (U ,V,W) at 25 mm depth (z/5 = 0.08); it covered, in increments 
of 20 mm, a region starting at the centerline and extending 300 mm towards tiie wall closest 
to the LDA. This set of profiles showed a trend towards larger mean streamwise velocities 
near the wall (by about 25%) than in tiie center of tiie channel. There also were clear trends 
in both tiie vertical and spanwise velocity components, indicating that the higher velocities 
seen near the wall were probably due to downwards advection of high momentum fluid 
from above. It is not clear tiiat these profiles indicate tiie presence of Langmuir cells. 
Moreover, given that the apparent spanwise variations in tiie V and W are witiiin tiie long-
term temporal variability one might expect to fmd at a single-point in the channel, tiie 
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spanwise variation in U may also not be attributable to a stationary pattem of secondary 
flows. 

The variability of mdividual velocity records is more interesting tiian the means 
discussed above. Figure la and lb present two such records, taken at y =100 and 180 mm 
respectively; tiiese were subjected to a 100s moving average to smooth out high frequency 
fluctuations. In tiiis plot, velocities are scaled by u* and time by the natural mixing 
timescale T5 = 5/u* = 25 s. We use tiiis scaling so that tiie naUiral variability of Our flow , 
might be related to flow variability in tiie ocean mixed layer, where T5 might typically of 
the order of 10^ s. We have also resolved the flow into its horizontal and vertical 
components (not shown) and have calculated tiie angle.Oxy, made by tiie velocity vector 
with respect to tiie centerline of tiie channel. The low frequency variabu.ty shown in these 
two figures 6 and 7 typify time histories of flows measured in this experiment. These 
records show low-frequency flow variations for which Qxy reaches quite large values, 40 
and -55 degrees respectively, for periods of time than are 4 or 5 T5. 

Figure 1: Low-pass filtered velocity Uh = tiie vector sum of U and V, divided by u* (and 
multiplied by 10 to facilitate plotting) and 0xy, üie angle made by the velocity vector witii 
respect to the channel axis, both measured at (a) a distance of 350 mm and (b) 270 mm 
from tiie channel waU . 

To assess whether or not the low frequency variations shown above are typical of a 
turbulent boundairy layer we computed an average spectrum from a set of 7 measured 
spectra and scaled tiie result using tiie outer flow scaling discussed by Peny et al. (1985): 

(|)uu (U/2jt 5 u*2) = f (k5), 
where the wavenumber k was related to frequency through tiie use of Taylor's hypothesis 

K = 27tf/U. 
Since the frequencies of interest are much less than tiie wave frequency, this transformation 
is reasonably accurate (Lumley and Teray 1983). Our spectra, along with spectra measured 
by Perry et al. in a flat-plate turbulent boundary layer are given in figure 2. The error bars 
on the Perry et al. spectra represent tiie range of values measured for different values of 
z/5. For k5 > 6, ^uu and (])ww are approximately equal and compare remarkably well witii 
spectra reported by Perry et al.. This agrees witii similar comparisons made by Jones 
(1985) of field and laboratory wind-drift layer spectra witii flat-plate boundary-layer 
spectra. On the otiier hand, (l)ww rolls off at dimensionless wavenumbers < 2, indicating 
that low-frequency vertical motions are suppressed by the presence of tiie free surface, 
whereas <t)uu peaks at a somewhat smaller wavenumber, k5 = 0.2. In this low-frequency 
range, our values of are as much as a 100% larger than those reported for a flat-plate 
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boundary layer. This behavior is typical of flows with enhanced streamwise vorticity 
(Barlow and Johnston 1988). At small wavenumbers, there appears to be two-dimensional 
isotropy in that (J)w = ̂ m- In fact, for all of the velocity records taken during this 
experiment u and v were roughly equal and were typically 50% larger than w. 

.1 I 10 100 

K 5 

Figure 2: Averaged spectra of (O) u', ( • ) v', and (A) w'. For the sake of comparison 
these spectra have been scaled using the scaling described by Ligrani (1989) and compared 
to similar spectra meastired by Perry et al. (1985) in a flat-plate boundary layer (£). 

We obtained approximately 30 minutes of video of fluorescence images. These give 
some evidence that strong streamwise vortices do, at least intermittently, form and decay in 
the SWWWF. The clearest image we obtained showing evidence of Langmuir cells/ 
streamwise vortices is shown in figtire 3. White corresponds to high dye concentration and 
black to little or no dye. The image shows the presence of three upwelling regions, one at 
the center and at one at each edge of the channel. Agreeing with the structure implied by a 
<v'w'> profile (not shown) derived from the cross-channel LDA section, we can infer that 
this image showed 2 pairs of Langmuir cells, or 4 streamwise vortices. However,this 
image was one of the best at showing streamwise vortices that we obtained. Other images 
(not given here) showed different patterns including a single weak roll with upwelling on 
the right side of the channel, larger numbers of smaller cells, or no cells . Thus, 
"organized" streamwise vortices appear to be only sporadically present in our flow. 
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Figure 3: Grey-scale coded Intensity (dye concentration) field showing large-scale 
streamwise vortices. 

5. DISCUSSION AND CONCLUSIONS 

While it makes it difficult to positively identify and characterize Langmuir cells in 
our faciUty, the low-frequency unsteadiness we observe has been found to occur in 
virtually ali boundary-layer flows in which streamwise vortices fonn naUirally. For 
example, Ligrani and Niver (1988) show that Görtler vortices in a curved boundary layer 
can meander and undergo pairing. Prasad and Koseff (1989) also found evidence for 
meandering in a cavity flow where the streamwise vortex system slowly moved back and 
forth inside the cavity. Barlow and Johnston (1988) found that the locations of streamwise 
vortices changed throughout their experiments and were sensitive to details of the inlet 
conditions. In any event, this evidence from other centrifugally unstable flows suggests 
that we can hypothesize that if Langmuir cells exist, they should behave like other, similar 
sets of streamwise vortices, and thus, vary in time and space as the result of various 
possible instabilities. Is this variability observed in nature? As seen in several studies 
(Thorpe and Hall 1982, Smith et al. 1987), the answer appears to be yes. Most notably, 
Smith et al.'s power spectra of the spanwise shear in the ocean mixed layer exhibit clear 
variations throughout a two-day measurement period for which they give spectra. Based on 
our measurements we might suggest that the natural evolution time-scale is that of the 
largest eddies in the mixed layer, i.e., Tg. Thus the variations with penod 5T8 we observe, 
might cortespond to 10 hour flow variations in the field. 

On the basis of our LDA and flow visualization measurements, we conclude that 
unsteady (i.e., unstable) streamwise vortices are present in our flow. We can speculate that 
these unsteady vortices are the root cause of the observed low-frequency vanabihty of the 
velocity field. The composite spectra we present suggest that while the mam energy 
bearing" eddies are similar to their counterparts in ordinary turbulent boundary layers, there 
is extra energy in our flow at low frequencies. In any event, whether or not the structures 
we observe in our flume are, in fact, Langmuir ceUs is not clear. We have argued that these 
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measurements mdicate that our facility does give streamwise vortices that behave similarly 
to those seen in other laboratory flows known to contain streamwise vortices and to those 
observed in the field which are thought to be Langmuir cells. Still, we can, at present, only 
hypothesize that the variability we observe in our facility is symptomatic of Langmuir 
cells. However, as seen in our flow visualization images, these extra low-frequency 
structures can clearly alter vertical scalar transport. Thus, possibly through the mechanism 
described by the CL theory, waves do appear to alter the transport properties of the surface 
mixed layer. 
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Abstract 

A laboratory study on surface dispersion of buoyant plumes in open channel turbulence is made, 
where the buoyancy is due to both salinity and heat. The measured parameters are the downstream 
derivative of a plume width and height, which are integral-characteristics of the distributions of 
density-differences. Other methods as infra-red sensing are used for visualizing purposes. The 
results are used to calibrate an integral model ofthe dispersion. Conclusions are that the dispersion 
of a bouyant surface plume can be treated as the superposition of a bouyancy induced stretching 
and turbulent diffusion, reduced in the vertical direction by the density gradient. The result implies 
a simplification of the description of near-field dilution. 

1. Int r o d u c t i o n 

Dispersion and dilution of discharges of buoyant effluents is a problem of practical and 
theoretical interest, as for example in studies of sea outfalls for disposal of sewage. In the 
present work we use a laboratory model to study how the dispersion of buoyant surface 
plumes in channel shear flows depends on ambient turbulence and density difference. 
The significance of buoyancy to dispersion 
of surface plumes was first pointed out by 
Larsen and Sorensen, 1968, who realized 
that the dilution was the result of a lateral 
stretching due to density differences and 
vertical diffusion by ambient turbulence, 
which is reduced by the presence of a stable 
density gradient. Their theoretical consid
erations were later confirmed from exper
iments on heated water plumes by Weill 
and Fischer, 1979. The reduction in verti
cal dispersion of a heated surface layer in 
open channel flow, where the turbulence is 
generated by shear near the bottom, has 
been studied by Schiller and Sayre, 1975. 

In the present experiments the plumes are 
formed by heated water discharged into 
a fresh or saline stream providing a wide 
range of density diflFerences. The primary 
data are the downstream change of inte
gral parameters as plume height or plume 
width, derived from measured distribu
tions of density differences. These data en
able us to obtain a consistent calibration of 
an integral model which combines the ef
fects of turbulence and buoyancy. 

Fig. 1. Thermal image of water surface 
plume. 1.1° C between contours. Uo = 
10 cm/s, rough bed. ATo = 20°C. 
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The outline of the paper is as follows: First is a brief presentation of the theoretical back
ground for plume dispersion, foUowed by a description of the laboratory model. Next is 
presented the results of the experiments which are used to calibrate the model and finally 
are given some conclusions on plume dispersion. 

2. Theory 

Buoyancy induced fronts 
A lens of hght water of weight p + Ap, confined to a volume of height h and width 6, wil l 
rapidly be stretched into a thin layer, due to buoyancy induced pressure gradients. 
Taking the pressure distribution as hydro
static, the celerity of the front, V, can be 
found using Bernoulh's equation as 

V = J2g 
Ap 

(1) 

The disturbance propagates in a direction 
perpendicular to the front. For a contin
uous discharge, which is conveyed down
stream with velocity Uo, and assuming 
that V << Uo, geometrical considerations 
yields 

X2 

Fig. 2. Sketch of definitions. 

db 
dx Uo 

and in the absence of mixing, conservation of mass requires that h • b = const thus 

dh _ _hdb_ 
dx b dx 

(2) 

(3) 

Turbulent diffusion 
Taking for simplicity one dimensional diffusion, Fick's law postulates that the variance 
grows linear in time according to 

where the plume width 6, is defined as the standard deviation of the distribution of the 
diffusing substance and K is the Fickian diffusion coefRcient. For the surface plume we 
obtain, inserting dt = Uo • dx, and assuming a plane of symmetry at the water surface 

Conservation of mass gives h • b • c = const. 

3. Experiments 

Characterization of plumes 
Assuming that a common set of local scales as a height, width and mean density difference 
apphes to both diffusion and dispersion, is a simple consistent set of parameters derived 
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from the moments of the distribution of density differences. The density difference is used 

because this is the parameter of dynamic significance. We define a plume width and height 

as 

The excess mass per downstream distance, M , is the denominator in the two expressions. A 
mean density difference is defined assuming that the excess mass of the plume is contained 
in an area within two standard deviations from the centre of mass 

- ^ (7) 
^ 2Mh 

As discussed in the next section, the instrumentation of the experiment is designed to allow 
a direct evaluation of these three parameters from a numerical integration of the measured 
density profiles. 

Experimental facility 
The experiments were made in a recirculating hydraulic flume, modified to use both saline 
and fresh water, as shown in Fig. 3. Salinity was introduced by adding common salt to the 
water. Artificial roughness of the bottom was suppHed using triangular wooden list, 1 cm 
high placed with 5 cm spacing across the flume. 

Fresh water was supplied by gravity from a 180 I insulated, constant head tank through 
a rotameter and a deaeration device. The water was discharged onto the surface through 
three circular nozzles 070 mm, parallel to the main flow direction with the same velocity in 
the discharge and in the ambient water. In the experiments with fresh water in the flume, 
heated water was used to obtain the density difference, while cold water was used for the 
experiments with saline water; temperature here acting simply as a tracer. 

£ 
00 

I TAPWATER 

^ COLD: 8.5'C 

20m 
10-100 L/sec 

Fig. 3. Combined salt and fresh water fiume. 
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Instrumentation 
Temperature was measured using a column of Copper-Constantan, 0.5 mm thermocouples, 
connected to a PC with an A/D-converter. The transverse position of the thermocouples 
was also controlled from the PC by means of a step motor. Sensitivity of the temperature 
measurement was 0.01°C and 90% raise-time of the thermocouples was 0.04 sec. 

As a tracer were used Rodamine-B. Concentration was measured using an Navitronic Q-
200 in-situ fluorometer either directly or using a glass cuvette. Water was withdrawn to 
250 ml samples using a column of 12 1 mm siphons. Salinity was measured by weighing 
a 25 ml pyknometer. An AGEMA Thermovision infra-red sensing system combined with 
digital image processing was used to measure surface temperatures in the plume. The 
instrumentation is described in details in Petersen et al., 1988. 

Experimental procedure 
In the experiment the plume is transversed by the column of thermocouples, measuring the 
mean density difference in 15-20 transverse positions, equally distributed across the plume. 
The instantaneous temperature is in each point converted to a density difference using an 
equation of state, relating density to temperature and salinity. Prom this a time average 
density difference is calculated. Dependency on temperature was found from a standard 
table, while dependency on salinity was calibrated by weighing. After the traverse the 
density profile is reduced to a plume width, height and a mean density difference. The 
mean and RMS temperature was also measured, allowing for calculation of the energy flux 
as a conserved quantity. The whole procedure is fuUy automated. 

Experimental conditions 
The range of conditions used was outlet excess temperature from - 1 2 ° to 35°C, flow velocity 
5 -20 cm/sec, Darcy bottom friction 0.006 to 0.017 for smooth and rough bed, water depth 
10 - 25 cm and density of ambient water 1000 - 1030 kg/m^. 

4. Results 

The undisturbed flow 
Transverse dispersion was measured by recording the path of small wooden spheres. Po
sitions were found using a videocamera and digital image analysis. Defining an effective 
dispersion coefiicient by 

Ky is found using (8) and measured transverse distributions. The results can be given as 
Ky = a-Ufd where a = 0.12. Fischer, 1979; Engelund, 1969. 

The vertical dispersion coefficient, which is an integral property of the flow, is assumed to 
depend on the plume height. This is here described using a simple correlation of the form 

Uod^ 
2 dx (8) 

(9) 

Using (9) and measured vertical distributions of tracer 7 is found to 0.7. 
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5. Buoyant plumes 
In Fig. 4 is shown shapes of average iso-
density contours. Notice the distinct noses 
with relatively low mixing in the case with 
high buoyancy, Fig. 4a, a pattern char
acteristic of density fronts. Dye injections 
showed that the mixing in the central parts 
had character of vertical jets penetrating 
the plume causing a intermittent pattern of 
temperature fluctuations. Wi th very high 
levels of buoyancy the plume is almost split 
into two parts. When turbulence is dom
inating the contours are more beUshaped, 
Fig. 4b. and the mixing irregular as i t 
appears on the thermal image shown in 
Fig. 1. 

60 70 80 90 

Fig. 4- Isodensity contours. 
a) Uo = 10 cm/s rough bed 
b) Uo = 20 cm/s rough bed 

Plume dispersion 
We assume that the total effect of buoyant and turbulent dispersion is linear in these two 
processes. Assuming changes in mean density difference to be linear, combining (2) and 
(5a) for the width and (3), (5b) for the height, yields 

where a has been introduced as an empirical factor. 

I t is not the aim here to resolve the complex mechanisms that results in the reduction of 
the vertical diffusion in the presences of vertical density gradients, so a simple form which 
relates the dispersion coefRcient to a Richardson number is used. The reduction of the 
vertical dispersion coefRcient is given as 

TT- = , , nr. where R,o = — (13) 

is a plume Richardson number, /3 is another empirical constant and Kzo is the dispersion 

coefRcient, (9). 

Calibration 
The two empirical constants are estimated from the experimental results, employing an 
inverse technique. Using the measured values from one plume-section as init ial conditions, 
the model is advanced forward and the outcome compared with measured values in the 
downstream section. Repeating this for all experiments one obtains a squared error sum as 

h^-hV ^ fb^-b 
(14) 

where index , refers to calculated values. This particular form expresses the deviation in 
dilution between experiment and model. The value of the two constants which minimizes 
this error is estimated to a = 1.2 and /? = 3.5. 
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H ca lcu la ted . 
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Fig. 5. Comparison between measured and predicted parameters 
• salt O fresh smooth bed rough bed 

Fig. 5 compares predicted and measured values of h and 6, the fu l l line being perfect 
agreement. Although there are some scatter in predictions of the height, there is good 
agreement between measured and estimated data. 

6. Discussion and conclusions 

Although direct comparison with other measurements are difficult due to differences in the 
choice of scales, there are at least a qualitative agreement on the value of a, Weill and 
Fischer, 1978. Benjamin, 1968. The reduction of turbulence in prescence of density gradi
ents are well-established. Turner 1973, although quantitative predictions are still relatively 
uncertain. 

The conclusions that emerges from this laboratory study are that the dispersion of a buoy
ant surface plume in channel shear flow can be treated as the superposition of a buoyancy 
induced stretching and reduced turbulent diffusion. The use of scales derived from moments 
of the density profile is valuable as a single set of measurable scales applies to both buoyant 
and turbulent dispersion. 
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D I L U T I O N H Y D R A U L I C M O D E L S T U D Y F O R T H E B O S T O N W A S T E W A T E R 

A n extensive liydraulic model study was conducted to determine the dilution 
characteristics of various riser configurations for a tuimeled outfall. It was found that 
the number of risers could be reduced significantly from that originally proposed, 
with a considerable cost savings. Various other hydrodynamic mixing phenomena 
were also investigated. 

INTRODUCTION 

A5 part of the Boston Harbor clean-up process, a new offshore outfall of 
unprecedented size is being designed to discharge the treated wastewater. The 
outfall wi l l involve a deep rock tunnel approximately 9 miles (14 km) long with a 
diameter on the order of 24 feet (7.3 m). The tunnel terminates in a diffuser which 
consists of many risers extending to the sea floor capped with multiport outlets. The 
wastewater may contain stormwater runoff up to a peak design flow of 1270 mgd (56 
mVs). The preliminary diffuser design had 80 risers spaced 83.5 f t (25 m) apart for 
a total diffuser length of 6600 feet (2012 m). Because of the high cost of the risers 
(on the order of $3 million each), a considerable cost savings would be achieved if 
the number of risers could be reduced without impairing the dilution capability of the 
diffuser. 

Although multiport risers have been used on several outfalls throughout the 
world there are no reliable design guidelines. The plumes from each riser may 
merge to form a rising ring, behavior which the present generation of mathematical 
models caimot reliably predict. Because of these considerations, a hydraulic model 
study of a section of the diffuser was performed in a density-stratified towing tank. 
The objectives of the model study were to determine the minimum number of risers 
consistent with the dilution requirements and to estabhsh the characteristics of the 
wastefield formed for typical oceanic conditions. 

EXPERIMENTS 

The hydraulic model is based on similarity of the jet densimetric Froude 
number and is undistorted. The jet densimetric Froude number is defined as: 

O U T F A L L 

by 
Philip J. W. Roberts 

School of Civil Engineering 
Georgia Institute of Technology 

Atlanta, G A 30332, USA 

ABSTRACT 
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where Uj is the jet velocity, g the acceleration due to gravity, Ap the density 
difference between the effluent and receiving water, p the effluent density, and d the 
nozzle diameter. As the acceleration due to gravity is the same in model and 
prototype, equality of the jet Froude number results in: 

P Jr 

1/2 
(2) 

where the subscript r refers to the ratio of prototype to model. A l l linear dimension 
ratios are equal to d^ and the current speed ratio is equal to Uj„ where u is the 
ambient current speed. Density differences over the water column are scaled in 
proportion to (Ap/p\. Thus, choice of the length scale ratio, d^ and the density 
difference ratio (Ap/p), automatically specifies all other ratios. 

The tests were conducted in a density stratified towing tank of the U.S. 
Environmental Protection Agency Fluid Modeling Facility in Research Triangle Park, 
North Carolina. The towing tank is 4 feet deep, 8 feet wide and 83 feet long and can 
be filled with saltwater to an arbitrary stable stratification. A n effluent more dense 
than the receiving water was discharged from the model diffuser near to the water 
surface and falls downward; the current was simulated by towing the diffuser at a 
constant speed. Blue dye is added to the effluent for dilution measurements and 
flow visualization. Dilution was measured by drawing water samples by vacuum 
through a sampling array towed behind the diffuser. The sampling array was in the 
shape of a 10 X 10 rectangular matrix for a total of 100 sampling probes. 

Density icr^) 
22 23 24 2S 

Depth 

<m) 

30 

Early 
summer 

26 

In order to maintain a reasonable jet Reynolds number, only a portion of the 
diffuser was modeled. The number of risers modeled in the tank ranged f rom 2 to 
7. Three different model scales were used, they were 52:1, 61:1, and 87:1 and the 
density differences in the models were increased compared to the prototype to 
augment the jet Reynolds numbers. The density difference ratios (Ap/p)^ were 1/2, 
1/3, and 1/4. The total port area was maintained constant and the total diffuser 
length was maintained constant at a 
nominal value of 6600 f t . The diffusers 
were tested for a variety of environmental 
conditions which were chosen based on 
oceanographic observations. Three density 
stratification profiles were modeled, as 
shown in Figure 1. These profiles are a 
late summer profile, an early summer 
profile, and unstratified, which could occur 
during winter. Currents of various speeds 
flowing perpendicular and parallel to the 
diffuser were tested. Almost 100 
experiments were run; for a complete 
summary see Roberts (1989). p.g^^^ ^ Dg^isity Profiles Modeled. 

-Winter 
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RESULTS: PHASE I TESTS 

The primary objective of the Phase I tests was to determine the number of 
risers for the final design. A photograph of a typical experiment in a stagnant 
current is shown in Figure 2. 

Figure 2. Photograph of Flow with 80 Risers, 620 mgd. 

A typical density profile and the depth variation of concentration for each rake of 
probes are shown in Figure 3. The general characteristics of the flows are that the 

Concent ra t ion ( 1 / S ) Density (cr,) 

20 21 22 23 24 25 26 0.000 0.005 0.010 °.°1S 

0 I 1—- - I 1 1 1 1 0 r 

Depth 
( m ) 

Figure 3. Density and Concentration Profiles of Typical Experiment. 

plumes rise, reach a terminal rise height, 
collapse, and spread horizontally and mix to 
form a thick layer. As can be seen in the 
three-dimensional representation of the 
concentration profiles in Figure 4, this 
mixing causes the wastefield to be laterally 
quite uniform even when the risers are very 
widely spaced. At low flowrates and with 
wide riser spacings (see for example Figure 
2) there is no plume merging prior to the 
plumes entering the horizontally spreading 
layer. A t higher flows and narrower 
spacings, however, the plumes from the 
adjacent risers may directly impinge on each 
other. 

Figure 4. Concentration Profile. 
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The minimum dilution was calculated for each experiment. The effect of 
varying the number of risers is shown in Figure 5. Dilution generally increases as the 
number of risers, and hence ports, increases. As the flow rate decreases, the dilution 
increases. As the risers become very widely spaced, the discharges behave like 
individual plumes. The dilution for a fixed rise height then decreases in proportion 
to Qf \ where ö,- is the flow per nozzle. For a fixed number of ports per riser, the 
dilution would then increase with the number of risers, n„ in proportion to n^^. As 

increases further the plumes ultimately merge to a line source and the dilution 
approaches a limiting value independent of the number of risers. 

300 r 

Figure 5. Effect of Number of Risers on Minimum Dilution, Stagnant Current. 

Although there is too much scatter and also insufficient data to confirm this 
analysis the results do seem to follow these trends. Below about 50 risers the 
dilution drops off rapidly as the number of risers is decreased, whereas i f the number 
of risers is increased above about 50 the gradual transition to a line plume causes the 
dilution to climb only slowly. Based on these results, a final diffuser configuration 
consisting of 55 risers was chosen. The spacing between the risers is 122 feet for a 
total diffuser length of 6,588 feet. 

PHASE II T E S T S : These tests were run for this riser configuration. The objectives were 
to choose the number of ports per riser, to investigate the nature of the estabhshed 
wastefield in stagnant currents, and to test a range of oceanic conditions to allow an 
environmental assessment of the final design configuration. 

Dilutions with 8 and 12 ports per riser were compared. I t was found that 8 
ports gave higher dilutions than 12, but the difference between them decreases as the 
flowrate increases. In order to understand this unexpected result the experiments 
were repeated, videotaped, and photographed. It was found that with 12 ports the 
plumes form a ring around the riser preventing entrained water f rom getting to the 
core of the flow. The plumes then contract in and collapse, forming a single rising 
column. With 8 ports there is sufficient space between the individual plumes to 
allow the entrance of ambient water into the core and prevent this collapse. 
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Whether or not the flow collapses to a single rising column depends on the number 
of ports, the momentum flux, and the rise height. 

Experiments were also done to investigate the stability and temporal variation 
of the flowfield in a stagnant current. The diffuser was placed in the center of the 
tank and the experiment continued until the spreading layer reached the tank ends. 
The long tank length allowed considerably longer times to be investigated than have 
been previously studied. I t was found that the estabhshed wastefield changed only 
very slowly. A slight thickening of the layer with time was evident. After the front 
arrives at the sampling location the dilution decreases very slowly with time and the 
flowfield was always stable. The longest prototype time studied was greater than two 
hours, and it is unlikely that the ocean would actually be stationary for this long. 

Another issue of great importance is the definition of initial dilution. The 
U.S. EPA defines dilution as a flux-averaged value, 5f,. 5f, cannot usually be 
computed, however, as details of the depth variation of velocity are not commonly 
available. Experiments were done to measure the flux-average dilution directly. This 
was done by photographing and videotaping the deformation of dye streaks dropped 
into the tank. A strong horizontal flow in the established wastefield was found with 
the velocity decreasing away f rom the centerline; an entrained counterflow moved 
towards the diffuser near the bottom. The results implied that the flux-average 
dilution may only be 10-20% higher than the minimum; that is, the ratio of flux-
average to minimum dilution is probably in the range 1.1 to 1.2. 

SUMMARY OF WASTEFIELD BEHAVIOR 

Based on these results a final design configuration consisting of 55 risers, each 
with 8 ports was chosen. Tests were then run with the final diffuser configuration for 
a variety of oceanographic conditions to bracket the expected results. A selected 
summary of the results is given in Table 1. Based on the experiments discussed 
above, the flux-average dilution was calculated by assuming that Sf, = 1.15x^„. The 
wastefield characteristics depend on flowrate, stratification, current speed and 
direction. Dilutions range f rom 64 with a flowrate of 1270 mgd, late summer 
stratification, zero current to 645 at 390 mgd, no stratification, and a 25 cm/s current 
flowing perpendicular to the diffuser. With the early and late summer density 
profiles, the wastefield was always submerged. Wastefield thicknesses ranged f rom 
7.5 to 22.5 m. 

Comparisons are also shown of results predicted by the mathematical model 
ULINE. U L I N E is an EPA model which assumes the discharge to be a line source 
of buoyancy flux only, i.e. a line plume. The predicted dilutions are within 30% of 
the measured values, but are usually much closer. The predicted dilutioris are 
generally conservative, especially at the higher flowrates. The reason for this is that 
U L I N E neglects the effect of momentum flux, which can be quite important at the 
higher flowrates. The predicted rise heights always underestimate the measured 
values. A problem with comparing predicted and measured dilutions is uncertainty 
of the ratio of flux-average to minimum dilution. U L I N E assumes that SJS^ = Vl, 
which is the ratio for a line plume in an unstratified environment, compared to the 
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value of 1.1 to 1.2 measured here. I f minimum dilutions are predicted from U L I N E 
by dividing the average by ^ 2 , they would considerably underestimate the measured 
values. 

Table 1. Summary of Wastefield Characteristics and ULINE Predictions. 

Ambient current Density 
stratification 

Flowrate, 
mgd 

Average dilution, Rise height, m 

Speed, 
cm/s 

Direction 

Density 
stratification 

Flowrate, 
mgd 

Measured Predicted Measured Predicted 

0 - Late summer 390 93 84 16.3 14.3 
12 Parallel Late summer 390 95 96 17.3 14.1 
25 Perp. Late summer 390 256 277 16.3 11.3 
25 Parallel Late summer 390 125 116 19.3 13.8 
0 - Late summer 620 81 63 17.8 14.6 
0 - Late summer 1270 64 42 17.8 15.5 

25 Parallel Late summer 1270 72 51 21,3 15.0 

0 - Early summer 390 129 91 20.3 15.5 
12 Parallel Early summer 390 121 102 20.3 15.0 
25 Parallel Early summer 390 153 121 20.3 14.4 

0 - Unstratified 390 207 185 31.3 31.3 
12 Perp. Unstratified 390 313 372 31.3 31.3 
12 Parallel Unstratified 390 242 212 31.3 31.3 
25 Perp. Unstratified 390 645 763 31.3 31.3 
25 Parallel Unstratified 390 253 263 31.3 31.3 
0 - Unstratified 1270 130 84 31.3 31.3 

25 Parallel Unstratified 1270 128 107 31.3 31.3 

CONCLUSIONS 

The model study demonstrated that dilution is insensitive to the number of 
risers over a quite wide range. Although U L I N E is a useful and conservative model 
for predicting average dilution, it cannot predict the required number of risers as i t 
assumes the discharge to be a line source. Other phenomena which could not be 
predicted by the present generation of mathematical models is the collapse of the 
rising ring of plumes to a single column, with the accompanying reduction i n dilution, 
the thickness of the wastefield, and the relationship between average and minimum 
dilution. As a result of this model study, the number of risers was reduced f rom 80 
to 55, with a cost savings of about $75 million. 
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MIXING OF BUOYANT PLUMES IN A TIDAL CURRENT 

by 

Joseph H.W.Lee and V a l i a n t Cheung 
Department of C i v i l & S t r u c t u r a l E n g i n e e r i n g 

U n i v e r s i t y of Hong Kong, HONG KONG 

Ab s t r a c t 

The mixing of a buoyancy-dominated v e r t i c a l heated Jet i n a 
c r o s s f l o w has been s t u d i e d i n l a b o r a t o r y experiments. Point 
c o n c e n t r a t i o n measurements and flow v i s u a l i z a t i o n show that the J e t 
width, length of J e t t r a j e c t o r y , and d i l u t i o n i n c r e a s e s u b s t a n t i a l l y 
even i n a weak c u r r e n t , with dimensionless depths (y/1^) w e l l below 

un i t y . The s t i l l water d i l u t i o n i s a p p l i c a b l e only f o r y/l^ l e s s than 

about 0.1. The experimental r e s u l t s are i n t e r p r e t e d a g a i n s t f i e l d d a t a 

of i n i t i a l d i l u t i o n at the Hastings o u t f a l l . 

I n t r o d u c t i o n 

The t u r b u l e n t mixing of a submerged round buoyant J e t i n a c u r r e n t 
( F i g . l ) i s of s p e c i a l i n t e r e s t i n the design of s e a o u t f a l l s i n many 
sh a l l o w c o a s t a l waters. O u t f a l l d e s i g n i s o f t e n based on the 
c a l c u l a t i o n of a S t i l l w a t e r d i l u t i o n [ 2 , 3 ] . S i n c e i n c o a s t a l waters a 
t i d a l c u r r e n t i s present f o r the g r e a t e r part of the time, a t t e n t i o n has 
been d i r e c t e d i n r e c e n t years towards developing more r e l i a b l e 
p r e d i c t i o n s of i n i t i a l d i l u t i o n i n moving water [ 1 ] . I n p a r t i c u l a r , i t 
has been demonstrated [5] that f i e l d d i l u t i o n d a t a of a buoyant sewage 
plume i n an u n s t r a t i f i e d t i d a l c u r r e n t can be i n t e r p r e t e d by a length 
s c a l e a n a l y s i s . The degree of mixing achieved at a given e l e v a t i o n , y, 
above the buoyant d i s c h a r g e i s c h i e f l y governed by y/1^ = y u^/B , where 

1, i s a buoyancy le n g t h s c a l e , u = ambient c u r r e n t , and B = d i s c h a r g e 
b a 

s p e c i f i c buoyancy f l u x . Simple equations f o r the p r e d i c t i o n of minimum 
d i l u t i o n i n an ambient c u r r e n t were d e r i v e d f o r both the 
buoyancy-dominated near f i e l d (bdnf) and buoyancy-dominated f a r f i e l d 

( b d f f ) . 

I n a very weak c u r r e n t , y/l.^« 1, mixing behaviour i s s i m i l a r to a 

plume i n stagnant water. However, the d i l u t i o n constant d e r i v e d from 
f i e l d d a t a i n the plume-dominated regime i s o f t e n two to three times 
g r e a t e r than the s t i l l w a t e r value [ 1 , 5 , 8 ] . Although an e x p l a n a t i o n f o r 
t h i s apparent paradox has been o f f e r e d [ 6 ] , t h i s point i s best r e s o l v e d 
by comprehensive experiments. R e s u l t s of an experimental study of a 
v e r t i c a l heated j e t d i s c h a r g e d at a low d e n s i m e t r i c Froude number (F < 
4) i n t o a c r o s s f l o w a r e reported h e r e i n . S p e c i a l emphasis i s p l a c e d on 
the n e a r - f a r f i e l d t r a n s i t i o n . C h a r a c t e r i s t i c d i l u t i o n measurements are 
compared with f i e l d d a t a of i n i t i a l d i l u t i o n at the Hastings o u t f a l l . 
Other important flow f e a t u r e s are a l s o summarized. 

Experiments 

A s e r i e s of 48 experiments were performed w i t h a buoyancy-dominated 

Je t ( F = 2-4) i n a steady c r o s s f l o w (u = 0.2-7 cm/s) i n a 10m x 0.45m by 
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0.3m wide flume. The v a r i a t i o n of c h a r a c t e r i s t i c d i l u t i o n with was 

s t u d i e d over a wide range of y/ l ^ ^ - The experimental s e t up i s shown 

s c h e m a t i c a l l y i n Fig.2. A tapered J e t nozzle (0=0.75 cm) was l o c a t e d at 
the c e n t r e of the flume, with a c l e a r a n c e of at>out lOD from the bottom. 
The J e t d i s c h a r g e s a t a temperature excess of 30-40 C above the 
ambient. At v a r i o u s depths, the maximum temperature i n the ce n t r e plane 
of symmetry was measured with a system of Fenwall f a s t response 
t h e r m i s t o r probes (time constant 0.5 s e c ) . Based on a study of 
c o n c e n t r a t i o n contours generated by numerical models, the measurement 
r e s o l u t i o n was kept w i t h i n 2-5 J e t diajneters. I n a d d i t i o n , t r a n s v e r s e 
temperature t r a n s e c t s ajid complete c r o s s - s e c t i o n measurements were made 
i n s e l e c t e d experiments. At each point the time-mean c o n c e n t r a t i o n 
r e p r e s e n t s a three-minute average of readings sajtipled at 3 second 
i n t e r v a l s . The p o s i t i o n i n g of the probes was g r e a t l y f a c i l i t a t e d by a 
shadowgraph of the heated J e t i l l u m i n a t e d by a s t r o n g l i g h t t)eam. 
Ambient v e l o c i t i e s were e i t h e r d i r e c t l y measured (by miniature p r o p e l l e r 
or hydrogen bubble v e l o c i t y meter), or taJcen as the c r o s s - s e c t i o n 
average v e l o c i t y . 

R e s u l t s and D i s c u s s i o n 

By dimensional reasoning, the c h a r a c t e r i s t i c d i l u t i o n S ^ ( d e f i n e d as 

the r a t i o of di s c h a r g e temperature excess to th a t a t g i v e n e l e v a t i o n ) i n 

the bdnf, V/ly<< 1. and the bdff, y/l^^» 1> i s given r e s p e c t i v e l y by : 

bdnf: ^ = C. or J L - ^ = C f ^ ) ' ^ ^ (1) 

and 

" a b 

where Q = di s c h a r g e volume f l u x . F i g . 3 shows the dim e n s i o n l e s s d i l u t i o n 

c onstant p l o t t e d a g a i n s t y / l j ^ - I t can be seen t h a t f o r y/1^ << 1, 

l e s s than about 0.01, approaches an asymptotic value of 0.1, which i s 

somewhat g r e a t e r than the value of 0.091 reported by Rouse [ 7 ] . I f the 
n o n l i n e a r density-temperature e f f e c t i s accounted f o r ( i . e . buoyancy 
f l u x not e x a c t l y conserved), i t can be shown that our va l u e i s 
c o n s i s t e n t w i t h t h a t obtained by George [4] , 0.11. The d i l u t i o n 

d i v e r g e s from the s t i l l water value a t y/l^j= 0.1, and t h e r e a f t e r 

i n c r e a s e s much more r a p i d l y to g r e a t e r than 0.3 f o r y/1^ = 1.0. The 

da t a taken w i t h i n a d i s t a n c e a f f e c t e d by t h e i n i t i a l j e t momentum 

c h a r a c t e r i z e d by < 4, where lj^=M*^'^^/B^'^^ , appears to c o n t r i b u t e 

some s c a t t e r to the d i l u t i o n d a t a i n the bdnf. A d d i t i o n a l i n s i g h t i n t o 
the j e t mixing c h a r a c t e r i s t i c s i s provided by the normal and t r a n s v e r s e 
temperature p r o f i l e s , which can be f i t t e d by Gaussian d i s t r i b u t i o n s , 
w i t h h a l f - w i d t h s b=bj^=ej^ (and b=b.j.=c.j,y) r e s p e c t i v e l y . Our r e s u l t s (not 

shown) can be summarized as f o l l o w s : i ) I n the bdnf, y/l^ < 0.01, the 

normal and t r a n s v e r s e c o n c e n t r a t i o n v a r i a t i o n s are s i m i l a r , w i t h the 
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F l g . 3 Dimensionless c e n t r e l i n e minimum d i l u t i o n of a buoyancy-dominated 
J e t i n a c r o s s f l o w as a f u n c t i o n of d i m e n s i o n l e s s depth 

urne measured plume width (ej^,E.j,) = (0,12,0.13) , s i m i l a r to a pure p i 

[ 3 ] . i i ) As y / l | 2 i n c r e a s e s to about 0.06, although the normal width i s 

unchanged, the t r a n s v e r s e plume spread i s s u b s t a n t i a l l y g r e a t e r 
(e.^=0.16). I n general, the t r a n s v e r e plume spread i s s i g n i f i c a n t l y 

a f f e c t e d even i n a weak c u r r e n t . i i i ) Within the bdnf-bdff t r a n s i t i o n , 
y/lj^= 0.1 - 0.25, both the normal and t r a n s v e r s e widths i n c r e a s e 

r e s p e c t i v e l y to about e = 0.2. i v ) i n the bdff, as y/l^ f u r t h e r 

i n c r e a s e s , both normal and t r a n s v e r s e p r o f i l e s are s u b s t a n t i a l l y 
f l a t t e r , and h a l f - w i d t h s i n c r e a s e to about 0.4-0.5y, i n d i c a t i n g almost 
complete mixing over the height of r i s e . The sharp i n c r e a s e i n measured 
d i l u t i o n i n the bdnf i s p r i m a r i l y r e l a t e d to the i n c r e a s e i n J e t width, 
r e g a r d l e s s of whether J e t b i f u r c a t i o n occurs. I n the J e t c r o s s - s e c t i o n , 
a double temperature maxima was not always observed i n our measurements 
on a 1 cm g r i d . The d i l u t i o n data i n the f a r f i e l d g i v e s an average 
value of C = 0.51. 

The l a b o r a t o r y and f i e l d d i l u t i o n d a t a are p l o t t e d s i d e by s i d e i n 
Fig.4, i n a form t h a t c o n v i n c i n g l y demonstrates the v a l i d i t y of Eq. 1 & 
2. The near f i e l d d a t a at the Hastings o u t f a l l , c h a r a c t e r i z e d by 0.1 < 

y'h < 1 
l i e s i n the bdnf-bdff t r a n s i t i o n as suggested by the 

l a b o r a t o r y experiments. Despite the g r e a t e r s c a t t e r , the f i e l d d a t a i s 
seen to be comparable to the experimental data. I n the f a r f i e l d , 
numerical model c a l c u l a t i o n s show that the plume reaches the f r e e 
s u r f a c e when the J e t c e n t r e l i n e i s at around y =0.75 H, where H = water 
depth above d i s c h a r g e . To account f o r the s u r f a c e l a y e r , the s u r f a c e 
d i l u t i o n should hence be c a l c u l a t e d at t h i s e l e v a t i o n . I f H i s used i n 
the c o r r e l a t i o n of s u r f a c e d i l u t i o r u data, our l a b o r a t o r y r e s u l t s would 
t r a n s l a t e to a C of 0.51 x (0.75) = 0.29. T h i s compares w i t h a bdff 

d i l u t i o n constant of 0.32 obtained from the f i e l d data. 
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F i g . 4 Comparison of l a b o r a t o r y d i l u t i o n data ( l e f t ) and f i e l d d i l u t i o n data at the 

Hastings o u t f a l l ( r i g h t ) as a f u n c t i o n of y/1. 



C o n c l u s i o n 

Laboratory experiments of j e t mixing a r e shovm to c o r r e l a t e w e l l 
w i t h f i e l d measurements of i n i t i a l d i l u t i o n at a s e a o u t f a l l . 
C o n s i s t e n t w i t h f i e l d o b s e r v a t i o n s , the experiments show that 
s u b s t a n t i a l i n c r e a s e s i n d i l u t i o n above the s t i l l w a t e r value can be 
expected i n the n e a r - f a r f i e l d t r a n s i t i o n (which may correspond to a u 

near the measurement t h r e s h o l d ) . The bdff d i l u t i o n i s c o n s i s t e n t with 
the f i e l d d a t a i f a s u r f a c e l a y e r of 0.25 H i s accounted f o r . 

Acknowledgement : T h i s work was supported by a S t r a t e g i c Research Grant 

from the U n i v e r s i t y of Hong Kong. 
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A b s t r a c t 

Experiments have been performed for a round v e r t i c a l l i q u i d j e t of 

d e n s i t y p^, d i s c h a r g i n g upwards i n a two l a y e r ambient, the lower l a y e r 

of a depth h^ and d e n s i t y p-\ and the upper l a y e r of a depth h2 and 

d e n s i t y where pi > P2 ̂ Po • A model f o r the c l a s s i f i c a t i o n of pos

s i b l e flow c o n f i g u r a t i o n s i s proposed and w e l l supported by the e x p e r i 

ments as w e l l as by published data f o r the plane j e t . The main geome

t r i c f e a t u r e s of the flow f i e l d have been measured and the experimental 

data are w e l l c o r r e l a t e d and pr o p e r l y presented i n dimensionless forms. 

I n t r o d u c t i o n 

The problem of a round l i q u i d j e t , of d e n s i t y QQ, d i s c h a r g i n g v e r 

t i c a l l y upwards i n a two l a y e r s t r a t i f i e d ambient, the lower l a y e r of 

d e n s i t y p., and depth h-] and the upper one of d e n s i t y P2 and depth 

h2, w i t h d e n s i t i e s conforming to the i n e q u a l i t i e s p^ ^ P2^Po> been 

examined thoroughly e x p e r i m e n t a l l y by the authors. The flow c o n f i g u r a 

t i o n s which may develop are shown s c h e m a t i c a l l y i n F i g . 1. 

ht 

Case ( a ) , F u l l p e n e t r a t i o n , Case ( b ) , Entrapped f i e l d 

F i g . 1. Flow c o n f i g u r a t i o n s 

The flow cases (a) and (b) may be observed for the round as w e l l as 

for the plane j e t s . 

I n c a s e (a) the j e t flow f u l l y p e n e t r a t e s both l a y e r s and spreads on 

the f r e e s u r f a c e i n a way s i m i l a r to the case of a p o s i t i v e buoyant j e t 

i n a uniform ambient. 

I n case (b) the j e t flow a f t e r the i n t e r f a c e i s entrapped i n the 

upper l a y e r r e a c h i n g a c e i l i n g l e v e l z-^, r e v e r s e s i t s e l f forming a b e l l 

l i k e c o n f i g u r a t i o n and spreads h o r i z o n t a l l y as a d i s c r e t e l a y e r around 
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the i n t e r f a c e . 

The experiments 

The experiments f o r the round j e t have been performed i n a g l a s s 

w a l l tank, of p l a n dimensions I.OOmx 1.00m, and a depth of 0.80m, and 

a l l the r e q u i r e d a c c e s s o r i e s f o r flow r e g u l a t i o n and measurements and 

co l o u r i n g the j e t flow a t predetermined i n s t a n c e s a f t e r flow i n i t i a t i o n 

for each run. Common s a l t (NaCl) water s o l u t i o n s were used as ambient 

l i q u i d s and j e t l i q u i d . S p e c i a l care has been given to the tank f i l l i n g 

process i n order to o b t a i n a d e s c r e t e i n t e r f a c e . The tank f i l l i n g pro

c e s s l a s t e d more than 8 hours. 

Two kinds of t e s t s have been performed: 

a) for flow geometry and c e n t e r l i n e a x i a l v e l o c i t i e s 

b) for c o n c e n t r a t i o n measurements. 

a) For each run, a f t e r the f i l l i n g process has been accomplished 

the j e t flow was i n i t i a t e d . A 8mm movie camera plac e d i n f r o n t of the 

tank was s e t i n o p e r a t i o n . A f t e r a time t i has passed from flow i n i 

t i a t i o n f o r the j e t flow to reach the maximum p e n e t r a t i o n height the 

j e t flow was coloured. The whole o p e r a t i o n l a s t e d a few minutes. A f t e r 

f i l m e d i t i n g the flow c o n f i g u r a t i o n was s t u d i e d frame by frame i n a 

f i l m e d i t i n g apparatus. The instantaneous outer boundaries of coloured 

flow were t r a c e d on t r a n s p a r e n t paper p l a c e d on the s c r e e n of the appa

r a t u s a t d i s c r e t e i n t e r v a l s of time a f t e r the f i r s t coloured f r o n t ap

peared at the j e t e x i t s e c t i o n . On the b a s i s of the mapping of outer 

boundaries a diagram was formed of Zj^ ( c e n t e r l i n e p o s i t i o n of the mar

ked f r o n t ) v e r s u s the time t (zero time the appearance of colour a t 

the e x i t s e c t i o n ) . From the time h i s t o r y graphs of Zj^ v s t , the pene

t r a t i o n height Z L was determined. The recorded v a l u e of z^ was an 

average v a l u e over a long time p e r i o d . The c e n t e r l i n e a x i a l v e l o c i t y 

at d i f f e r e n t l e v e l s z could be computed on the b a s i s of the approximate 

formula: 

dz (z +Az)-(z -Az) 
m _ m m 

z ' At^ + At" 
m 

A x i a l v e l o c i t i e s were thus computed at d i f f e r e n t s e l e c t e d l e v e l s z. A 

t o t a l of 31 runs were c a r r i e d out and analyzed. 

b) For c o n c e n t r a t i o n measurements the c o n d u c t i v i t y probe technique 

was used. Four c o n d u c t i v i t y probes, w i t h one point e l e c t r o d e and a c i r 

c u l a r one, f r e q u e n t l y c a l i b r a t e d , were used i n the proper arrangement for 

simulationeous s i g n a l r e c o r d i n g . Concentration measurements were made 

along the v e r t i c a l j e t a x i s , as w e l l as at predetermined v e r t i c a l s along 

the h o r i z o n t a l l y spread d i s c r e t e l a y e r i n the case of the entrapped 

f i e l d . Twelve runs were performed. 

Flow c l a s s i f i c a t i o n 

The f o l l o w i n g t h e o r e t i c a l c o n s i d e r a t i o n s were made to e s t a b l i s h c r i 

t e r i a f o r flow c l a s s i f i c a t i o n and to c o r r e l a t e experimental r e s u l t s . 

The flow behaviour i n the whole extend of the lower l a y e r i s assumed to 

w 
m ' 

z 
m 
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be the same w i t h such of a p o s i t i v e buoyant j e t i n a uniform ambient of 

i n f i n i t e extend and d e n s i t y P|. Accordingly a l l flow c h a r a c t e r i s t i c s i n 

the lower l a y e r should depend s o l e l y on the i n i t i a l kinematic f l u x e s of 

volume Q Q , momentum MQ, and buoyancy B Q and the v e r t i c a l d i s t a n c e 

from the e x i t z. The volume and momentum f l u x e s Q and M i n c r e a s e with 

d i s t a n c e z, while the buoyancy f l u x B remains equal to the i n i t i a l v a 

lue B Q up to j u s t below the i n t e r f a c e . S u f f i c i e n t experimental data 

and t h e o r e t i c a l work have been p u b l i s h e d for the p o s i t i v e buoyant j e t , 

such as by Chen & Rodi (1980) and Noutsopoulos & Yannopoulos (1987), so 

that the v a l u e s of volume and momentum f l u x e s at the i n t e r f a c e (z=h-|) 

Q£ and M-[ may be w e l l estimated w i t h a good degree of accuracy. Imme-

d i a t e l l y above the i n t e r f a c e the buoyancy f l u x s u f f e r s a nominal abrupt 

r e d u c t i o n , due to the change of ambient d e n s i t y from to P2 (p-j > P2) • 

The nominal buoyancy f l u x B^ immediately above the i n t e r a c e de

fi n e d as: 

Bi = J- / g (P2-P)wdA 
0 

a f t e r i n t r o d u c i n g a r e l a t i v e s t r a t i f i c a t i o n parameter , e 

be expressed a s : 

B. = B [ 1 - e ^ ] 

The behaviour of the j e t flow i n the upper l a y e r may now be exami

ned and i n t e r p r e t e d i n terms of the buoyancy f l u x Bj^ j u s t above the 

i n t e r f a c e . 

Case ( a ) . For B £ > 0 , the t o t a l buoyancy f l u x above the i n t e r f a c e 

i s p o s i t i v e (TPB) and the flow i n the upper l a y e r w i l l be s i m i l a r to 

that of a p o s i t i v e buoyant j e t i n a uniform ambient and w i l l r e a c h the 

fr e e s u r f a c e , spreading on i t i r r e s p e c t i v e l y of the magnitude of the 

upper l a y e r depth h2. Thus the c r i t e r i o n f o r f u l l p e n e t r a t i o n of the 

j e t flow i n both l a y e r s i s e s t a b l i s h e d as: 

' % 
Case ( b ) . For B.<0, or (1/e) < ( Q i /Q Q ) the t o t a l buoyancy f l u x 

above the i n t e r f a c e becomes n e g a t i v e (TNB). I f the depth h2 of the 

upper l a y e r i s s u f f i c i e n t the j e t flow i s g e n e r a l l y entrapped i n the 

upper l a y e r , r e v e r s e s i t s e l f and spreads as a d i s t i n c t l a y e r around the 

i n t e r f a c e . 

The two s e t s of kinematic f l u x e s Q Q , M Q , BQ and Q̂ , M £ , | B £ | d e f ine 

the c o n v e n t i o n a l two s e t s of length s c a l e s I Q ^ , I M Q and 1Q^, l ^ ^ and 

the corresponding Richardson numbers R Ï Q and Ra (see F i s c h e r e t a l 

1979 f o r d e f i n i t i o n s ) . For the lower l a y e r the f i r s t s e t i s used to c o r 

r e l a t e experimental r e s u l t s , w h i l e f o r the upper l a y e r the second s e t . 

The experimental r e s u l t s obtained by the authors f o r the round j e t 

prove the v a l i d i t y of the t h e o r e t i c a l c o n s i d e r a t i o n s made above and the 

e s t a b l i s h e d c l a s s i f i c a t i o n c r i t e r i a . 

p r ^ o 
may 
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C e n t e r l i n e a x i a l v e l o c i t i e s and c o n c e n t r a t i o n s c ^ i n dimen

s i o n l e s s forms are p l o t t e d v e r s u s z/lf^i^ f o r the lower l a y e r i n F i g u r e s 

2 and 3 w i t h the s o l i d l i n e s p r e s e n t i n g the s e m i e m p i r i c a l e x p r e s s i o n s 

defined by Noutsopoulos and Yannopoulos (1987) f o r the round p o s i t i v e 

buoyant j e t i n a uniform ambient. The experimental data v e r i f y e x c e l 

l e n t l y the assumption that the flow behaviour i n the whole extend of the 

lower l a y e r i s s i m i l a r to t h a t of the p o s i t i v e buoyant j e t i n a uniform 

ambient. The c r i t e r i a f o r flow c l a s s i f i c a t i o n have been a l s o very w e l l 

v e r i f i e d by the 31 runs performed as has been w e l l d i s c u s s e d i n d e t a i l 

i n a previous paper by the authors (1986). 

30i 
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positive buoyant 

jet 

I I I r I 

Run Run 
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F i g . 2. C e n t e r l i n e a x i a l v e l o c i t i e s 
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The flow c l a s s i f i c a t i o n c r i t e r i a e s t a b l i s h e d have been a l s o very-

w e l l v e r i f i e d f o r the case of a two dimensional j e t on the b a s i s of ex

periments performed and published by Wallace and Sheff (1987), 

Flow geometry 

The p e n e t r a t i o n height i n the dimensionless form ( z ^ ^ - h i 2 ) / 1 Q ^ 2 

has been found to be w e l l c o r r e l a t e d w i t h the Richardson number at 

the i n t e r f a c e R ü . A l l experimental data from the observed cases of 

entrapped f i e l d have been p l o t t e d i n the above form, i n a log-log d i a 

gram and are presented i n F i g . 4. A strong l i n e a r r e l a t i o n s h i p i s i n 

d i c a t e d , which by the l e a s t square method of best f i t i s w r i t t e n a s : 

16 H. 
-5/3 

^Qi^ 

1 1 

Experimental data for the plane j e t p u b l i s h e d by Wallace & Sheff 

(1987) have been a l s o analyzed using Kotsovinos (1975) and Chen & Rodi 

(1980) suggestions and are presented i n F i g . 4 ( c l o s e d symbols). They 

conform v e r y w e l l w i t h the above found e m p i r i c a l formula extending i t s 

v a l i d i t y to higher R^^ v a l u e s . 

200 

100 \— 

10 

I I I H i l l 

Q 5 t J _ L L 

o round jet 

• plane jet 

I I I I l l l l l 

02 10 20 

F i g . 4. The p e n e t r a t i o n height z-̂  

T h e _ r a d i a l width_rg_of t h e _ r e v e r s e d _ f l o w 

The r a d i a l width rQ at the i n t e r f a c e of the r e v e r s e d flow, which 

separates the v e r t i c a l flow from the h o r i z o n t a l l y spreading l a y e r , has 

been a l s o determined from the mappings of outer coloured boundaries f o r 

a l l cases of entrapped f i e l d . A l l data are presented i n a log-log d i a 

gram i n F i g . 5 i n the dimensionless form of ic^/li^^ vs IR^^. A l i n e a r 

r e l a t i o n s h i p i s i n d i c a t e d which u s i n g the l e a s t square method of b e s t 

f i t i s expressed as: 

r^/lM. = 1.05 I R i i ^ / ^ 
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F i g . 5. The r a d i a l w idth r ^ of the 
r e v e r s e d flow. 

F i g . 6 . The t h i c k n e s s of the 

h o r i z o n t a l l a y e r . 

T h e _ t h i c k n e s s 6̂ . _ 2 f _ t | } s _ h 2 r i 5 2 B t a l l a y e r 

The t h i c k n e s s 6̂ . of the h o r i z o n t a l l a y e r at three r a d i a l distances 

l a r g e r than i n the near f i e l d has been a l s o determined from the 

mappings of the coloured f r o n t s . From the time h i s t o r y graphs of 5^ 

v e r s u s time t , at each p o s i t i o n , the u l t i m a t e q u a s i steady s t a t e v a l u e 

of öj. before w a l l i n t e r f e r e n c e s t a r t e d was determined f o r each run. 

The u l t i m a t e v a l u e s of öj. i n the dimensionless form of Ör^^L were 

p l o t t e d i n a lo g - l o g diagram v e r s u s the dimensionless d i s t a n c e r / z-̂  

and are presented i n F i g . 6. A l i n e a r r e l a t i o n s h i p i s i n d i c a t e d which 

i s e xpressed as: 

Thus the t h i c k n e s s of the h o r i z o n t a l l a y e r i n the near f i e l d i s i n 

v e r s e l y p r o p o r t i o n a l to the r a d i a l d i s t a n c e . 

C o n c l u s i o n s 

Flow c l a s s i f i c a t i o n c r i t e r i a f o r a v e r t i c a l j e t i n a two l a y e r s t r a 

t i f i e d ambient have been e s t a b l i s h e d and are w e l l v e r i f i e d by experimen

t a l evidence for the round and the plane j e t s . Geometric f e a t u r e s of the 

entrapped flow f i e l d have been measured and are w e l l presented by empiri

c a l formulae. 

References 

1. Chen, C.J. and Rodi, W., 1980, " V e r t i c a l Turbulent Buoyant J e t s : A Re

view of Experimental Data", H.M.T. S e r i e s 4, Pergamon P r e s s , Oxford. 

2. F i s c h e r , H.B., L i s t , E . J . , Koh, R.C.Y., Imberger, J . and Brooks, N.H., 

1979, "Mixing i n I n l a n d and C o a s t a l Waters", Academic P r e s s , N.Y. 

3. Kotsovinos, N.E., 1976, "A Study of the Entrainment and Turbulence i n 

Plane, Buoyant J e t " , Rep. No.KH-R-32, W.M. Keck Lab. of H y d r a u l i c s and 

Water Resources, C a l i f o r n i a I n s t , of Technology, Pasadena, C a l i f o r n i a . 

4. Noutsopoulos, G. and Nanou, K., 1986, "The Round J e t i n a Two-Layer 

S t r a t i f i e d Ambient", Proc. of I n t e r n . Symp. on Buoyant Flows, N a t i o n a l 

T e c h n i c a l U n i v e r s i t y of Athens, Greece. 

5. Noutsopoulos, G. and Yannopoulos, P.,1987, "The Round V e r t i c a l Turbu

l e n t Buoyant J e t " , J . Hydr. Res., v o l . 25, No.4, pp. 481-502. 

6. Wallace, R.B. and S h e f f , B.B., 1987, "Two Dimensional Buoyant J e t s i n 

Two-Layer Ambient F l u i d " , J . Hydr. Eng., ASCE, Vol.113, No.8, pp. 992¬

1005. 

-4A.24-



SCALE-MODEL INVESTIGATION OF CIRCULATION AND MIXING 
IN PUMPED-STORAGE RESERVOIRS 

by 

Kamil H. M. A l i 

C i v i l E n g i n e e r i n g Department 

U n i v e r s i t y of L i v e r p o o l , U.K. 

Reza Jaefar-Zadeh 

C i v i l E ngineering Department 

U n i v e r s i t y of Mashhad, I r a n . 

A b s t r a c t 

The paper d e s c r i b e s an experimental i n v e s t i g a t i o n of the 
c i r c u l a t i o n and mixing i n homogeneous and s t r a t i f i e d water-supply 
r e s e r v o i r s . V a rious types of i n l e t s and o u t l e t s were used and s e v e r a l 
measuring techniques were applied. The e f f e c t s of j e t momentum, the 
r e s e r v o i r ' s a s p e c t r a t i o and water d e n s i t y g r a d i e n t s were i n v e s t i g a t e d . 

I n t r o d u c t i o n 

The f a c t o r s a f f e c t i n g c i r c u l a t i o n i n water-supply r e s e r v o i r s 
i n c l u d e the shape and depth of the r e s e r v o i r , wind a c t i o n , w a t er-density 
d i f f e r e n c e s and inflow/outflow arrangements. 

Wind and d e n s i t y e f f e c t s cannot be c o n t r o l l e d and v a r i o u s remedial 
measures have been developed to minimise the w a t e r - q u a l i t y problem posed 
by s t r a t i f i c a t i o n and sta g n a t i o n . 

Improvement of the i n l e t and o u t l e t arrangements o f f e r c o n s i d e r a b l e 
p o t e n t i a l as a p r e v e n t i v e technique aimed a t i n c l u d i n g c o n d i t i o n s l e s s 
f avourable to the formation of s t r a t i f i c a t i o n and s t a g n a t i o n . 

Experimental i n v e s t i g a t i o n of j e t - f o r c e d c i r c u l a t i o n , both i n tanks 
and r e s e r v o i r s , has been s t u d i e d by many r e s e a r c h e r s , mostly u s i n g s c a l e 
model t e s t s (See Ref. 2 ) . 

A n a l y t i c a l work concerning the e f f e c t s of the wind and the e a r t h ' s 
r o t a t i o n has been c a r r i e d out and i s well-documented^ . 

However, the a n a l y s i s of j e t fo r c e d c i r c u l a t i o n has a t t r a c t e d 
r e l a t i v e l y few r e s e a r c h e r s . Sobey and Savage^ ̂ -̂  developed a 

two-dimensional t h e o r e t i c a l s o l u t i o n f o r a t a n g e n t i a l J e t d i s c h a r g i n g 
i n t o a c i r c u l a r r e s e r v o i r . 

F a l c o n e r * ' p r o d u c e d a two-dimensional mathematical model 
d e s c r i b i n g the j e t f o r c e d c i r c u l a t i o n i n r e s e r v o i r s having v e r y l a r g e 
i n l e t s and o u t l e t s . A l i and Whittington^^^ a p p l i e d the well-known 
behaviour of two-dimensional t u r b u l e n t j e t s to the problem of the 
c i r c u l a t i o n i n r e s e r v o i r s . 

E x t e n s i v e experiments were conducted by the authors to study the 
e f f e c t s , on the c i r c u l a t i o n , of j e t momentum, p o s i t i o n and s i z e of 
i n l e t s , the geometry and aspect r a t i o of the r e s e r v o i r , and d e n s i t y and 
temperature d i f f e r e n c e s between inflow and r e s e r v o i r ' s water. 

T h e o r e t i c a l C o n s i d e r a t i g n g 

Sobey and Savage*- obtained t h e o r e t i c a l l y , f o r a s t a t i o n a r y 

c i r c u l a r r e s e r v o i r , the f o l l o w i n g r e l a t i o n s h i p : 

Q^/(7Kj L) = 0^ ( L / h ) , (kg/h) (1) 

where = mean c i r c u l a t i n g d ischarge, Kj = kin e m a t i c momentum f l u x 

(= Q j ^ j ) ' " j®^ v e l o c i t y , Q = j e t disc h a r g e , L = diameter of 

r e s e r v o i r , h = r e s e r v o i r water depth and k = bed roughness. 
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Using Sobey and Savage's t h e o r e t i c a l curves,' the present authors 
obtained 

Qc/(^kj L) 5.527 - 9.226 (k/h)°-^^^ ( L / h ) - ' (2) 

Experimental Arrangements and Models 

Some of the models used are d e s c r i b e d below: 

( i ) A smooth c i r c u l a r r e s e r v o i r having a ra d i u s of 1.5m together 
with a t a n g e n t i a l j e t (having a height b^ = 20mm and a width d = 2mm) 
and a c e n t r a l o u t l e t . The c i r c u l a r r e s e r v o i r mentioned i n ( i ) was l a t e r 
run with four r a d i a l J e t s a t r i g h t - a n g l e s to each other, and connected 
to the same i n l e t . These j e t s were p o s i t i o n e d a t the centre of the 
r e s e r v o i r . A l l four j e t s were of height of 50mm and width 2mm. Using 
the same b a s i c model, two f u r t h e r runs were made, one with two r a d i a l 
j e t s , a t the c e n t r e , p o s i t i o n e d d i r e c t l y opposite and one run w i t h one 
r a d i a l j e t a t the cen t r e of the r e s e r v o i r . 

( i i ) Another c i r c u l a r r e s e r v o i r of 1.22m r a d i u s was used to 
i n v e s t i g a t e the e f f e c t of the j e t momentum and a r e a on the r e s e r v o i r 
c i r c u l a t i o n . The j e t discharge was kept constant and the momentum was 
changed by a l t e r i n g the j e t area. The v a l u e s of b^ x d^ used were 20 x 
2, 8 X 30, 8x 60, 8 x 90 and 8mm, 130mm. I n a l l these experiments two 
o u t l e t s were used, one on e i t h e r s i e of the r a d i a l j e t i n l e t . 

( i i i ) A L u c i t e " c y l i n d r i c a l r e s e r v o i r , 0.92m diameter was used to 
study s t r a t i f i c a t i o n . I t had a c e n t r a l o u t l e t which was made of a 30mm 
diameter pipe,0.22cm long. A t a n g e n t i a l j e t 10mm high and 2mm wide was 
p o s i t i o n e d so tha t i t s top was 15mm below the water s u r f a c e . To 
maintain steady flow i n the model, a constant head arrangement was 
used*- . The method of pre p a r i n g a s t r a t i f i e d r e s e r v o i r , u s i n g a s a l i n e 
s o l u t i o n , i s a l s o d e s c r i b e d i n Ref. 4. 

( i v ) Another c i r c u l a r r e s e r v o i r was a l s o used to study thermal 
s t r a t i f i c a t i o n . I t had a diameter of 2m and a height of 0.5m. The 
perimeter w a l l was made of c l e a r p l a s t i c . A t a n g e n t i a l s u r f a c e j e t was 
used together with 12 o u t l e t s p o s i t i o n e d uniformly along the w a l l . A 
la r g e heated storage tank was used to feed the s u r f a c e j e t . Nine 50kw 
Halogen lamps were used to heat up the s u r f a c e l a y e r of the r e s e r v o i r . 

Measuring Techniques 

D i f f e r e n t methods were used to study the c i r c u l a t i o n and mixing i n 
the model r e s e r v o i r s . Dye photography was used to define the movement 
of dye i n j e c t e d through the i n l e t s . Large v e l o c i t i e s were measured 
us i n g a min i a t u r e current-meter. Small v e l o c i t i e s were obtained u s i n g 
i l l u m i n a t e d f l o a t s of v a r i o u s types using time-laps photography. 

The hydrogen bubble technique was used i n some experiments, to 
determine the v e r t i c a l d i s t r i b u t i o n of sma l l p e r i p h e r a l v e l o c i t i e s . The 
c o n d u c t i v i t y method was used to measure d e n s i t i e s i n the r e s e r v o i r s . 
R e s e r v o i r temperatures were measured u s i n g 6 temperature probes. 

The method of p r e p a r a t i o n of the s t r a t i f i e d r e s e r v o i r s i s d e s c r i b e d i n 
Ref. 4. 

Experimental R e s u l t s 

The experimental r e s u l t s f o r the 3m smooth c i r c u l a r r e s e r v o i r were 
obtained u s i n g a t a n g e n t i a l j e t wit h d^ = 2mm, b = 20mm, 
Qj = 11.2 - 73.5 e/s, h = 0.02 - 0.20m. The f o l l o w i n g e m p i r i c a l 
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r e l a t i o n s h i p was f i t t e d to the r e s u l t s of these experiments 

Qe/(^Kj L - 1.36(L/h) 1.702 + I23.89(L/h) 
2 . 5 

( 3 ) 

Equation (3) shows th a t the dimensionless average c i r c u l a t i n g discharge 
fo r t h i s smooth r e s e r v o i r i s a f u n c t i o n of the j e t ' s Reynolds number and 
the r e s e r v o i r ' s aspect r a t i o . 

E f f e c t of J e t Momentum on R e s e r v o i r C i r c u l a t i o n ( R a d i a l J e t ) 

A s e r i e s of experiments was conducted i n a 2.44m diameter c i r c u a l r 
r e s e r v o i r , to study the e f f e c t of j e t momentum on the c i r c u l a t i o n . J e t 
d i s c h a r g e and water-depth were kept a t 0.192 x 10'^ mVs and 46mm 
r e s p e c t i v e l y . The i n f l o w momentum was a l t e r e d by changing the area of 
the j e t . Areas 0.4cm^ 2.4cm^ 4.8cm^ 7.2cm^ and 10.4cm^ were used. 
The o u t l e t was 0.4m wide and l o c a t e d opposite to the i n l e t . 

F i g u r e 1 shows measured v e l o c i t y - d i s t r i b u t i o n f o r the v a r i o u s j e t 
a r e a s . T h i s f i g u r e demonstrates c l e a r l y the i n c r e a s e i n r e s e r v o i r 
v e l o c i t i e s r e s u l t i n g from the i n c r e a s e i n j e t momentum. 

C i r c u l a t i n g d i s c h a r g e s were c a l c u l a t e d u s i n g the experimental 
v e l o c i t y - d i s t r i b u t i o n s . The average experimental v a l u e s of Q /Q. for 
j e t a r e a s of 10.4cm^ and 0.4cm^ wide o u t l e t , f o r these two j e t area^s, i s 
33% and 7% of the c i r c u l a t i n g d ischarge. These percentages e x p l a i n why 
the o u t l e t w i l l have a much bigger e f f e c t on the c i r c u l a t i o n i n the case 
of the l a r g e n o z z l e than i n the case of the s m a l l one ( f o r steady 
c o n d i t i o n s ) . 

The f o l l o w i n g r e l a t i o n s h i p was f i t t e d to the experimental r e s u l t s : 

Q^/Qj - 0.0292 JR + I where R - hV^/p (4) 

C i r c u l a t i o n Generated by R a d i a l J e t s a t Centre of R e s e r v o i r 

F i g u r e s 2-4 show v e l o c i t y - d i s t r i b u t i o n obtained u s i n g four, two and 
a s i n g l e r a d i a l j e t a t the c e ntre of a r e s e r v o i r . These f i g u r e s show 
th a t the number of gyres generated by the j e t s i s twice the number of 
j e t s used. For example, the use of 4 j e t s ( F i g . 2) r e s u l t e d i n e i g h t 
gyres which i n p r a c t i c e w i l l help i n reducing the zones of s t a g n a t i o n i n 
the r e s e r v o i r . 

Using the v e l o c i t y - d i s t r i b u t i o n s given i n F i g s . 2-4, average 
c i r c u l a t i n g d i s c h a r g e s were c a l c u l a t e d . For number of i n l e t j e t s of 
( 1 ) , ( 2 ) , and ( 4 ) , the t o t a l j e t momentum f l u x per d e n s i t y was 3.534 x 
IO'", 0.845 _x IO'", and 0.656 x IO'" m'*/ŝ  r e s p e c t i v e l y . The r e s u l t i n g 
v a l u e s of Qc/Qj " ^ r e 7.57, 5.65, and 3.89. C l e a r l y , c i r c u l a t i o n 
i n c r e a s e s w i t h tne i c n r e a s e i n j e t momentum f l u x ( K j ) . 

F i g u r e 5 shows time-lapse photographs fo r homogeneous and 
s t r a t i f i e d r e s e r v o i r s ( L = 0.92m). The depth of the top l a y e r i n the 
s t r a t i f i e d r e s e r v o i r was equal to the t o t a l water-depth i n the 
homogeneous one. C l e a r l y , the lengths of the t r a c k s , and hence the 
p e r i p h e r a l v e l o c i t i e s , are bigger i n the s t r a t i f i e d r e s e r v o i r . 

F i g u r e 6 shows the spread of dye i n s t r a t i f i e d and homogeneous 
r e s e r v o i r s f o r the same j e t discharge and epth of the top l a y e r . Again, 
mixing i s markedly b e t t e r i n the s t r a t i f i e d r e s e r v o i r . 

F i g u r e s 7 and 8 show the v a r i a t i o n of r e s e r v o i r w a t e r - d e n s i t y with 
e l e v a t i o n above the bed f o r v a r i o u s times using a s u r f a c e j e t . The 

-4A.27-



p l o t s show t h a t the i n c r e a s e i n j e t discharge r e s u l t s i n improved mixing 
i n the s t r a t i f i e d r e s e r v o i r . 

Figure 9 shows the e f f e c t of using an aer a t o r , a t the centre of the 
2m r e s e r v o i r , on the temperature s d t r u c t u r e w i t h i n i t . Very small 
a i r - d i s c h a r g e r e s u l t e d i n c o n s i d e r a b l e changes i n temperature, and hence 
i n improved mixing. 
Conclusions 

1. When mixing i s produced by a momentum j e t , the c i r c u l a t i o n 
p a t t e r n s depend mainly on the number of the j e t s , the a s p e c t - r a t i o and 
re l a t i v e - r o u g h n e s s of the r e s e r v o i r . The. Reynolds number becomes 
important i n the case of very s m a l l - s c a l e models. 

2. Dimensionless p e r i p h e r a l v e l o c i t y - d i s t r i b u t i o n s , r e s u l t i n g from 
a t a n g e n t i a l or a r a d i a l j e t i n l e t , are s i m i l a r and are quite c l o s e to 
those f o r a w a l l j e t f o r l a r g e r e s e r v o i r diameters and j e t Reynolds 
numbers. 

3. Experiments with (L/d^) > 50 show that o u t l e t s have l i t t l e 
i n f l u e n c e on the c i r c u l a t i o n i n r e s e r v o i r s . Due to con s i d e r a b l e 
entrainment; the c i r c u l a t i n g discharge i s u s u a l l y much bigger than the 
discharge of the i n l e t . 

4. An i m p l i c a t i o n of c o n c l u s i o n 1, tha t the a s p e c t - r a t i o i s of 
great importance, was v e r i f i e d i n d e t a i l e d experiments on scale-models 
of water-supply r e s e r v o i r s . I t follows that the common p r a c t i c e of 
exaggerating the v e r t i c a l s c a l e i s not a u t o m a t i c a l l y v a l i d . 

5. The use of m u l t i p l e j e t s improves the c i r c u l a t i o n and mixing 
and reduces the s t a g n a t i o n zones i n r e s e r v o i r s . Here, j e t momentum i s 
of primary importance. 

6. I n the present experiments, i n t e r f a c i a l shear s t r e s s i s s m a l l e r 
than boundary shear s t r e s s . 

7. Surface j e t s and a e r a t o r s , p o s i t i o n e d near the bed, are 
e f f i c i e n t i n mixing a s t r a t i f i e d r e s e r v o i r . 
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ON T H E I N T E R N A L S T R U C T U R E O F T H E R M A L S A N D 
M O M E N T U M P U F F S 

D . Papantoniou, J. Biihler and T . Dracos 
Inst i tute for Hydromechanics and Water Resources Management 
E T H Hönggerbe rg , 8093 Zürich, Switzerland 

1 Introduction 

A thermal is an isolated mass of buoyant f l u id , which moves under the influence 

of its own buoyancy force. I t can be ini t ia ted by the sudden release of an amount 

of buoyant f lu id f r o m a flow source. A momentum puff, on the other hand, is an 

isolated mass of nonbuoyant fluid to which momentum is imparted during its release 

f r o m the source. I f the Reynolds number of the resulting motion is sufficiently high, 

thermals and puffs become turbulent. 

Bo th types of mot ion are related to the corresponding vortex ring motion. I n 

our view, what distinguishes puffs and thermals f r o m vortex ring motion is that 

on buoyant and non-buoyant vortex rings ambient fluid stays present on the ring 

axis. The circulation, measured on a closed circuit passing through the axis, stays 

constant according to Kelvin 's theorem. For self similar thermals the circulation also 

stays constant as predicted by dimensional considerations, but vort ici ty is generated 

by buoyancy along the axis and is destructed by the mixing of vort ic i ty of opposite 

signs across the center Hne at the rear regions. A n increase of the in i t ia l circulation 

relative to the to ta l buoyancy can be shown to result to a smaller angle of spread 

and hence less mix ing w i t h the environment [ l ] . 

Previous measurements of the motions inside and around a thermal [2], were 

based on measurements of the trajectories of small sinking particles suspended in 

the ambient fluid. W ê are not aware of analogous measurements i n the momentum 

puff. Since these flows are of fundamental interest, our experiments atempt to assess 

some of their dynamical and structural characteristics. 

2 Experiments 

The experiments were carried out in a water tank, 100 by 40 cm and 50 cm high. A 

38 by 38 cm vessel, 30 cm deep was installed (inverted) at the top and was filled w i t h 

water by suction, bringing the total depth of the facil i ty to about 80 cm. Thermals 

and puffs were generated by releasing a measured amount of fluid through a 6 m m 

diameter orifice at the top of the apparatus. A n electrically operated valve was used 

to start and stop the flow. The in i t ia l density difference for the thermals was 10%. 

For puffs, the temperature o f t h e injected fluid was matched to that o f t he ambient to 

w i t h i n 0.5 C to avoid the effects of negative buoyancy. Laser induced fluorescence 

( L I F ) , using Fluorescein dye as a tracer and the blue Hne of an argon-ion laser 

for i l lumina t ion , was used to visualize the structure of flow interior and to record 

its advance as a func t ion of t ime. The method reHes on the measurement of the 

intesity of fluoresence of the tracer dye molecules, which is proportional to the local 

i l lumina t ing (blue) Hght intenstity and the local dye concentration [3]. For these 

measurements the axial flow plane was i l luminated by a 1 m m thick laser Hght sheet, 
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which entered the fac i l i ty through the b o t t o m glass wall . Dur ing each experiment, 

the flow evolution after the release was imaged by a CCD video camera and recorded 

on U-matic videotape. The observation region covered an area of 35.4 cm in the 

vertical (f low) direction by 23.8 cm i n the horizontal direction, centered at the flow 

axis. The spatial resolution, determined f r o m imaging a fixed grid placed at the 

image plane, was 692/x in the axial and 466^ in the radial direction. The top of the 

observation area was located at 27.1 cm f r o m the nozzle exit . A synchronization 

circuit started and shut the valve, and maintained an electronic binary video frame 

counter, which was encoded onto each video frame prior its recording. The counter 

was zeroed at the moment the valve was opened. The camera f raming interval 

is fixed at 40 ms. The i l luminat ion was shuttered by use of a Bragg-cell, driven 

synchronously w i t h the vertical video sync. The tota l durat ion of each light pulse 

determines the effective sensor integration time, and i t was kept between 20-40ms. 

Use of the shorter pulse duration increases the temporal resolution at the expense 

of decreasing the available signal. Due to the great d i lu t ion capability of the flow, 

i t is very dif f icul t to maintain a un i fo rm dynamic range during the measurement 

since the fluid dilutes by more than a factor of 2 during its advance through the 

observation area. 

The image sequences were digitized automatically by a suitably equipped P C / A T 

station and transferred via Ethernet on a Sun workstation for processing and anal

ysis. 

3 Results and Discussion 

Observation of the flow image sequences reveals a few quite str iking features of 

the mot ion . A typical picture of a thermal , presented in Figure 1, was obtained 

after 5.6 s had lapsed since the in i t i a t i on of the release of 17 cc of buoyant fluid. 

(The release was completed w i t h i n 750 ms). A large amount of undyed fluid can 

be observed in the interior, making the flow very in termi t tent . This is consistent 

w i t h previous measurements of strongly heated buoyant thermals[4]. A large part 

i n the central and back region of the thermal is hollow, a feature observed long ago 

by Scorer [5] and Woodward [2]. High concentration values occur (consistently) at 

the f ront off-center regions. This indicates that entrainment and mix ing proceed 

mainly f r o m the side and back regions. 

The d ig i ta l sequences were used to measure the speed of advancement of the 

thermal f ron t . At each frame, the location of furthest downstream edge was com

puted by an edge-detecting procedure. Its instantaneous convection velocity was 

then computed by correlation w i t h the next t ime frame. A patch of the imaged 

area, measuring 1.04 cm by 1.16 cm i n the axial and radial directions respectively 

and centered at the f ront location was used for the correlation. The displacements 

were computed w i t h an adaptive least squares correlation code (ALSC)[6] . This 

code has been developed, tested and used by photogrammetrists and its accuracy is 

superb (error less than 1% of a pixel between stereo views of r ig id objects or aerial 

scenes). The diplacement estimation accuracy depends on the gray level d is t r ibu

t ion (features) i n the patch. The f ront position is a rather weak feature, usually 

including a sharp boundary mainly i n one chrection. This slightly deteriorates the 
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displacement estimate, but only in the radial direction (along the edge). The esti
mated precision in the measurement of the axial displacement is w i th in 5% of the 
absolute instantaneous value. 

The speed of advancement of the front is shown in Figure 2 in non-dimensional 
fo rm. The observed f luctuat ion in the instantaneous front velocity arises mainly 
f r o m the fact that the velocity estimation can be at different positions on the flow 
f ront . Also, at large values of x where the signal becomes weak due to d i lu t ion , 
the f ront position may be mislocated by the edge-detector by up to 2mm inside 
the thermal. Despite the f luctuat ion, the front velocity obeys (over the observation 
length) the power law which is predicted on dimensional grounds by assuming that 
the only quantity on which the speed can depend is the to ta l buoyancy B and the 
distance fo rm the source x, i.e.. 

where Ct is a dimensionless constant and x is measured f r o m a v i r tua l origin. This 

representation allows an estimation of this dynamical v i r t ua l origin of the f low, 

which is about 13 cm f r o m the nozzle exit. The geometrical growth of the same 

thermal is obtained by measuring at each instant the f ront position and the radial 

distance between the two radially outermost edges (these edges are not necessariUy 

located at the same axial position). This is shown in Figure 3, f r o m which the 

geometrical v i r tua l origin and the growth angle can be estimated. I n fact, the 

geometrical origin is also located at about 13 cm f r o m the nozzle exit , indicating 

that the mean mot ion is self similar wi th in the region of observation. 

The instantaneous velocity field inside the thermal was computed by applying the 

correlation technique to a large number of points in the thermal interior. Points of 

interest were selected according to the orientation and intensity of local edges (vari

ations of the local instantaneous concentration). The correlation code was applied 

w i t h a patch size of 0.9 by 0.6 m m in the axial and radial directions respectively. 

The accuracy of the displacement estimation was very high, w i t h a mean correlation 

coefficient of 0.96. The resulting velocity field, corresponding to the image in Figure 

1, is shown in Figure 4. I t is of interest to note that there appear to be at least 4 

rotat ion centers in the dyed region. At the f ront the motions suggest the presence 

of a vortex ring. The highest velocities are observed behind the f ron t , i n agreement 

w i t h Woodwards measurements [2]. 

A similar analysis was apphed to the momentum puff. A typical concentration 

dis t r ibut ion is shown in Figure 5, an image obtained 6.4 s after the release of 25 cc 

were in i t ia ted (release time was 500 ms). The flow images of puffs and thermals bear 

certain similarities. The puffs are also very intermit tent and, as in the thermals, the 

highest concentration values are observed at the f ront . However, the puffs decelerate 

much faster than thermals and obey a chfferent scaHng w i t h x. On dimensional 

grounds, the only appropriate quantities available to f o r m a local velocity scale are 

-4A.33-



M , the to ta l momentum, and i , the distance f r o m the source. The f ront velocity is 

thus expected to scale as 

— -t,x 

where Cp is a dimensionless constant. The speed of advance of the front position of 

a puff was computed and presented in Figure 6 and its geometrical growth rate i n 

Figure 7. I t may be observed that , apart f r o m the fluctuations which are present 

for the same reason as i n the thermal, the puff flow is consistent the w i t h above 

scaHng. The position of the dynamic v i r tua l origin is estimated to be 5cm f r o m the 

nozzle exit. 

I n the puff flow the Reynolds number is diminishing w i t h axial distance. The 

original kinetic energy of the large structure is continuously dissipating and hence 

turbulence is decaying w i t h time; there is no generating mechanism to maintain 

i t . Af te r a sufficiently long distance f r o m the source the large eddies lose enough 

energy and w i t h i t their abil i ty to overturn and entrain so the motion can be ex

pected to subside. The flow image in Figure 5 and the corresponding velocity vector 

field shown in Figure 7 indicate that the puff is stiU turbulen and at a quite dis

organized state. The region of highest velocity is, as in the thermal, also behind 

the f ront . However, in comparison to the thermal , there is much less act ivi ty near 

the marked fluid boundaries at the side and back regions. This should reflect a 

dimished entrainment capabiHty compared to the buoyancy driven flow. I t is also 

of interest that the velocity field appears smoother i n the puff than in the thermal, 

w i t h smaller spatial variations of the velocity vectors. 

The authors express their appreciation to their photogrammetrist colleagues M . 

Baltsavias and Prof. Gruen who developed the ALSC method and introduced us 

to its application. 
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^ 2 5 3 0 3 5 40 4 6 5 0 5 5 « 0 

F i g u r e 1. Instantaneous c o n c e n t r a t i o n 

d i s t r i b u t i o n i n a t h e r m a l . 

Figure 2. A x i a l speed o f p r o p a g a t i o n of 
thermal f r o n t versus i n s t a n t a n e o u s 
f r o n t p o s i t i o n from the nozzle e x i t . 

Figure 4. V e l o c i t y f i e l d i n thermal 
corresponding t o the f l o w image i n 
F i g . 1. A 20 cm by 20 cm area i s o u t 
l i n e d . The bottom l e f t arrows i n d i c a t e 
v e l o c i t v o f 10 cm/s. 

2 0 D[C«1 

2 5 3 0 35 40 4 5 5 0 5 5 

Figure 3. L a t e r a l e x t e n t of t h e r m a l 

versus f r o n t p o s i t i o n . 
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Figure 5. Instantaneous c o n c e n t r a t i o n Figure 6. A x i a l speed of p r o p a g a t i o n of 
d i s t r i b u t i o n i n the momentum p u f f . p u f f f r o n t versus instantaneous f r o n t 

p o s i t i o n from the nozzle e x i t . 

Figure 8. V e l o c i t v f i e l d i n the p u f f Figure 7. L a t e r a l e x t e n t of p u f f 

corresponding t o the f l o w image i n versus f r o n t p o s i t i o n . 

F i g . 5. A 20cm by 20cm area i s o u t 

l i n e d . The bottom l e f t arrows i n d i c a t e 

v e l o c i t y of lOcm/s. 
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SCALING EFFECTS IN LABORATORY WIND-MIXING EXPERIMENTS 
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A b s t r a c t 

L a b o r a t o r y w i n d - m i x i n g s t u d i e s a r e r e v i e w e d i n t h e c o n t e x t 
o f m i x e d - l a y e r d e e p e n i n g , ( e n t r a i n m e n t ) m o d e l s . V a r i a t i o n s 
i n a p p a r a t u s a r e n o t e d , p a r t i c u l a r l y w i t h r e s p e c t t o f e t c h 
l e n g t h . I t i s shown t h a t , f o r g i v e n w i n d s p e e d , e n t r a i n m e n t 
g e n e r a l l y i n c r e a s e s w i t h l o n g e r f e t c h and t h a t t h e p r e s e n c e 
o f end w a l l s r e d u c e s m i x i n g e f f e c t i v e n e s s . E x t r a p o l a t i o n o f 
l a b o r a t o r y r e s u l t s to f i e l d s t u d i e s i s d i s c u s s e d . 

I n t r o d u c t i o n 

The m i x e d - l a y e r a p p r o a c h t o m o d e l i n g s u r f a c e m i x i n g i n 

s t r a t i f i e d w a t e r b o d i e s i s now f a i r l y common. I n n a t u r a l 

s y s t e m s w i n d p r o v i d e s a m a j o r d r i v i n g f o r c e f o r m i x i n g a n d 

i t i s i m p o r t a n t t o be a b l e t o p r e d i c t t h e m i x e d l a y e r d e p t h , -

h. L a b o r a t o r y s t u d i e s h a v e b e e n u s e d t o g a i n u n d e r s t a n d i n g 

o f t h e p h y s i c a l p r o c e s s e s c o n t r o l l i n g e n t r a i n m e n t , w h i c h i s 

c h a r a c t e r i z e d by a t r a n s f e r o f t u r b u l e n t k i n e t i c e n e r g y i n t o 

p o t e n t i a l e n e r g y a s d e n s e r f l u i d i s l i f t e d a c r o s s an 

i n t e r f a c e and s t i r r e d i n t o the mixed l a y e r . 

U n f o r t u n a t e l y , r e s u l t s f r o m d i f f e r e n t w i n d - m i x i n g 

e x p e r i m e n t s h a v e n o t p r o v i d e d s u f f i c i e n t l y c o n s i s t e n t d a t a , 

n e e d e d t o d e v e l o p a g e n e r a l l y a c c e p t e d e n t r a i n m e n t 

r e l a t i o n s h i p . T h i s may be due t o v a r i a t i o n s i n e x p e r i m e n t a l 

c o n d i t i o n s a n d p a r a m e t e r r a n g e s c o n s i d e r e d . An i m p o r t a n t 

c o n s i d e r a t i o n i n t h i s r e s p e c t i s d i f f e r e n c e s i n f e t c h 

l e n g t h . I n g e n e r a l , f o r a g i v e n w i n d s p e e d t h e m i x i n g r a t e s 

a r e h i g h e r f o r g r e a t e r f e t c h . V a r i a t i o n s i n w i n d t u n n e l 

d e p t h s ( a b o v e t h e w a t e r l a y e r ) a l s o i m p l y d i f f e r e n t a i r -

w a t e r b o u n d a r y l a y e r d e v e l o p m e n t a n d s i g n i f i c a n t v a r i a t i o n s 

i n f r i c t i o n v e l o c i t y , u.,̂  , w h i c h i s u s e d i n many s t u d i e s t o 

c h a r a c t e r i z e w i n d - i n d u c e d e n t r a i n m e n t . T h e s e o b s e r v a t i o n s 

r a i s e q u e s t i o n s c o n c e r n i n g s c a l i n g e f f e c t s i n l a b o r a t o r y 

w i n d - m i x i n g s t u d i e s , p a r t i c u l a r l y when e x t r a p o l a t i n g r e s u l t s 

to much longer f e t c h c o n d i t i o n s i n the f i e l d . 

One o f t h e c o n c e r n s i n d e s c r i b i n g e n t r a i n m e n t i s t h e p r o p e r 

c h o i c e f o r s c a l i n g v e l o c i t y , w h i c h s h o u l d c h a r a c t e r i z e t h e 

m i x i n g e n e r g y a v a i l a b l e . F o r more i d e a l i z e d c o n d i t i o n s , 

u s i n g o s c i l l a t i n g g r i d s o r s i m p l e s h e a r f l o w , t h e 

a p p r o p r i a t e s c a l e i s more a p p a r e n t t h a n w i t h w i n d s t u d i e s , 

w h e r e t h e r e a r e s e v e r a l p o t e n t i a l c h o i c e s . The e n t r a i n m e n t 

m o d e l s h o u l d be a b l e t o a c c o u n t f o r t h e s e v a r i o u s v e l o c i t y 

s c a l e s , s i n c e each r e p r e s e n t s a source of mixing energy. 
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Background 

A number o f l a b o r a t o r y s t u d i e s h a v e e x a m i n e d t h e 
i n t e r a c t i o n b e t w e e n w i n d and t h e w a t e r c o l u m n , u s u a l l y u s i n g 
some f o r m o f w i n d / w a t e r t u n n e l . B a s i c t u r b u l e n c e 
m e a s u r e m e n t s p r o v i d e some n e e d e d i n f o r m a t i o n f o r e n t r a i n m e n t 
m o d e l i n g , b u t t h e p r e s e n t p a p e r w i l l c o n c e n t r a t e on s t u d i e s 
concerned s p e c i f i c a l l y w i t h mixed-layer deepening. 

From d i m e n s i o n a l a n a l y s i s i t c a n be shown t h a t t h e 

e n t r a i n m e n t r a t e s h o u l d be a f u n c t i o n o f a b u l k R i c h a r d s o n 

number, R i . Reported r e l a t i o n s h i p s u s u a l l y take the form 

E - Ug/Ug - C Ri-'^ , R i - g'h / ul , (1) 

w h e r e E i s t h e n o n - d i m e n s i o n a l e n t r a i n m e n t r a t e , u ^ - d h / d t 
i s t h e r a t e o f m i x e d - l a y e r d e e p e n i n g , Ug i s t h e s c a l i n g 
v e l o c i t y , g' i s r e d u c e d g r a v i t y and C a n d n a r e e m p i r i c a l 
c o n s t a n t s . M o l e c u l a r d i f f u s i v e e f f e c t s may a l s o be 
i m p o r t a n t , e s p e c i a l l y a t v e r y h i g h R i . I n t h i s c a s e E w o u l d 
d e p e n d on a P e c l e t number a l s o . H o w ever, t h i s e f f e c t i s n o t 
c o n s i d e r e d i n t h e p r e s e n t d i s c u s s i o n , s i n c e i t i s n o t 
b e l i e v e d t o be o f i m p o r t a n c e i n t h e e x p e r i m e n t s r e v i e w e d , 
here. 

To u n d e r s t a n d t h e m i x i n g m e c h a n i s m s , t h e s i m p l e s t a s s u m p t i o n 

i s t h a t a c o n s t a n t p r o p o r t i o n o f e n e r g y t r a n s f e r r e d f r o m t h e 

w i n d t o t h e w a t e r c o l u m n i s u s e d f o r e n t r a i n m e n t . The 

r e m a i n i n g f r a c t i o n t h e n s e r v e s t o m a i n t a i n t h e w e l l - m i x e d 

c o n d i t i o n o f t h e l a y e r . I t was r e c o g n i z e d some t i m e ago t h a t 

t h i s a s s u m p t i o n r e s u l t s i n a v a l u e o f n - 1. A number o f 

s t u d i e s h a v e i n f a c t f o u n d t h a t t h i s v a l u e p r o v i d e d a good 

c o r r e l a t i o n w i t h e x p e r i m e n t a l d a t a . O t h e r r e s u l t s h a v e 

s u g g e s t e d t h a t C may be a f u n c t i o n o f R i , o r h a v e p r e s e n t e d 

d i f f e r e n t a r g u m e n t s f o r t h e m i x i n g m e c h a n i s m s , t o d e r i v e an 

e x p o n e n t d i f f e r e n t f r o m -1. F i g . 1 shows r e s u l t s f r o m a 

number o f w i n d - m i x i n g s t u d i e s , u s i n g u.,̂. f o r Ug . E a c h c u r v e 

r e p r e s e n t s t h e a p p r o x i m a t e r a n g e o f e x p e r i m e n t a l r e s u l t s 

r e p o r t e d . T a b l e 1 s u m m a r i z e s t h e e x p e r i m e n t a l c o n d i t i o n s f o r 

each of these t e s t s . 

D i s c u s s i o n 

I t i s d i f f i c u l t t o draw f i r m c o n c l u s i o n s when f a c e d w i t h t h e 

v a r i a b i l i t y o f r e s u l t s s e e n i n F i g . 1. H o wever, i t i s a l s o 

c l e a r f r o m T a b l e 1 t h a t t h e r e a r e s i g n i f i c a n t d i f f e r e n c e s i n 

e x p e r i m e n t a l c o n d i t i o n s . I n p a r t i c u l a r , f e t c h l e n g t h , L , 

v a r i e s c o n s i d e r a b l y . I t i s w e l l known t h a t s u r f a c e w a v e s a n d 

d r i f t c u r r e n t a r e f e t c h - d e p e n d e n t ( f o r s m a l l L ) . F o r 

e x a m p l e . F i g . 2 shows s u r f a c e d r i f t v a l u e s m e a s u r e d i n a 

w i n d / w a t e r t u n n e l w i t h a l e n g t h o f 25 m. B u l k h e a d s w e r e 

i n s t a l l e d t o a r t i f i c i a l l y r e d u c e t h e f e t c h , c r e a t i n g t e s t 

s e c t i o n s 3.5 m o r 7.0 m l o n g . I t i s c l e a r t h a t t h e p r e s e n c e 

of end w a l l s reduces d r i f t . An important r e s u l t of t h i s (and 

-4B.2-



10 
-1 

10 
-2 

10 
-3 

10 
-4 

10 10 10 10 

F i g u r e 1. C o m p a r i s o n o f r e s u l t s f r o m w i n d - m i x i n g s t u d i e s 
( a l s o see Table 1 ) ; E.̂  and R i ^ use u^ f o r Ug. 

Table 1 

Experimental c o n d i t i o n s f o r s t u d i e s shown i n F i g . 1. 

Reference 

(1) 

Tank Dimensions (m) 

D W 

(2) (3) (4) (5) 
w 

R e s u l t 

(6) 

WU (Wu, 1973) 2.32 .28 .095 .205 E - .234 R i 
KU (Kuilenburg, ( f i e l d o b s e r v a t i o n s ) E R i - 1 

1977) 
KI ( K i t e t a l . , 5.00 .35 .15 .15 E - 1.5 R i " 

1980) 

SA (Shelkovnikov 7.10 .60 .115 .375 E - .24 R i " 

and Alyavdin, 1982) 

KR (Kranenburg, 32.5 .405 .30 .80 E R i " - 5 

1984) 

CS (Caussade and 20.0 1.0 1.0 1.2 E - .28 R i ' 

Souy r i , 1986) 
-1 

AH (Atkinson and 3.50 .60 .26 .76 E R i " l 

Harleman, 1987) 

AH 7.00 .60 .26 .76 E R i " ^ 

-1.2 

.5 

note: L - length, D - water depth, D^ - wind tunnel depth, 

W - width 

R i and E d e f i n e d w i t h u„ = u.̂  

a l s o b e c a u s e o f s m a l l e r r o u g h n e s s due t o l e s s wave b u i l d - u p ) 

i s a r e d u c t i o n i n u^, as seen i n F i g . 3. 

Most s t u d i e s h a v e p r e s e n t e d d a t a i n t h e f o r m o f F i g . 1, 

u s i n g u.ĵ . f o r s c a l i n g . T h i s i s a r e a s o n a b l e c h o i c e s i n c e u ^ 

should c h a r a c t e r i z e energy t r a n s f e r a t the a i r / w a t e r 
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d r i f t 

( c m / s ) 

2 0 

1 5 

1 0 

O 

5 m f e t c h , n o b u l k h e a d 

7 m s e c t i o n 

m s e c t i o n 
• 

m s e c t i o n 

• 
O 

• • O 
• 

O 
• • 

• 
• 

T 
1 2 0 2 4 6 8 1 0 

ave rage w i n d s p e e d ( m / s ) 

F i g u r e 2. S u r f a c e d r i f t v e l o c i t i e s i n 25 m w i n d / w a t e r t u n n e l 

(adapted from Atkins o n e t a l . , 1 9 8 4 ) . 

U 

1 . 5 1 

1 . 0 - ^ 

( c m / s ) 

0 . 5 

0 

O 7 m s e c t i o n 

• 3 . 5 m s e c t i o n O 

O 

O 

0 2 4 6 8 1 0 

a v e r a g e w i n d s p e e d ( m / s ) 

F i g u r e 3. A v e r a g e f r i c t i o n v e l o c i t i e s i n 3.5 

t e s t s e c t i o n s (adapted from Atkinson e t a l . , 1984). 

1 2 

m a n d 7.0 m 

i n t e r f a c e and a l s o b e c a u s e t h e v a l u e o f u ^ s h o u l d a d j u s t t o 

t h e s p e c i f i c e x p e r i m e n t a l c o n d i t i o n s u s e d . T h a t i s , u ^ w i l l 

d e p e n d on w i n d t u n n e l c h a r a c t e r i s t i c s and on w a t e r s u r f a c e 

r o u g h n e s s , w h i c h i n t u r n d e p e n d s on f e t c h . U n f o r t u n a t e l y , 

g i v e n t h e l a r g e v a r i a t i o n s i n r e s u l t s , i t a p p e a r s t h a t u * i s 

not the only v a r i a b l e of concern. 

K I a r g u e d t h a t t h e p r e s e n c e o f e n d w a l l s p r o d u c e d a more 

c o m p l i c a t e d f l o w p a t t e r n t h a n w o u l d be e x p e c t e d m a t r u e 

t w o - d i m e n s i o n a l w i n d - d r i v e n f l o w . I n p a r t i c u l a r , t h e r e i s a 

f l o w r e v e r s a l a t t h e d o w n s t r e a m w a l l a n d a r e t u r n c u r r e n t i s 

e s t a b l i s h e d a l o n g t h e i n t e r f a c e . F u r t h e r m o r e , t h e y a r g u e d 

t h a t t h e r e i s g r e a t e r d i s s i p a t i o n w i t h end w a l l s p r e s e n t s o 

t h a t l e s s e n e r g y i s a v a i l a b l e f o r e n t r a i n m e n t . T b u s , 

e x p e r i m e n t s w i t h l o n g e r f e t c h w i l l h a v e g r e a t e r e n t r a i n m e n t 
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r a t e s . ( T h i s r e l a t i o n s h i p i s a l s o w e l l known i n f i e l d 
s t u d i e s . ) F i g . 4 shows v a r i a t i o n s i n E.̂ .̂ w i t h L f o r t h e 
s t u d i e s l i s t e d i n T a b l e 1, a t two d i f f e r e n t v a l u e s o f R i * . 
A l t h o u g h a w e l l - d e f i n e d r e l a t i o n s h i p i s d i f f i c u l t t o 
d e t e r m i n e , a g e n e r a l i n c r e a s e i n E.* w i t h g r e a t e r L i s 
observed, as expected. 

1 
10 

10 

10 

10 

O 

O 
O 

O 

O O 

TT 

10 10 

L (m) 
10 10 

F i g u r e 4. F e t c h e f f e c t on E * , f o r R i * - 200 ( s o l i d p o i n t s ) 

and R i * - 500 ( o p e n p o i n t s ) ; L - 1000 m was a r b i t r a r i l y 

a s s i g n e d f o r KU study and some data are e x t r a p o l a t e d . 

I t i s t e m p t i n g t o r e g a r d t h e f i e l d d a t a (KU) a s b e i n g 

" c o r r e c t " s i n c e t h e r e i s no f e t c h e f f e c t . H o w ever, i t i s 

d i f f i c u l t t o m a i n t a i n c o n t r o l l e d c o n d i t i o n s w i t h r e s p e c t t o 

w i n d s p e e d and d i r e c t i o n . A l s o , most m i x i n g w i l l p r o b a b l y 

i n e x t r e m e e v e n t s ( s t o r m s ) . AH o b s e r v e d m i n i m a l 

w i n d s p e e d s l e s s t h a n a b o u t 3.5 m/s, b u t v e r y 

n o t i c e a b l e m i x i n g f o r w i n d s g r e a t e r t h a n a b o u t 8 o r 9 m/s. 

I t i s a l s o w o r t h n o t i n g t h a t , o f t h e s t u d i e s l i s t e d a b o v e , 

KR a n d CS u s e d t h e l o n g e s t f e t c h e s and t h e y b o t h a t t e m p t e d 

t o r e d u c e e n d e f f e c t s by a l l o w i n g w a t e r t o r e c i r c u l a t e i n 

t h e i r t e s t s e c t i o n s . T h e s e s t u d i e s seem b e t t e r a t 

reproducing f i e l d c o n d i t i o n s . 

t a k e p l a c e 

m i x i n g f o r 

As shown a b o v e , t h e u s e o f u * d o e s n o t p r o v i d e a good 

c o l l a p s e o f d a t a f r o m d i f f e r e n t e x p e r i m e n t a l s e t u p s , a n d 

t h e r e i s a l s o a p p a r e n t l y no s i m p l e d e p e n d e n c e on L t o 

c o r r e c t f o r end e f f e c t s . An a l t e r n a t i v e a p p r o a c h i s t o 

r e d e f i n e Ug i n t e r m s o f t h e a c t u a l v e l o c i t i e s p r o d u c e d w i t h 

e a c h p a r t i c u l a r t e s t . F o r e x a m p l e , K I i n i t i a l l y s u g g e s t e d 

u s i n g t h e r e t u r n f l o w v e l o c i t y a l o n g t h e i n t e r f a c e , Uj, , 

i m p l y i n g t h a t i t was more i m p o r t a n t t h a n u * i n d r i v i n g 

e n t r a i n m e n t . AH. d e f i n e d Ug a s a f u n c t i o n o f b o t h u * a n d u^. 

an d o b t a i n e d a good c o l l a p s e o f d a t a f r o m t h e i r two t e s t 

s e c t i o n s . T h i s f u n c t i o n was of the form 

u. - ( u ^ + k 3 u 5 ) V 3 (2) 
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w h e r e k i s a c o n s t a n t . A l s o , A t k i n s o n a n d W o l c o t t ( 1 9 9 0 ) 
h a v e r e c e n t l y d e m o n s t r a t e d t h e u s e o f a s i m i l a r p r o c e d u r e i n 
c o m b i n i n g v e l o c i t y s c a l e s f r o m an e x p e r i m e n t i n w h i c h m i x i n g 
was d r i v e n by both a mean shear and an o s c i l l a t i n g g r i d . 

The v a r i a t i o n o f e x p o n e n t v a l u e s f o r t h e e n t r a i n m e n t 
r e l a t i o n s h i p s i n T a b l e 1 i s n o t o f g r e a t c o n c e r n , s i n c e a 
c o n s t a n t v a l u e i s n o t e x p e c t e d t o be a p p l i c a b l e o v e r t h e 
e n t i r e r a n g e o f f i e l d c o n d i t i o n s . C h r i s t o d o u l o u ( 1 9 8 6 ) 
r e v i ewed a number o f e n t r a i n m e n t e x p e r i m e n t s w i t h mean s h e a r 
and showed t h a t n c h a n g e d w i t h R i . A l t h o u g h he d i d n o t 
c o n s i d e r w i n d - m i x i n g s p e c i f i c a l l y , t h e same g e n e r a l r e s u l t 
should hold here. 

Conclusions 

I t i s d i f f i c u l t t o come t o a d e f i n i t e c o n c l u s i o n r e g a r d i n g 

t h e e x a c t e n t r a i n m e n t r e l a t i o n s h i p f o r w i n d - i n d u c e d m i x i n g , 

g i v e n t h e w i d e r a n g e o f e x p e r i m e n t a l r e s u l t s r e p o r t e d . T h i s 

makes i t e s p e c i a l l y h a r d t o e x t r a p o l a t e l a b o r a t o r y r e s u l t s 

t o f i e l d c o n d i t i o n s , s i n c e p h y s i c a l l i m i t a t i o n s i m p o s e d by 

t h e e x p e r i m e n t a l a p p a r a t u s a p p e a r t o s t r o n g l y i n f l u e n c e t h e 

m i x i n g r a t e s . H o w ever, l o n g e r f e t c h e s ( a t l e a s t 7 m) a p p e a r -

t o g i v e r e s u l t s t h a t a p p r o x i m a t e f i e l d m e a s u r e m e n t s , a t 

l e a s t f o r low t o m o d e r a t e R i . A t h i g h e r R i t h e r e i s s t i l l 

some u n c e r t a i n t y i n E v a l u e s . C o n s i d e r i n g F i g . 1, i t i s f e l t 

t h a t r e s u l t s f r o m CS , KR, AH7 and KU p r o v i d e a r e a s o n a b l y 

c o n s i s t e n t s e t o f e x p e r i m e n t a l r e s u l t s , t h o u g h i t i s 

unfortunate t h a t CS and KR d i d not examine hi g h e r R i . 

Due t o t h e p h y s i c a l l i m i t a t i o n s i m p o s e d i n a l a b o r a t o r y 

s e t t i n g , i t i s i m p o r t a n t t o d e t e r m i n e d e t a i l s o f t h e 

v e l o c i t y d i s t r i b u t i o n i n t h e m i x e d l a y e r . W i t h some c a r e i n 

d e f i n i n g Ug i t s h o u l d be p o s s i b l e t o c o r r e l a t e r e s u l t s f o r 

d i f f e r e n t f e t c h e s , b u t t h e u s e o f l o n g e r f e t c h e s i s s t r o n g l y 

suggested f o r more d i r e c t e x t r a p o l a t i o n to f i e l d s t u d i e s . 
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Abstract 

Scrae results of experimental studies and analyses on the d i s t r i 
bution of velocity, density and turbulent velocity fluctuations in 
interface of uniform two-layer stratified flow are reportea The rela
tion of interfacial sihear stress and friction factor from Reynolds 
and densimetr'ic Froude numbers i s discussea 

Introduction 
The considerable interest in s t r a t i f i e d flows in recent years has 

been pronpted by their increasing inportance in water resources imna-
gement and environmental protection. The proper understanding of stra
t i f i e d flow mechanism and the possibility of i t s control in many 
practical cases would contribute to limiting the harmful effects of 
substances transported by i t and the negative inpact on water environ
ment or to achieving certain engineering advantages. 

Velocity and density distribution 
ippen and Harleman [7] have suggested an analytical solution for 

velocity distribution i n laminar flow. A dimensionless form of t h i s 
distribution i s : 

u z 1 z 2 1 z 1 
= 1 + 2 { ) + (i) 

Um he 2J he 3 he 12 

Where u i s the local velocity, u^ i s the mean velocity, z i s the 
distance to the point of local velocity, he i s the layer depth, J = 
Fr /Re I i s a factor taking into acount the densimetric Froude 
nun85er, Reynolds nunsser and the botton slope. 

In the case of txirbulent density flow the following equations 
for velocity and density distributions are obtained [5] using Laplace 
integral transfortiation: 

Uo - u 
: eric p and (2) 

Uo - Ul 

Fe - P 1 

P2 - Pi 
( 1 - erfc p) (3) 

where Uo, u^ and u are tJtie maxlmmm, interfacial and local velocities, 
Pe, Pi and P are the densities in vipper and lower layer and local point 
and erfc i s the conplimentarY error function. Which has been tabulated. 

A series of flume experiments [3,4], covering the range of Re 
from 300 to i^ooo, has been used to verify above mentioned equations, 
The experiments have been caried out in a laboratory flume eigth 
meters long, O. 29 meter width and about O. 35 meters total depth of 
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two layers, Ttie depth of moving lower layer varies from 9 to 16 centi
metres, me experimental results allow the distinguishing of three 
various types of velocity dlstrimtlons with respect of Re: for lami
nar flow (Re < 7Ö0), corresponding to equation ( l ) ; for turtfulent flow 
(Re > 1700), corresponding to eq. (2); and velocity distritxitions for 
the transition regioa 

Distrirution of turmient velocity fluctuations 
A lack of analytical methods for determination of the turtulent 

intensity makes the experimental results a single source of information 
for such lirportant flow characteristics, in present experiments an im
pulse light photo technique has used to visualize and to register the 
instantaneous turbulent velocities, standard s t a t i s t i c a l method has 
applied to obtain time average velocities and intensities of turbulence 
m interfacial region as well as for entire flowing layer (Fig. i ) . The 
generalized results of these experiments show a similar distribution 
of longitudinal and vertical intensities ({M'^/^ and {\i'^/u^), me 
covariance u'w' has i t s extremes in the regions of high velocity gra
dients (at the interface and near the bottcoi). 

me limited range of experiments has involved some doubts on the 
representativeness of results obtained and their applicability in the 
f i e l d conditions. After f i r s t reporting of these data [4] the author's 
attenpts for more information about the magnitude of these parameters 
were with a l i t t l e success. Seme single results of LDA measurements in 
two-layered stratified exchange flow [ i ] , processed here m the same 
manner as author's data show a considerable differences, me intensity 
of turbulence (-TU'^/UQ and >fW'2/Uo) obtained in our experiments i s 
obout ten times higher tnan this reported in [ l ] . on the other hand 
tne relations between vertical and longitudinal turbulent intensities 
({»rW'2/viQ]/{fu'2/û )) in the interface are about 0.8 in our results 
and O, 4 in [1], me data for a turbulent covariance (u'w'Aio^) demon
strate the same discrepancy. 

Resistance in the Interface 
The interfacial shear stresses can be described in the most gene

r a l form as 
: - pu'w' + p(du/dz)i (4) 

Where u'w' i s the covariance of the longitudinal and vertical turbu
lent components of velocity i n an interface, and ( du/dz)i i s the gra
dient of time average velocity in the interface, me u'w' values in 
Interface , obtained by processing the instantaneous turbulent veloci
ty conponents, are used to determine the interface friction factor for 
each experiment. 

me Shear stress in mterfacecould be expressed by the f r i c t i o n 
factor m analogy to the r i g i d boundary at homogenious flows; 

fiP(6V)2 
Ti = (5) 

Ö 

Where A V i s the relative velocity between two layers and i n the pre
sent case i s equal to ue-

I f data on the interfacial friction factor (fi) from a nunSaer of 
sources have been ploted against the appropriate Reynolds number, a 
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Fig, 1 Velocity parameters of turljalent density flow, obtained 
from 16 experiments (3360<Re<l3E60) 

large s c a t t e r could be seen. Where i s the cause for t h i s situation? 
Harleman and lppen[7] have suggested to use a simple r e l a t i o n be

tween f l and ft, m the case of bottom density flow. Accoixling t h e i r 
analysis f o r a laminar density flow mder a stagnant lighter f l u i d , 
f l : O. 64 fjj. Where f ^ = 16/Re and Re i s thus lower layer Reynolds 
number based on the hydraulic radliis. Hence from these r e l a t i o n s we 
can estimate f i - 10, 24/Re. But m the case of a moving upper layer, 
there I s not possible to use such r e l a t i o n between i n t e r f a c i a l and 
botton f r i c t i o n factors. I t i s evident that a r e l a t i o n between i n t e r 
f a c i a l and bottom f r i c t i o n factors i s not applicable i n a l l cases of 
two-layered s t r a t i f i e d flows and one other type of r e l a t i o n could be 
found. 

Hie analysis of governing factors on i n t e r f a c i a l i*ienomena allows 
to seeK the conft)ined e f f e c t of viscous forces (expressed by Re) and 
m e r t i a l forces effected the interface stability(expressed by F r ' ) . 

I n the ea r l y 1970's on the basis of limited own experiments and 
soms data fix)m other sources Georgiev[5] made an attempt to plot a 
graphical r e l a t i o n 

f l : 5Z)(Re, Fr') (6) 

mere: Re = UeR/s) and Fr' = ug^/lg(A9/p)R) 

The following reasons were m the basis of a search for such r e -
l a t i o a From q u a l i t a t i v e discussions [3,6] i t seems that f l should 
depend on the ve l o c i t y p r o f i l e (or type of flow: bottom density cur
rent, arrested wedge, exchange flow), on the Reynolds number, and on 
the s t a b i l i t y c h a r a c t e r i s t i c s i n interface (expressed by densimetric 
Froude nunfl^er or overall Richardson number, R i i ) . Harleman and Ippen 
[7], assuming a plane interface and no mixing, have obtained for a 
laminar flow - f i = l i . 3 / Re. iherefore the shear s t r e s s depends on 
the second term of equation (4) only. 

The i n s t a b i l i t y of internal waves i n the i n i t i a l stages of turbu
lent flow causes an exchange of momentum between the upper layer and 
the lower layer. Ihe i n t e r f a c i a l shear also va r i e s with the stage of 
developnent of the intermediate layer. I n the present experiments the 
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Fig, e v a r i a t i o n of tne i n t e r f a c i a l f r i c t i o n as a function 
of Re and Fr'; A i s a li n e a r equatioa 

intermediate layer nas continuously swept and the sharp interface 
has maintained so that for tfie major part of the mterfacee the i n t e r 
f a c i a l Shear i s primarily due to turmient momentum exchange. Cn the 
basis of such analysis of the turbulent density flow a new parameter 
r e f l e c t i n g the process of i n t e r r a c i a l i n s t a b i l i t y and turbulent mixing 
i s necessary to be addea A number of other investigators have reached 
to the same conclusion [8,9,10], that the i n t e r f a c i a l f r i c t i o n factor 
could be influenced by the densimetric Froude number Which expresses 
the s t a b i l i t y phencaiena m interface, mereby one inportant f a c t could 
be established: i f the interface f r i c t i o n i n a laminar density flow 
depents on Re only, the densimetric Froude nun&)er would influence the 
i n t e r f a c i a l f r i c t i o n i n turbulent density flow. So the gi-eater the 
value of Fr', tne higher interface resistance. Using the author's 
experlimntal r e s u l t s and some data from other sources available m 
t h i s time [6], processed i n the sense of tne above considerations, a 
graphical r e l a t i o n f i = jzt(Re,Fr') was plotted (Fig. 2). me experimen
t a l values of f i for laminar flow follow the li n e a r equation given i n 
[7], me experimental data begin to deviate from tne lin e at Re> 600, 
me magnitude of these deviations seems to be proportional to Fr'. 

An inportant problem a r i s e s When the experimental data have pro
cessed In many cases for t y p i c a l range of Re and bottom roughness m 
laboratory flumes [5,6 etc] the r e l a t i o n between i n t e r f a c i a l and wall 
f r i c t i o n v a r i e s from O. 5 to l.O, m i s fact indicates toiat the influen
ces of f l u i d and r i g i d boundaries of density flow have the same order. 
So i f the hydraulic radius has used for estimation of Re and Fr', the 
wet perimeter has to include not only the bottom and flume w a l l s but 
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also the interface. ïtiis approacli of calculation nas ijeen used for 
an estimation of the hydraulic radius. 

values of friction factor in inter>face for turtailent flows are 
oMained from laboratory and f i e l d data by fitting known solutions 
of tJne stratified flow equation to data using various approaches. 
Many of the turbulent laboratory experiments were carried out near 
the transition from laminar to turbulent flow and this nay account for 
the large scatter and wide discrepancy between the results of the va
rious experimenters. 

intersting results are reported [9] from f i e l d neasurements and 
enpirical relation of the interfacial friction coefficient from Re and 
Fr'. This relation confirms in f i e l d conditions the considerations gi
ven above. The interface of the density current in these f i e l d measu
rements seems to be hydraulically rough because of high Froude nunsoer. 

Conclusion 
me present discussion i s a slnpie attenpt to shed n»re light on 

tne problems of interface phenomena m two-layer stratified flow, me 
overall conditions at the interface and especially the interfacial 
shear are influenced by instability of internal waves and turbulence 
generated at the interface, me considerations given here can be use
ful m further studies m large scale fiunK experiments and f i e l d 
measurements at higher Reynolds nunibers. The efforts in such study are 
needed to enlarge our entire knowledge on the interfacial lïienomena 
at s t r a t i f i e d flows. 
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SHEAR STRESS AT THE INTERFACE OF A TWO-LAYERED DENSITY S T R A T I F I E D 
OPEN CHANNEL FLOW 

R. F r i e d r i c h and E . J . P l a t e 

S o n d e r f o r s c h u n g s b e r e i c h 210 

U n i v e r s i t a t K a r l s r u h e 

K a r l s r u h e FRG 

A b s t r a c t 

I n t e r n a l s h e a r s t r e s s a t t h e i n t e r f a c e o f f l u i d l a y e r s w i t h 
d i f f e r e n t d e n s i t i e s c o n t r o l s t h e t h i c k n e s s , t h e v e l o c i t i e s , and t h e 
s t a b i l i t y o f t h e l a y e r s . Q u a n t i f i c a t i o n i s ne e d e d f o r a r e l i a b l e 
c a l c u l a t i o n o f t h e f l o w o f l a y e r s w i t h l a r g e h o r i z o n t a l d i m e n s i o n s a s 
g i v e n i n s a l t w a t e r wedges i n e s t u a r i e s , warm and c o l d w a t e r l a y e r s i n 
s l o w l y f l o w i n g r i v e r s a s w e l l a s i n s e v e r a l o c e a n o g r a p h i c a l o r 
l i m n o l o g i c a l p r o c e s s e s . 

E x p e r i m e n t s w i t h f l u i d l a y e r s c o n s i s t i n g o f f r e s h and s a l t w a t e r 
w e r e c a r r i e d o u t i n a r e c t a n g u l a r open c h a n n e l w i t h smooth and r o u g h 
bottom. The f l o w r a t e , t h e l a y e r d e p t h and t h e d e n s i t i e s w e r e c h a n g e d . 
T h u s , d i f f e r e n t f l o w s i t u a t i o n s o c c u r r e d w i t h i n t e r f a c e s v a r y i n g f r o m 
smooth t o wavy and f i n a l l y t o m i x i n g . The i n t e r f a c i a l s h e a r s t r e s s was 
c a l c u l a t e d by momentum b a l a n c e . The s e l e c t e d p a r a m e t e r s i n t h e s h e a r 
s t r e s s d i a g r a m s t a k e i n t o a c c o u n t t h e r e l a t i v e v e l o c i t i e s o f t h e two 
l a y e r s . B o t h t h e e f f e c t o f m i x i n g on t h e s h e a r s t r e s s and a s t a b i l t y 
c r i t e r i o n a r e a l s o shown. 

I n t r o d u c t i o n 

I n t e r f a c i a l s h e a r s t r e s s a c t i n g o v e r l o n g d i s t a n c e s a t t h e 
i n t e r f a c e b e t ween two l a y e r s o f f l u i d w i t h d i f f e r e n t d e n s i t i e s h a s an 
d e c i s i v e e f f e c t on t h e f l o w c o n d i t i o n s . The r e s u l t i n g l a y e r d e p t h s , 
v e l o c i t y d i s t r i b u t i o n s e t c . depend on t h e a d o p t e d m a g n i t u d e o f t h e 
i n t e r n a l f r i c t i o n c o e f f i c i e n t . I n s p i t e o f t h e i m p o r t a n c e o f t h e 
f r i c t i o n c o e f f i c i e n t and t h e numerous i n v e s t i g a t i o n s i n t h a t f i e l d , 
r e l i a b l e i n f o r m a t i o n i s n o t a v a i l a b l e a s y e t . The r e p o r t s o f t h e D e l f t 
W a t e r l o o p k u n d i g L a b o r a t o r i u m (R 8 80, 1974 and R 8 8 0 - 2 , 1977) show: 

• t h e d a t a s c a t t e r t r e m e n d o u s l y o v e r s e v e r a l d e c a d e s , 

• R e y n o l d s numbers > I 0 0 0 : t h e r e n e i t h e r e x i s t s any c l e a r d e p e n d e n c y o f 
t h e f r i c t i o n c o e f f i c i e n t on t h e R e y n o l d s number n o r on t h e s o - c a l l e d 
K e u l e g a n s t a b i l i t y p a r a m e t e r , 

• R e y n o l d s numbers < 1000: t h e r e seems t o e x i s t some d e p e n d e n c y on t h e 
i n v e r s e R e y n o l d s number. 
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Bo P e t e r s e n (1980 and 1986) s e l e c t e d d a t a o f s e v e r a l p u b l i c a t i o n s 
c o n c e r n e d w i t h d e n s e bottom c u r r e n t , p l a n e b u o y a n t j e t , l o c k e x c h a n g e 
f l o w , a r r e s t e d s a l t wedge and o i l f i l m on w a t e r u n d e r w i n d s h e a r . He 
recommends t h e s e d a t a f o r c o m p a r i s o n p u r p o s e s . Eq. 1, g i v e n by Bo 
P e t e r s e n , d e s c r i b e s t h e d e p e n d e n c y i n t h e t u r b u l e n t f l o w r e g i o n : 

( 2 / f , ) V 2 = 2 . 4 5 . [ ( I n ( R e ^ , • ( f z / 2 ) ^ 2 ) . 1 . 3 ] . ( i ) 

The f u n c t i o n and t h e s e l e c t e d d a t a a r e shown i n F i g . 2 . I n E q . l t h e 
f r i c t i o n c o e f f i c i e n t i s d e f i n e d by 

f z / 2 = i r ^ / p ) / - U z ) ^ , ( 2 ) 

w i t h R e . . = (u,. - Uy) • {y - h2) / r ^ , p, and u^ a s s h e a r s t r e s s , 
d e n s i t y , and v e l o c i t y a t t h e i n t e r f a c e , a s d e p t h o f t h e l o w e r l a y e r 
and y - hp a s d i s t a n c e b e t w e e n t h e c o o r d i n a t e s o f t h e maximum v e l o c i t y 
u ^ and t h e i n t e r f a c e . The d e t a i l s o f t h e above p u b l i c a t i o n s a r e n o t 
r e p e a t e d h e r e . However, we e x t e n d t h e d i a g r a m by Bo P e t e r s e n , e s p e c i a l l y 
i n t h e r e g i o n Re < 1000. 

C o - c u r r e n t t w o - l a v e r f l o w e x p e r i m e n t s 

E x p e r i m e n t s w i t h t w o - l a y e r c o - c u r r e n t f r e s h and s a l t w a t e r f l o w 
o v e r smooth and r o u g h b o t t o m w e r e p e r f o r m e d i n a r e c t a n g u l a r t i l t a b l e 
l a b o r a t o r y f l u m e i n t h e T h e o d o r Rehbock F l u B b a u l a b o r a t o r i u m o f t h e 
U n i v e r s i t y o f K a r l s r u h e . T h e f l u m e i s 9 m l o n g and 20 cm w i d e . T h e 
e x p e r i m e n t a l d e v i c e and i t s i n s t r u m e n t a t i o n a r e d e s c r i b e d by F r i e d r i c h 
( 1 9 7 9 ) . I n e a c h c a t e g o r y o f e x p e r i m e n t s t h e g i v e n v o l u m e f l o w i n t h e 
l o w e r l a y e r Qo, t h e t o t a l d e p t h h^, and t h e r e d u c e d g r a v i t y g' w e r e 
c o n s t a n t , w h e r e a s t h e f l o w i n tHe u p p e r l a y e r was s y s t e m a t i c a l l y 
i n c r e a s e d , c h a n g i n g t h e i n t e r f a c e from smooth t o wavy and t o s t r o n g 
m i x i n g . The e x p e r i m e n t a l p r o g r a m i n c l u d e d t h e f o l l o w i n g v a r i a t i o n s : hg = 
6.5;^9.2; 10,8 cm, Qo = „ 0 . I ; 0.25; 0.4; 0.5 1/s, g'= 981 • ( p 2 - P i ) / P 2 

cm/s2 = 4.8; 6.9; 10 cm/s^. The bottom s l o p e was 0.001677 ( r o u g h b o t t o m ) 
and 0.001557 ( s m o o t h b o t t o m ) . 

M a n n i n g ' s n o f t h e f l u m e 
d e p e n d s ( s e e b e l o w ) 

-atar surface s l i g h t l y On a b u l k 
R e y n o l d s number Re^ w h i c h 
i s b a s e d on t h e t o t a l 
f l o w and t h e t o t a l 
h y d r a u l i c r a d i u s Rg. 
R g V V ( n . g V 2 ) = a • R e g ^ 
w i t h a = 0.36; 2.56 and 
s = 0.4; 0.2 i n t h e r o u g h 
and smooth c a s e , r e 
s p e c t i v e l y . U s i n g t h e 
me a s u r e d d a t a t h e s h e a r 
s t r e s s T2 a t t h e i n t e r 
f a c e ( F i g . I ) i s d e t e r m i 
ned by t h e e q u a t i o n o f 
momentum ( P l a t e , 1974): 

upper layer 

interface 

lOKer layer 

ÖOttPO 

Fig. 1: Definition sketch of two-layer open channel flow 
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- P i - Q r ^ i i + P i - Q i . u i 3 - • g ^ b . h j i ' ^ + 0.5-pi-q-b-hi^ + 

+ P r g - [ { h i i + hi3)/2]-cos{90° - a 2 ) . c i x - b + 2 . r ^ ^ - [ ( h i i + h i 3 ) / 2 ] - d x + 

+ r 2 - c o s ( a 2 ) - b - d x = 0 , ( 3 ) 

where Q i s t h e volume f l o w , u t h e mean v e l o c i t y , g t h e g r a v i t y 
a c c e l e r a t i o n , b t h e w i d t h o f t h e c h a n n e l , h t h e l a y e r d e p t h , 0 2 t h e 
i n c l i n a t i o n o f t h e i n t e r f a c e , t h e w a l l s h e a r s t r e s s , dx/2 t h e c r o s s -
s e c t i o n d i s t a n c e , t h e f i r s t i n d e x t h e l a y e r number, and t h e s e c o n d i n d e x 
t h e c r o s s - s e c t i o n number. The w a l l s h e a r s t r e s s ( o f t e n n e g l e c t e d ) i s 
g i v e n by: , 

= l / 8 - p - A ^ . [ ( U i i + U i 3 ) / 2 ] ^ . ( 4 ) 

The s h e a r s t r e s s c o e f f i c i e n t f o r a smooth s u r f a c e i s g i v e n by t h e 
P r a n d t l - C o l e b r o o k e q u a t i o n : 

A„ = 0 . 3 0 9 . 1 o g ( R e i 2 ' f n i . ( 5 ) 

The R e y n o l d s number, b a s e d on t h e h y d r a u l i c r a d i u s , i s d e f i n e d by: 

u „ + u i 3 4 . b . ( h i i + h i 3 ) / 2 . 
Reip = • / V , (6) 

2 b + 2 - ( h i i + h i 3 ) / 2 

and t h e M a r c h i c o e f f i c i e n t ( L o y , 1 9 9 0 ) : 

f ^ = 1 . 0 4 3 3 . ( h i 2 /b)°-1^72 , ( 7 ) 

The a p p l i c a t i o n o f t h e above m e n t i o n e d e q u a t i o n s t o t h e f l o w 
s i t u a t i o n i n a l a b o r a t o r y f l u m e c a u s e s p r o b l e m s . I n o r d e r t o a v o i d t o t a l 
m i x i n g , f l o w v e l o c i t i e s a r e s l o w , and t h e i n c l i n a t i o n o f t h e f r e e w a t e r 
s u r f a c e i s e x t r e m e l y s m a l l . S i n c e , f o r t h e p r e s e n t s i t u a t i o n t h e 
c o n t r i b u t i o n s o f t h e f i r s t two t e r m s i n Eq. 3 a r e n e g l i g i b l e , t h e f o r c e 
b a l a n c e i s m a i n l y b a s e d on t h e l a y e r d e p t h s a t t h e i n f l o w and o u t - f l o w 
c r o s s - s e c t i o n s o f 
t h e c o n t r o l v o l u m e . 
The s l o p e o f t h e 
c h a n n e l bottom and 
t h e v e r y s m a l l s l o p e 
o f t h e f r e e s u r f a c e 
d e t e r m i n e t h e r e 
s u l t . 

I n o r d e r t o im p r o v e 
t h e r e l i a b i l i t y o f 
t h e m e a s u r e m e n t s o f 
t h e s u r f a c e s l o p e , 
t h e f l o w c a n . be 
t r e a t e d a s a homoge
neous n o n - u n i f o r m 
open c h a n n e l f l o w . 
The t o t a l e n e r g y 
l o s s i n t h e B e r 
n o u l l i e q u a t i o n be-

1E»00 lE'Ol 1E»02 1E*03 1E«04 1E*05 1E*06 

Rei 

F i q . 2: T h e f r i c t i o n c o e f f i c i e n t a s f u n c t i o n o f t h e R e n u m b e r 
( N o t e d i f f e r e n c e s i n d e f i n i t i o n s , E q s . 2, 8 a n d t e x t ) 
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tween t h e c r o s s - s e c t i o n s 1 and 3 c o n s i s t s o f a p a r t c a u s e d by f r i c t i o n 
and a n o t h e r one by t h e c h a n g e s i n k i n e t i c e n e r g y due t o t h e c h a n g e s o f 
t h e c r o s s - s e c t i o n a r e a s . The l a t t e r p a r t as w e l l a s t h e t o t a l e n e r g y 
l o s s c a n be o b t a i n e d from e x p e r i m e n t a l d a t a . T h e i r d i f f e r e n c e d i v i d e d by 
t h e l e n g t h o f t h e c o n t r o l volume r e s u l t s i n t h e e n e r g y s l o p e , and t h u s 
i n a Manning's c o e f f i c i e n t f o r e a c h e x p e r i m e n t . T h e r e e x i s t s a s l i g h t 
d e p e n d e n c y o f Manning's n on a b u l k R e y n o l d s number. From t h i s f u n c t i o n 
t h e w a t e r l e v e l s l o p e o f e a c h e x p e r i m e n t i s r e c a l c u l a t e d . The r e s u l t c a n 
be c o n t r o l l e d by t h e e n e r g y l o s s e s . 

I n F i g . 2 a l l d a t a o f t h e open c h a n n e l f l o w e x p e r i m e n t s w i t h r o u g h 
and smooth bottom a r e p l o t t e d t o g e t h e r w i t h t h e s e l e c t e d d a t a o f Bo 
P e t e r s e n and t h e c u r v e o f Eq. 1. C o m p a r i s o n o f a l l d a t a i s n o t e a s i l y 
p o s s i b l e , s i n c e t h e r e l a t i v e v e l o c i t y i n t h e R e y n o l d s number and t h e 
f r i c t i o n c o e f f i c i e n t o f t h e open c h a n n e l f l o w d a t a a r e b a s e d on t h e 
d i f f e r e n c e b e tween t h e mean v e l o c i t y o f t h e u p p e r l a y e r Ui and t h e 
v e l o c i t y o f t h e i n t e r f a c e u^. The mean v e l o c i t y i s o b t a i n e d f r o m t h e 
m e a s u r e d volume f l o w and t h e d e p t h o f t h e u p p e r l a y e r and t h e v e l o c i t y 
u^ f r o m : 

u^ = U2 + ( u j - U 2 ) ' a . h 2 / ( h ^ + a h 2 ) ( 8 ) 

T h i s e q u a t i o n i s d e r i v e d f r o m s i m p l e g e o m e t r i c a l c o n s i d e r a t i o n s - . 
V e l o c i t y p r o f i l e m e a s u r e m e n t s and m easurement o f f l o a t i n g p a r t i c l e s a t 
t h e i n t e r f a c e have shown, t h a t i n t h e s p e c i a l f l o w s i t u a t i o n o f F i g . 1, 
Eq.8 i s a p p l i c a b l e u s i n g a = 1 ( F r i e d r i c h , 1 9 7 9 ) . 

I n F i g s . 3 and 4 t h e r a t i o o f t h e f l o w q u a n t i t i e s o f b o t h l a y e r s 
a r e p l o t t e d a g a i n s t t h e ( d i m e n s i o n a l ) s h e a r s t r e s s and t h e r a t i o o f t h e 
l o w e r l a y e r and t h e t o t a l d e p t h , r e s p e c t i v e l y . I n c o m p a r i s o n w i t h t h e 
smooth c a s e a l a r g e r i n t e r f a c i a l s h e a r s t r e s s i s o b s e r v e d i n t h e c a s e o f 
r o u g h bottom as w e l l a s a b i g g e r l o w e r l a y e r . Both e f f e c t s c o n t r i b u t e t o 
t h e i n c r e a s e o f t h e f r i c t i o n c o f f i c i e n t a s shown i n F i g 2. 

C l a s s i f i c a t i o n o f d a t a o f t h e r o u g h c h a n n e l f l o w w i t h r e s p e c t t o 
t h e r e d u c e d g r a v i t y g' ( F i g . 5) o r t h e t o t a l d e p t h ( F i g . 6 ) r e s u l t s i n 
a l m o s t t h e same d e p e n d e n c y . I t i s g i v e n by: 

f ^ = m - R e / ( 9 ) 

1.00 

tauz 

0.10 

0.01 

0.1 

1.0 

hZ 

0.1 

100 0.1 

smooth 

rough 

1 10 

qi/Q2 

100 

F i g . 3: T h e s h e a r s t r e s s r [ g / ( c m s ^ ) ] a s F i g . 4: T h e r e l a t i v e l o w e r l a y e r d e p t h a s 
f u n c t i o n o f Q1/Q2 f u n c t i o n o f Q1/Q2 
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a l l data 

1000 

100 

10 

0.1 

0,01 

a l l data 

1000 10000 10 100 

Rel 

1000 10000 

F i q . 5: T h e f r i c t i o n c o e f f i c i e n t a s f u n c t i o n o f F i q . 6: T h e f r i c t i o n c o e f f i c i e n t a s f u n c t i o n o f 
t h e Re nu m b e r a n d t h e r e d u c e d g r a v i t y g ' [ c m / s ' ^ ] t h e R e y n o l d s n u m b e r a n d t h e t o t a l d e p t h hg [ c m ] 

w i t h m = 6.9 and n = - 0.622, a s g l o b a l v a l u e s . R e f i n e d a n a l y s i s o f t h e 
d a t a o f F i g . 6, however, shows some d e p e n d e n c y on t h e t o t a l w a t e r d e p t h , 
e x p r e s s e d i n s h a p e o f an a s p e c t r a t i o hg/b: 

f ^ = 2 6 . 0 . { 0 . 7 5 - h g / b ) . R e i - ( ^ " 0-81'hg/b) _ (JQ) ' 

Eq. 10 i m p l i e s t h a t w i t h d e c r e a s i n g a s p e c t r a t i o ( b r o a d c h a n n e l s ) 
t h e p a r a m e t e r m i n Eq. 9 f i n a l l y c h a n g e s t o 19.5 and n t o - 1.0, w e l l 
known fr o m l a m i n a r f l o w . 

M i x i n q and i n t e r f a c i a l s h e a r 

A v i b r a t i n g g r i d was u s e d t 
f r e s h and t h e s a l t w a t e r l a y e r i n 
smooth b o t t o m ) . The f l o w d e p t h 
(h„ = 8.8 cm) and t h e s a l t 
w a t e r f l o w = 0.25 1 / s ) w e r e 
k e p t c o n s t a n t . The f r e s h w a t e r 
f l o w was i n c r e a s e d f r o m a b o u t 
0.3 t o 0.85 1/s i n o r d e r t o 
cha n g e t h e i n t e r l a y e r from 
smooth t o s t r o n g m i x i n g . The 
d a t a o f a s h a r p i n t e r f a c e i s 
compared w i t h a 1 cm and a 2 cm 
t h i c k i n t e r l a y e r i n F i g . 7 : t h e 
m i x i n g l a y e r c a u s e s an i n c r e a s e 
o f t h e l o w e r l a y e r d e p t h 
( m e a s u r e d f r o m bottom t o t h e 
c e n t e r o f t h e mixed l a y e r ) . I t 
ca n be c o n c l u d e d , t h a t t h e 
i n t e r f a c i a l s h e a r i s r e d u c e d by 
a mi x e d i n t e r l a y e r . T h i s may be 
c a u s e d by damping t h e i n t e r 
f a c i a l " r o u g h n e s s " . 

p r o d u c e a mixed l a y e r b e t w e e n t h e 
t h e a b o v e - m e n t i o n e d c h a n n e l ( w i t h 

w 2 cm 

1 cm \ 

^^^^ o 
" -

1 1 1 1 

N 
1 1 1 1 1 1 1 1 

0 500 1000 ISOO 

Rcl 

F 1 q . 7: T h e e f f e c t o f a m i x e d i n t e r l a y e r 
( t h i c k n e s s = 0, 1 a n d 2 cm) on t h e l o w e r 
l a y e r d e p t h (Q2 = 0 . 2 5 1 / s , hg = 8.9 cm 
i n a l l e x p e r i m e n t s ) 

-4B.17-



s t a b i l i t y o f t h e i n t e r f a c e 

The f o l l o w i n g c o n s i d e r a t i o n s d e m o n s t r a t e t h e i n f l u e n c e o f t h e 
i n t e r n a l s h e a r s t r e s s on t h e s t a b i l i t y o f t h e i n t e r f a c e . The a n a l y s i s i s 
c o n f i n e d t o e x p e r i m e n t s w i t h r o u g h bot1:om; 
e x t e n d e d t o smooth c h a n n e l f l o w . The c o n d i t i o n 
e x p e r i m e n t s i n F i g . 6 ( r o u g h b o ttom) c h a n g e d 
m i x i n g . A wave p r o b e w i t h two v e r t i c a l w i r e s 
£ g - v a l u e s o f t h e v e r t i c a l movement o f 
t u r b u l e n t d e f o r m a t i o n s o f t h e i n t e r f a c e . I n s p i t e o f t h e f a c t 
wave r e c o r d i s somehow a f f e c t e d by m i x e d w a t e r p a r t i c l e s , t h e o b t a i n e d 
£ v a l u e s d e v e l o p i n t h e same way a s t h e o b s e r v e d s t a t e o f t h e 
i n f e r f a c e . The p r o d u c t 

i n f u t u r e , i t w i l l 
o f t h e i n t e r f a c e o f 
f r o m smooth t o wavy 
was u s e d t o m e a s u r e 
t h e i n t e r n a l w a v e s 

t h a t 

be 
t h e 
and 
t h e 
and 
t h e 

E = ,/0.5 
-rms 

r e p r e s e n t s t h e e n e r g y o f t h e v e r t i c a l movements o f t h e 
c h a r a c t e r i z e s t h e d i f f e r e n t c o n d i t i o n s f r o m smooth t o wavy 

100 

F i g . 8: T h e s t a b i l i t y o f t h e i n t e r f a c e 

h2/hq = 0 . 3 . [ R i h 2 ] ' ^ / ^ 

( 1 1 ) 

i n t e r f a c e and 
A p p l y i n g t h e 

b e l ow o u t l i n e d p r o c e d u r e a 
n o n - d i m e n s i o n a l v e l o c i t y 
g r a d i e n t a t t h e i n t e r f a c e 
was d e t e r m i n e d : 

R i h 2 = g ' / [ h 2 - ( d u / d y ) 2 ] ( 1 2 ) 

and p l o t t e d a g a i n s t t h e 
l o w e r l a y e r d e p t h i n 
r e l a t i o n t o t h e t o t a l d e p t h 
( F i g . 8 ) . I n t h i s d i a g r a m 
t h r e e r e g r e s s i o n l i n e s 
r e p r e s e n t t h e d a t a w i t h 
E < 0.38 ( s m o o t h - w a v y ) , 
0.38 < E < 0.4 (wavy -
m i x i n g ) , and 0.4 < E 
( s t r o n g wavy - s t r o n g 
m i x i n g ) . The s c a t t e r o f t h e 
d a t a i s c a u s e d by t h e above 
m e n t i o n e d u n c e r t a i n t y when 
d e t e r m i n i n g E . The r e g r e s 
s i o n l i n e 'wavy - m i x i n g ' i s 
d e s c r i b e d by: 

( 1 3 ) 

I f £ „ ^ „ i s c h o s e n a s t h e c h a r a c t e r i s t i c l e n g t h s c a l e i n s t e a d o f h2 
i n t h e m o d i f i e d R i c h a r d s o n number ( E q . 1 2 ) , t h e r e s u l t i n g p l o t i s 
s i m i l a r t o F i g . 8. However, E q s . 12 and 13 a r e b a s e d on b a s i c p a r a m e t e r s 
o n l y : t h e l a y e r d e p t h s , t h e d e n s i t i e s , t h e volume f l o w , and t h e 
i n t e r f a c i a l s h e a r s t r e s s . 

The v e l o c i t y g r a d i e n t a t t h e i n t e r f a c e 

A s s u m i n g a l i n e a r d i s t r i b u t i o n o f t h e s h e a r s t r e s s b e t w e e n t h e 
w a t e r l e v e l and t h e bottom, t h e v e r t i c a l v e l o c i t y d i s t r i b u t i o n r e s u l t s 
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from r = ; i-du/dy i f t h e momentum e x c h a n g e c o e f f i c i e n t ̂  i s known. The 
f o l l o w i n g e q u a t i o n s i n c l u d e a p p l i c a b l e v e r t i c a l d i s t r i b u t i o n s o f ^̂: 

M-| + + k ( h ^ - y ) y 
du 

J 

y 

h. 
( 1 4 ) 

f o r t h e u p p e r l a y e r and 

h2+y 
M-| + Mz + l<b(y + h 2 ) ( - y ) 

h2 

du 

dy 
( ^ b - z ) ( 1 5 ) 

2 

f o r t h e l o w e r l a y e r ( o r i g i n o f t h e v e r t i c a l c o o r d i n a t e y i s t h e 
i n t e r f a c e ) , s t a n d s f o r t h e bottom s h e a r s t r e s s , ^ - j f o r t h e l a m i n a r 
v i s c o s i t y , p^ f o r t h e momentum e x c h a n g e c o e f f i c i e n t a t t h e i n t e r f a c e , 
d e c r e a s i n g i n a l i n e a r manner t o t h e w a t e r l e v e l i n Eq. 14, o r t o t h e 
bottom i n Eq. 15. k and a r e for m p a r a m e t e r s a n a l o g o u s t o t h e 
a s s u m p t i o n s t h a t l e a d t o t h e l o g a r i t h m i c v e l o c i t y p r o f i l e . From 
c o n d i t i o n s 

r O 

t h e 

u ( y ) = U7 f o r y = 0 and U' ( l / h 2 ) 

-h'c 

u ( y ) d y (15)' 

t h e p a r a m e t e r s kk and ^ z ^'^s c a l c u l a t e d . P a r a m e t e r k i s o b t a i n e d i f 
i s i n s e r t e d i n Eq. 14, and c o n d i t i o n s s i m i l a r t o Eq. 15 a r e o b s e r v e d . 
T h u s , du/dy and t h e w h o l e v e l o c i t y p r o f i l e a r e known, 
by F r i e d r i c h i n L a r s e n e t a l . ( 1 9 9 0 ) . 

A c k n o w l e d q e m e n t s 
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Abstract 

The dynamics of the mixed layer is investigated by means of a two-equation (k,e) model 
of turbulence. Special attention is devoted to the parametrization of the input of turbulent 
kinetic energy (TKE) at the surface, stemming from interactions between the mean, wave 
and turbulent fields. The turbulence model proved to be particularly effective for 
simulating experimental conditions when the density interface is situated in this upper 
layer. In an investigation into existimg entrainment laws the representational nature of these 
two scales is demonstrated. 

I N T R O D U C T I O N 

An important feature of the ocean or other natural aquatic systems is the development of an 
upper mixed layer due to wind stress and buoyancy flux at the air-liquid interface. In the 
description of upper layer dynamics subject to wind action one is confronted with two 
fundamental classes of problems: -the quantification of energy transfer from the wind to 
the liquid which manifests itself in the form of currents, turbulence and wave motion ; -the 
behaviour of layers of variable density in response to these perturbations. The mixed layer 
is usually defined such that witiiin this zone a sufficienüy active state of turbulence exists. 
This asumption is the basis for a number of so-called bulk models fu-st formulated by 
Kraus and Turner [1967] whereby the equation for turbuelnt kinetic energy (TKE) is 
integrated across the mixed layer. These models vary greatly in sophistication (cf 
Sherman et al [1978] and Imberger and Hamblin [1982] for reviews) and usually include 
empirical relations for the evaluation of TKE production at the boundaries and tiie density 
interface, the dissipation rate of TKE and the buoyancy flux. A somewhat contentious 
approximation is that the dissipation term is estimated to be a certain empirical function of 
the production term. The situation is aggravated when one considers that the surface 
production of TKE is commonly assumed to be proportional to the third power of the 
wind friction velocity (u*). Such a parametrization which adjusts the proportionality 
constant only as a function of the wind velocity is seemingly a gross simplification of a 
complex upper region dominated by mean, wave and turbulent field interactions. 

Indeed, recent experience (cf Kitaigorodskii et al [1983], Terray [1985]) has indicated 
that over depths seemingly related to statistical sizes of the surface waves, levels of 
turbulence which greatly exceeds that predicted for wall bounded shear flows (=u*) 
prevails. The interaction mechanisms for the generation of this turbulence is still not 
completely understood, although it is generally recognized that the situation is more 
complex tiian the immediately physically recognizable phenomenom of large scale surface 
wave breaking. Recent experimental studies carried out by Cheung and Street [1988] have 
recorded one such interaction mechanism whereby the wave field changes the slope of the 
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mean flow hence leading to an increase in the turbulence which draws its energy from this 
flow. 

The interaction of turbulence located within a mixed layer of instantaneous depth h and a 
density interface results in the entrainment of fluid from the lower layer at a rate We = 
dh/dt. In investigating tiiis situation experimentally a number of studies (cf Nokes [1988] 
and CJuistodoulou [1987] for partial review) have proposed entrainment laws relating this 
rate to a dimensionless Richardson number Ri representing tiie relative importance of 
buoyancy to inertial forces. 

No general consensus has been reached in terms of a universal relationship relating tiie 
enti-ainment velocity and the Richardson number. At least to some extent this is probably 
due to the great variability in experimental conditions employed. Categorization may be 
made according to the mechanism of turbulent generation employed: a surface shear 
(Kantiia et al [1971]), an oscillating or falling grid (Turner [1968], Hopfinger & Toly, E 
& Hopfinger [1986] and Hannoun & List [1988]), or by surface wind stress (Kranenburg 
[1984], Wu [1972], Kit et al [1980]). The physically most meaningfull case would seem 
to be witii a wind stress, however as for surface shear experiments, constraints related to 
canal geometries often intrude. Not only as oscillating grid experiments avoid extraneous 
side effects, but also previous studies carried out for unstratified conditions (Hopfinger 
& Toly [1976]) have provided analytical expressions describing tiie essential properties of 
tiie turbulence throughout tiie flow.In relating Ri and tiie entrainment coefficient E.this 
approach has essentially presented two confligting hypotheses, both with theoretical 

support. In terms of a power law E = KRi '" , n was adopted to be eitiier 1.75 (Fernando 
& Long [1983] or 1.5 (E & Hopfinger [1984]). In a review of a great number of different 
experimental observations, Christodoulou [1986] was able to regroup most experimental 
data points through tiie definition of a velocity parameter charasteristic of tiie mean flow in 
the mixed layer. The only exceptions were the wind stress experiments of Wu [1973] and 
Kit et al. [1980] which eluded such a parametrization, seemingly correspondant with the 
complicated nature of this surface generated turbulence.Although computationally more 
cumbersome than the above mentioned integral models, ID-vertical model avoid the a 
priori assumptions necessary for integrating over the extent of the mixed layer. In 
applying a buoyancy extended version of a classical two-equation (k,e) turbulence model 
witii boundary conditions initialized according to laboratory and field observations a more 
realistic representation of the turbulence and conservative properties in the upper mixed 
layer is desired. In addition the previously proposed entrainment laws are investigated 
with particular attention to the wind induced turbulence. 

TURBULENCE k-e M O D E L 

Introducing classical concepts for a unidimensional situation the time-averaged non-
convective turbulence equations may be written in tiie form : 

at dz ^dz ^ dz ^dz 
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at az 

where the variables have been non-dimensionalised. This gives rise to a reference 
Richardson number of the flow Ri in the buoyancy term.The values for the empirical 
constants are well represented for classical non-buyant flows (Launder and Spalding, 

[1974]) with the buoyancy extension stratification effects are felt through Ot and the 

empirical constant a^e of the e equation. With reference made to the work of Gibson and 
Launder [1976] and to Svenson [1980] for a similar flow situation these parameters are 
adjusted according to the degree of stratification. A further adjustment was deemed 

necessary with respect to the classical value of C\L = 0.09 which has been evaluated from 
experiments carried out in flows characterized by local equilibrium between production P 

and dissipation e of TKE. There are zones which deviate substantially from tiiis ratio P/e = 
1 and hence reference is made to the relation proposed by Gibson and Launder [1976]. 

The wall boundaries represent the classical situation where die universal law of the wall is 
applicable. A free surface subject to wind stress presents a considerably more complex 
situation. Lacking explicit theoretical relations, we refer to laboratory and field, 
measurements for the evaluation of this contribution. The field measurements refered to 
are those carried out by Donelan on Lake Ontario as reported by Kitaigorodskii et al 
[1983]. Using a laser-Doppler-anemometer (LDA) system Prodhomme [1988] made 
turbulence and mean-flow measurements in the 1 m deep x 15 m long wind wave flume of 
the Toulouse Fluid Mechanics Institute (IMFT). In a like manner to that of Howe et al 
[1982] and Kitaigorodskii et al [1983], wave and turbulent motions were separated by 
considering a linear deterministic coherence between the surface displacements and the 
purely wave induced fluctuations. Observations indicated that turbulent and wave induced 
motions were roughly of the same order of magnitude in an upper zone. This upper layer 
was bounded below by a zone correspondant with the classical motion of local mean shear 
production and dissipation of the TKE. 

For the three experimental wind velocities considered 4, 8 and 11 m/s evaluation of the 
interfacial turbulence scales k j and I j is descriptive of the turbulence levels immediately 
below. In a like manner, effective turbulent scales were extracted from the exponential 
depth dependances proposed by Kitaigorodskii et al. [1983] for wind speeds of 6.1, 10.7 
and 11.2 nVs in Lake Ontario. 

For the parametrization of k j , i f wave-turbulence interactions are initially ignored this 
parameter may be related to the wind friction velocity in terms of a constant flux surface 
layer. In proposing a fetch parameter (co the peak wave frequency and Hrms the R.M.S. 
wave height) similar to tiiat of Kitaigorodskii et al [1983] a possible fit for tiie two sets of 
data would be following relation 

Care should be taken in interpreting such a relation not only due to the paucity of data 
values but also due to certain disparities in the mechanisms for wave generation between 
laboratory facilities and natural conditions as evoked by Wu [1972] and Harris [1976]. 
With wave growth even over tiie typically large fetch of tiie natural environment rather 

k, 0.5 CO Hrms 
= 0.175 + 2.6 
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slow, the three data points at the limited and constant fetch of the laboratory are probably 
best representedd by a single point. 

For the representation of the other important turbulent parameter, the interfacial length 
scale IJ , the subjectivity inherent in determining this value, especially at weak laboratory 
wind velocities where the upper layer is very limited, preduced a similar approach as for 
k j . However, in comparing estimations witii the wave statistics this parameter was found 

to scale fairly well on the length scale for wave motion decay witii deptii: Ij = XI 4 EL 

The governing equations are discretized using a finite difference approach. An implicite 
numerical scheme is employed for the resolution whereby a Thomas algorithm is applied 
to the triangular matrix. 

M O D E L SIMULATIONS 

Intransient. homogeneous conditions 

The validity of the interfacial turbulence scales are initially investigated in 
comparing experimental measurements with simulations. Although the interest of this 
study is primarily the upper layer, by means of a purely numerical exercise the 
parametrization of the mean shear production term P was investigated. A comprehensive 
representation of tiie flow regime in the flume, including observed secondary Langrnuir 
type circulations, would considerably complicate our systems of numerical 
equations.Likewise a computation of two production terms at the canal axis, from the 
mean longitudinal velocity gradient and a secondary flow contribution, compared well 

p . ^ 

It should be noted tiiat tiiis term was not maintained in tiie upper zone. 

Transient, stratified flow 

In a series of tests carried out in the same IMFT wind wave flume, Souyri [1986] 
measured entrainment rates with an initial temperature interface at a mid-depth of the 
flume. This effectively placed tiie density interface below the upper layer and physically 
astute adjustments in the production term were required for simulating tiie measured rates. 
One such adjustment was the consideration of production due to secondary Langmuir type 
circulations blocked above tiie interface and having intensities inversely proportional to tiie 
depth of the mixed layer. 

In fact, most previous wind wave flume entrainment experiments were carried out over 
significantly shallower water depths and such is the case with salinity gradient 
experiments of Kit et al [1980]. Although the overall dimensions of this canal were 
somewhat smaller overall scales is not deemed to be very important. Transposing 
turbulence scales for IMFT conditions the density interface is found to be well witiiin the 
upper layer. In the interest of reducing ambiguity tiie production term which should have 
some dependance on tiie geometries of the flume, is made negligeable. 

Entrainment relations 

In the like manner to that of Kit et al [1980], and most previous experimental 
investigations, the entrainment coefficient E and Richardson number Ri parameters were 
evaluated at a constant depth of the interface. This depth D which is defined to be within 
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the upper layer is used along with the wind friction velocity for the definition of the 
2 3/2 

Richardson number : Ri* = g Ap/p D/U* . Considering the relation E* = 1.5 Ri*" as 
obtained by Kit et al [1980], it would appear that the flume simulations compare well with 
experimental observations, at least when evaluated at tiie designated deptii. Concerning the 
universality of the above relation however, the immense gap between laboratory and field 
data points seemingly indicates tiie inappropriateness of tiie flow parameters chosen. 

Mixgd layer dggpgning 

The upper mixed layer deepens with time. From tiie data points a power law of tiie form 
-2/11 

D = t is fairly representational. Such an exponent compares well with the value of n = 
1/4 as observed by Kit et al [1980]. It is interesting to note tiiat for grid induced turbulence 
E and Hopfinger [1986] found n = 1/5 for two layer stratification and Fernando and Long 
n = 2 / l l . 

Discussion and conclusions 

In investigating the dynamics of the upper mixed layer subject to surface wind action this 
study has devoted particular attention to the upper zone The turbulence seemingly 
emanates from a complex interaction of the mean, wave and turbulent fields immediately 
below the free surface and remains rather poorly understood despite recent advances ( 
Cheung and Street 1988). Disposing of a limited number of experimental and field-
turbulence observations, empirical relations for tiie parametrization of tiie interfacial scales 
of the turbulence and I j were explored. It was clearly demonstrated that without an 
effective scaling that includes the statistical wave field, in addition to a wind velocity scale, 
a common parametiization of both field and experimental observations is impossible. The 
proposed relations are far from ironclast, with cause not only the lack of observations for 
more contrasting wind and wave conditions, but also tiiat in comparing fetch Umited canal 
measurements and field observations we are dealing with two different wave development 
regimes. 

The particular usefulness of these interfacial scales ki and Ij is apparent in the analytical 
expressions describing turbulence throughout the upper layer and which have previously 

been verified for homogeneous conditions. Initializing a turbulence two-equations k-e 
model by these interfacial scales allows the prediction of measured values throughout the 
upper diffusive layer. Below this upper layer the contribution of local mean shear 
production is explored numerically. In extending the model to buoyancy conditions, 
although the model does not give information on, nor explicitely take into account: 
billowing, bursting or turbulence collapse ; mean flow parameters such as the density 
gradient are well represented. The importance of adopting the correct flow parameters for 
representation of the entrainment rate at botii laboratories and field scales is demonstrated. 
This is particularly true when the density interface is located within the upper layer .In the 
presence of an active sea state this zone can extend a significant depth and may in some 
cases be responsible for tiie relatively shallow summer tiiermocHne. 

In any event for tiie representation of intermittent events, such as wind bursting, or other 
circunstances on a diumal or even hourly scale, the model is capable of predicting shallow 
density of microstructures important for interfacial transfer and biological blooming 
events. In conclusion although there rests room for improvement of tiie turbulence model 
extended for buoyancy effects, it would seem to respond well to global characteristics of 
the flow and has proved extremely useful in highlighting the importance of areas that 
demand further study. 
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M o d e l l i n g of an I n t e g r a l L e n g t h S c a l e f o r 

Te m p e r a t u r e F l u c t u a t i o n i n S t r a t i f i e d F l o w s 

By S. USHIJIMA 

A b i k o R e s e a r c h L a b o r a t o r y , C e n t r a l R e s e a r c h I n s t i t u t e 

of E l e c t r i c Power I n d u s t r y ( C R I E P I ) 

1646 Abiko, A b i k o - s h i , C h i b a - k e n , 270-11, JAPAN 

ABSTRACT 

I n a f u l l y d e v e l o p e d s t r a t i f i e d s h e a r f l o w , a n i n t e g r a l 

l e n g t h s c a l e f o r t e m p e r a t u r e f l u c t u a t i o n c a n be d e f i n e d a s an 

i n t e g r a t e d v a l u e of t h e v e r t i c a l d i s t r i b u t i o n o f t h e 

c r o s s - c o r r e l a t i o n c o e f f i c i e n t . A s e c o n d - o r d e r c l o s u r e t r a n s p o r t 

e q u a t i o n was d e r i v e d f o r t h e i n t e g r a l s c a l e and i t s a l g e b r a i c 

e x p r e s s i o n was a l s o p r o p o s e d i n t h i s paper. The v a l i d i t y o f 

t h e model was shown t h r o u g h t h e c o m p a r i s o n w i t h t h e r e s u l t s 

o b t a i n e d by t u r b u l e n c e measurements i n s t r a t i f i e d f l o w s . 

INTRODUCTION 

An i n t e g r a l l e n g t h s c a l e f o r t e m p e r a t u r e f l u c t u a t i o n (Lg) 

i s one of t h e b a s i c v a r i a b l e s t h a t h a v e c l o s e r e l a t i o n t o t h e 

t u r b u l e n c e s t r u c t u r e i n s t r a t i f i e d f l o w s . Thus, t o p r o p o s e t h e 

m o d e l l e d e x p r e s s i o n f o r t h e i n t e g r a l s c a l e h a s an i m p o r t a n t 

meaning i n d e r i v i n g v a r i o u s r e l a t i o n s h i p s f o r t u r b u l e n t m i x i n g 

p r o c e s s e s and o t h e r f e a t u r e s . 

R o t t a [ l ] made an i n v e s t i g a t i o n on an i n t e g r a l s c a l e f o r 

v e l o c i t y f l u c t u a t i o n ( L) and d e r i v e d i t s m o d e l l e d t r a n s p o r t 

e q u a t i o n . I t was u s e d a s one of t h e e q u a t i o n s t h a t c o n s t i t u t e 

a t u r b u l e n c e model by s u c h a s Rodi [ 2 ] . I n t h i s paper, t h e 

s e c o n d - o r d e r c l o s u r e t r a n s p o r t e q u a t i o n f o r Lg i s d e r i v e d i n a 

s i m i l a r way t o R o t t a . I n a f u l l y d e v e l o p e d s t r a t i f i e d f l o w , 

t h i s e q u a t i o n c a n be d e s c r i b e d a s a s i m p l e a l g e b r a i c 

e x p r e s s i o n , i n c l u d i n g two model c o n s t a n t s . The v a l u e s o f t h e 

c o n s t a n t s and t h e v a l i d i t y o f t h e a l g e b r a i c model a r e d i s c u s s e d 

w i t h t h e r e s u l t s of t u r b u l e n c e measurements. 

< NOMENCLATURE> 

t =time 

X = c o o r d i n a t e i n s t r e a m w i s e 

d i r e c t i o n 

y = c o o r d i n a t e i n v e r t i c a l 

d i r e c t i o n 

z = c o o r d i n a t e i n t r a n s v e r s e 

_ d i r e c t i o n 

U =mean v e l o c i t y i n x d i r e c t i o n 

V =mean v e l o c i t y i n y d i r e c t i o n 

© =mean t e m p e r a t u r e 

Uk=k component of f l u c t u a t i n g 

v e l o c i t y 

u, V, w =x, y, z components o f 

f l u c t u a t i n g v e l o c i t y 

9 = f l u c t u a t i n g t e m p e r a t u r e 

k = t u r b u l e n c e e n e r g y 

£ = d i s s i p a t l o n r a t e o f k 

T l = t e m p e r a t u r e o f up p e r l a y e r 

T 2 = t e m p e r a t u r e o f l o w e r l a y e r 

Ul=mean v e l o c i t y o f up p e r l a y e r 

U2=mean v e l o c i t y o f l o w e r l a y e r 

H = t o t a l d e p t h o f s t r a t i f i e d 

f l o w 
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TRANSPORT EQUATION FOR Lg 

I n a f u l l y d e v e l o p e d s t r a t i f i e d s h e a r flow, t h e v a r i a b l e s 

c hange m a i n l y i n t h e v e r t i c a l d i r e c t i o n . As a r e s u l t , t h e 

i n t e g r a l s c a l e Lg i s d e f i n e d w i t h o n e - d l m e n s l o n a l v e r t i c a l 

i n t e g r a t i o n a s f o l l o w s : 
oo 

Lg ( r o , t ) ƒ R ( r , To , t ) d r y (1) 
0 ^ ( r o , t ) 

y 

where R ( r , ro , t ) i s g i v e n b y 

• P' (ro+r) 

r ( 0 , r y , 0 ) 

P ( r o ) 

F i g . 1 P and P' 

R ( r , r o , t ) = Ö ( r o , t ) 9 ( r o + r . t ) — ( 2 ) 

and i t means c r o s s - c o r r e l a t i o n f u n c t i o n b e t 

ween two p o i n t s s e p a r a t e d v e r t i c a l l y by r , ; 

P and P' shown i n F i g . 1 . The o v e r b a r de

f i n e s e n semble o r t i m e a v e r a g i n g and t h e 

components of t h e v e c t o r s a r e r o ( X o , y o , Z o ) and r ( 0 , r y , 0 ) . From 

Eq. ( 1 ) , we c a n o b t a i n t h e t r a n s p o r t e q u a t i o n f o r Lg by 

I n t e g r a t i n g e a c h term o f t h e t r a n s p o r t e q u a t i o n f o r R ( r , r o , t ) . 

C o n s e q u e n t l y t h e f o l l o w i n g e q u a t i o n f o r Lg i s o b t a i n e d : 

— { L e ( r o . t ) ö M r o , t ) } + U ( r o , t ) — { L e ( r o . t ) 9 » ( r o , t ) } 

+ V ( r o , t ) — { L e ( r o . t ) e M r o . t ) ) + ƒ " { V (ro + r , t ) - V (ro , t ) R ( r , r o , t ) d r . 
d y d r , 

a — f ~ f°° 
+ 0 ( r o , t ) J R T v d r , + J R V T ^ 

d y -co -co d y 

d — 
0 (ro + r , t ) d r . 

oo d 

-oo d y 

a» - (<» a ' 
V ( r o . t ) R ' ( r , r o . t ) d r . - a j ^ { L 9 ( ro.t) 6 ' ( r o , t ) } - 2 a — 

R ( r , r o , t ) d r . 

_i i_ 

D 

00 3 

- 0 0 d r k 
- { u k(ro + r , t ) R ' ( r , r o , t ) - u k ( r o , t ) R ' ( r , r o , t ) } d r , = 0 

(3 ) 

where R', R T V and R V T a r e g i v e n by 9 (ro, t ) 9 (ro+r, t ) , 

v ( r o , t ) 9 (ro+r, t ) and v ( r o + r , t ) 9 ( r o , t ) , r e s p e c t i v e l y . The 

t e r m s i n Eq. ( 3 ) a r e l a b e l l e d i n t h e f o l l o w i n g way:C= c o n v e c t i o n , 

P = p r o d u c t i o n , D = d i f f u s i o n and E = d i s s i p a t i o n . The terms 

e x c e p t d i s s i p a t i o n t e r m s (E) c a n be modelled i n t h e s i m i l a r way 

t o R o t t a [ 1] and t h e y a r e w r i t t e n a s f o l l o w s : 

C = (Le ~d~^)+ -^—(ÜhQ T ^ ) + V (Lg T ^ ) — ( 4-a) 
d t d X d y 

P = C L i L g v 9 - 3 - ^ — (4-b) 
o y 
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D = - C o - ^ ( k ' - ^ L a 9^ T ^ ^ - ( 4 - G ) 

The d i s s i p a t i o n t e r m s might be m o d e l l e d w i t h r e l a t i o n s h i p s 

e s t a b l i s h e d i n an i s o t r o p i c t u r b u l e n c e f i e l d . The d i s s i p a t i o n 

r a t e of t e m p e r a t u r e f l u c t u a t i o n ( £ a) i s g i v e n by t h e f o l l o w i n g 

r e l a t i o n s h i p on t h e b a s i s of t h e r e s u l t s d e r i v e d by Hinze [ 3 ] : 

S e = c i - e '-'^ — ( 5 ) 

On t h e o t h e r hand, t h e r e l a t i o n s h i p f o r d i s s i p a t i o n r a t e of 

t u r b u l e n c e e n e r g y (£ ) was i n d i c a t e d by R o t t a [ l ] a s f o l l o w s : 
/ 2 

e = c — — — ( 6 ) 

W ith Eqs. (5) and ( 6 ) , £_g Le i s g i v e n by 

£ e Le = c i c ' ^ ^ a i / ^ k ' / ^ 9 2 - - - ( 7 ) 

where X means Le /L. I n Eqs. ( 5 ) , (6) and ( 7 ) , C i , c and X 

a r e assumed t o be a l m o s t c o n s t a n t i n a f u l l y t u r b u l e n t f i e l d . 

We c a n d e r i v e a m o d e l l e d form f o r d i s s i p a t i o n terms (E) u s i n g 

£ e Le , f o l l o w i n g t h a t R o t t a [ 1] d e s c r i b e d t h e d i s s i p a t i o n 

t e r m s i n t h e t r a n s p o r t e q u a t i o n f o r L a s £ L. From Eq. ( 7 ) , we 

o b t a i n 

E = C L E k i / 2 T ^ — ( 8 ) 

where C L E i s a model c o n s t a n t . F i n a l l y t h e s e c o n d - o r d e r 

c l o s u r e t r a n s p o r t e q u a t i o n f o r t h e l e n g t h s c a l e Le i s d e r i v e d 

a s f o l l o w s : _ 

d — a — — — , — d 0 
- ( L B e')+ ( U L e B') + V (Le 8 ' ) + C L . L 9 v " a t d x d y d y 

- C L D - ^ ( k ' - ^ ' L a ~P - ^ ) - a - ^ (La 7") +C..k '̂ •7'=0 O ) 

d y d y d y' 

The Eq. (9) i n c l u d e s t h r e e model c o n s t a n t s : C L 1 , C ^ D and C L E -

ALGEBRAIC MODEL FOR Lg 

S r e e n i v a s a n [ 4] c a r r i e d out an e x p e r i m e n t a l i n v e s t i g a t i o n 

on t e m p e r a t u r e f l u c t u a t i o n s and t h e a s s o c i a t e d l e n g t h s c a l e i n 

an i s o t r o p i c f i e l d . The t u r b u l e n c e f i e l d was formed w i t h a 

h e a t e d g r i d i n a t u n n e l . The t r a n s p o r t model g i v e n by Eq. (9) 

r e d u c e s t o a n o t a b l y s i m p l e form, when i t i s a p p l i e d t o t h e 

same f i e l d . Thus, 

(Lg T ^ + C L E k ' / ^ T ^ =0 (10) 

The model c o n s t a n t C L E c a n be e s t i m a t e d by s u b s t i t u t i n g 

S r e e n i v a s a n ' s t y p i c a l e x p e r i m e n t a l v a l u e s i n t o Eq. ( 1 0 ) . 

C o n s e q u e n t l y C L E i s g i v e n by 

C L E = 0.46 (11) 

I n a f u l l y d e v e l o p e d s t r a t i f i e d flow, t h e a l g e b r a i c 

e x p r e s s i o n i s d e r i v e d from Eq. (9) a s shown by Launder [ 5] . I t 

c a n be assumed t h a t t h e p r o d u c t i o n and t h e d i s s i p a t i o n terms 

a r e dominant i n Eq. ( 9 ) : 

' v 9 {d @ /d y) 
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I n Eq. ( 1 2 ) , o n l y Cu i r e m a i n s unknown and i t s v a l u e w i l l be 

e s t i m a t e d w i t h t h e e x p e r i m e n t a l r e s u l t s a s d e s c r i b e d i n t h e 

n e x t s e c t i o n . 

TURBULENCE MEASUREMENTS IN ST R A T I F I E D FLOWS 

T u r b u l e n c e measurements i n s t r a t i f i e d f l o w s were made t o 

d e t e r m i n e t h e v a l u e of C L i and t o d i s c u s s t h e v a l i d i t y of t h e 

a l g e b r a i c model i n d i c a t e d i n Eq. ( 1 2 ) . 

The s t a b l y and u n s t a b l y s t r a t i f i e d s h e a r f l o w s were formed 

i n t h e e x p e r i m e n t a l f l u m e shown i n F i g . 2. The t u r b u l e n c e 

measurements were made by LDV and thermocouples [ 6] . The 

c o o r d i n a t e s y s t e m and t h e g e n e r a l v i e w of t h e f l o w a r e shown i n 

F i g . 3 . The e x p e r i m e n t a l c o n d i t i o n s a r e l i s t e d i n T a b l e 1. 

T a b l e 1 E x p e r i m e n t a l C o n d i t i o n s 

Run Na 
H T l T2 Ul Uz 

Run Na 
(m) (k) (k) (m/s) (ra/s) 

Run-C 0. 28 298. 0 292. 5 0. 053 0. 12 

Ru n - S l 0. 28 290. 3 287. 5 0. 067 0. 12 

Run-S2 0. 28 293. 0 287. 3 0. 051 0. 11 

Run-Ul 0. 28 290. 6 29 1. 8 0. 070 0. 11 

n o r i c o i . D i 
W A T K H I N L E T ' 

C O l . R l l l O T l 
W A T E R I N L E T 

H /• h 
S K I ' A R A T O R 

1 1 

S E P A R A T O R 

TY 

1 - « 1 5 — J «1 
3 

( U N I T : » B ) 1 

y 
V r'—1 

Tl 
I 1 Ü T > II hi 

SEI'AKA'IÜK m X J 
COLD > hi 

F i g . 2 E x p e r i m e n t a l Flume 

•7X 

F i g . 3 C o o r d i n a t e System 

The v a l u e of C L i was e s t i m a t e d w i t h t h e e x p e r i m e n t a l 

r e s u l t s o b t a i n e d i n R u n - C . F i g . 4 shows v e r t i c a l d i s t r i b u t i o n s 

o f t h e n o r m a l i z e d mean t e m p e r a t u r e T* and c r o s s - c o r r e l a t i o n 

f u n c t i o n R* i n d i c a t e d a s f o l l o w s : 

T* = (© - Tz ) / ( T i - T z ) 

R* = 0 (yo/H) 9 (y/H) / 9 ^ (yo/H) 

— ( 1 3 - a ) 

- - - ( 1 3 - b ) 

where t h e s t a n d a r d p o i n t yo i s 0 i n t h e p r e s e n t e x p e r i m e n t s . 

W i t h Eq. ( 1 ) , t h e i n t e g r a t e d v a l u e o f R* shown i n F i g . 4 e q u a l s 

Le /H and t h e c a l c u l a t e d v a l u e i s 0.114. I t c o r r e s p o n d s t o t h e 

v a l u e o f t h e l e f t hand s i d e o f Eq. ( 1 2 ) . The t u r b u l e n c e 

q u a n t i t i e s , shown i n F i g s . 5 and 6, were measured i n Run - C and by 

s u b s t i t u t i n g t h e s e r e s u l t s i n t o t h e r i g h t hand s i d e of Eq. ( 1 2 ) , 

we c a n e s t i m a t e C L i a s f o l l o w s : 
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C L I = 1.28 — (14) 

<0-;rF/(U,-U,)(T,-T,); 

A-7F/-(U,-U,)(T,-T,)) 

F i g . 6 Heat F l u x 

X10-' 

(O n̂ '/'(U.-U,) »; A ̂ /(O.-UO^O iï"̂ (U,-U,)«) 

F i g . 4 T* and R* F i g . 5 V e l o c i t y F l u c t u a t i o n 

VALIDITY OF THE ALGEBRAIC MODEL 

The v a l i d i t y o f t h e a l g e b r a i c model, c o n s t r u c t e d by 

Eqs. ( 1 1 ) , (12) and ( 1 4 ) , was e x a m i n e d w i t h t h e e x p e r i m e n t a l 

r e s u l t s o b t a i n e d i n Run-Sl,S2 a n d U l . From Eq. ( 1 ) , t h e 

i n t e g r a l s c a i e b a s e d on t h e d e f i n i t i o n i s g i v e n b y 

^ ƒ• L e / H = ' ( y o / H ) 9 ( y / H ) d y / H 

fl My o / H ) 
— (15) 

On t h e o t h e r hand, w i t h t h e p r o p o s e d a l g e b r a i c model, t h e 

i n t e g r a l s c a l e i s c a l c u l a t e d by 

L 9C / H = 
c, 

H 
. - - ( 1 6 ) 

V Ö O 0/a y) 

The c o m p a r i s o n b e t w e e n Le /H and Lec/H was made by s u b s t i t u t i n g 

t h e e x p e r i m e n t a l v a l u e s i n t o t h e r i g h t hand s i d e s i n Eqs. (15) 

a n d ( 1 6 ) . The r e s u l t s a r e shown i n F i g . 7. The i n t e g r a l s c a l e s 

i n c r e a s e w i t h an i n c r e a s e i n x/H as shown i n F i g . 7. I t c o u l d be 

c o n c l u d e d t h a t Lg /H a n d Lec/H show s u i t a b l e agreement. 

( a ) RUN-SI (b) RUN-S2 ( c ) RUN-Ul 

F i g . 7 C o m p a r i s o n b e t w e e n Lg /H and Lec/H 

(O : Lg /H , • : Lec/H) 
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CONCLUSION 

A s e c o n d - o r d e r c l o s u r e t r a n s p o r t e q u a t i o n and i t s 

a l g e b r a i c e x p r e s s i o n w e r e d e r i v e d f o r a n i n t e g r a l l e n g t h s c a l e 

f o r t e m p e r a t u r e f l u c t u a t i o n i n s t r a t i f i e d f l o w s . The a l g e b r a i c 

model i n c l u d e s t w o model c o n s t a n t s a n d t h e i r v a l u e s were 

e s t i m a t e d i n t h i s p a p e r . The v a l i d i t y o f t h e model was shown 

t h r o u g h t h e c o m p a r i s o n w i t h t h e e x p e r i m e n t a l r e s u l t s o b t a i n e d 

i n s t a b l y a n d u n s t a b l y s t r a t i f i e d f l o w s . The a l g e b r a i c model 

m i g h t be u s e f u l t o d e s c r i b e r e l a t i o n s h i p s o n t h e t u r b u l e n c e 

s t r u c t u r e i n f u l l y d e v e l o p e d s t r a t i f i e d f l o w s . 

On t h e o t h e r hand, t h e d e r i v e d t r a n s p o r t e q u a t i o n i s 

e x p e c t e d t o be a p p l i c a b l e t o more c o m p l i c a t e d f l o w s and i t s 

unknown c o n s t a n t ( C L D ) c o u l d be e s t i m a t e d t h r o u g h t h e 

c o m p u t a t i o n a l o p t i m i z a t i o n e t c . 
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Title: THE KEULEGAN LEGACY: STRATIFIED FLOW 

More than half of the sixty publications by Keulegan deal with the subject of stratified 

flow. His seminal research on this subject was done in the 1940—1960 period at the 

National Bureau of Standards under sponsorship of the COE Waterways Experiment 

Station. In this pre—computer era, progress in understanding the complex interactions of 

fresh and salt water were necessarily carried out by physical model studies. 

Keulegan was an excellent experimentalist and his background in mathematics and 

theoretical physics proved invaluable in the analysis and development of theory based on 

experiment. Keulegan developed the non-dimensional parameters and model laws 

characterizing stratified flows. He dealt with salinity intrusions in canal locks, in river 

mouths as two-layer stratified systems and with mixing processes induced by interfacial 

shears. 

One of the innovative topics he looked into, long before i t was considered to be an 

important phenomenon, was the exchange of fresh and salt water in porous media. 

Keulegan's last technical report, published a few months after he died at age 99, 

consisted of an insightful analyses of estuarine mixing processes. No one has had a more 

profound effect on the understanding of stratified flow processes. 
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ON THE NATURE OF TURBULENCE IN A STRATIFIED FLUID: 
THE IMPORTANCE OF THE COX NUMBER 

by J. Imberger, G. Ivey and D. Luketina* 
Centre for Water Research, University of Westem Australia, Nedlands, 

Westem Australia 6009, Australia 
* Commonwealtii Scientific and Industrial Research Qrganisation (Australia) 

Postdoctoral Awardee 

Abstract 

A procedure is presented, based on a simple energy and temperature fluctuation 
balance, which allows estimation of the flux Richardson number from a knowledge of the 
turbulent kinetic energy dissipation e, tiie density fluctuations p', the displacement scale Lc 
and the Cox number C T - Laboratory and field data are used to verify tiiis relationship. 

Introduction 

Mixing in a stratified lake is energised by extemal forcing: momentum and energy 
transfers at tiie surface, inflows due to rivers and outflows at off-take points (Imberger and 
Patterson, 1990). The mixing and transport resulting from these disturbances is 
intermittent and spatially patchy with the probability of a particular mixing event taking 
place being determined not only by tiie strength of the disuirbance but also by the degree of 
stratification in the lake as a whole, the shape of the lake basin, the bottom roughness and 
the location of tiie event witiiin the lake (Imberger and Patterson, 1990). 

The net vertical transport in a lake resulting from a particular mixing event is thus the 
combination of diapycnal mbcing followed by gravitational adjustment along isopycnals. It 
is not widely realised that the instantaneous diapycnal transport is a function of the 
instantaneous state of the turbulent kinetic energy balance, characterized by the values of 
the turbulence Froude number, Frt, and Reynolds number, Ret, (Ivey and Imberger, 
1990); mixing events occur at random with a highly variable intensity and spatial 
distribution but the instantaneous transport is determined by the instantaneous values of Frt 
and Ret. 

Diapycnal transport 

Consider first the diapycnal transport resulting from a mixing event in any part of a 
stratified lake. I f we divide the velocity field (uO into a m_ean (uO and fluctuating (u'l) 
component and similarly partition the density field p into p and p' then the simplified 
turbulent kinetic energy equation becomes (Tennekes and Lumley, 1972): 

Uj 
U i U i 

Ui Uj Ui,j 
po 

U3P + e (1) 

where e is tiie dissipation of turbulent kinetic energy. 
Now i f we define the flux Richardson number by 

Rf 

Uj 

f U3P' 

Po 
'Ui Ui 

I 

(2) 

-j - UiUj U i J 

then by (1) 
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Rf = 4 — . O) 

which is a generalization of the flux Richardson number normally used (Turner, 1973); 
here we account for all energy sources likely to contribute to the buoyancy flux, not just the 
local production of turbulent kinetic energy. Luketina and Imberger (1989) introduced the 
correlation coefficient, 

Rwp = ^ , (4) 
w p 

where w and p are tiie RMS values of u'3 and p'. With this definition, (3) becomes: 

1 + 
Rr = . (5) 

Po 

Now Ivey and Imberger (1990) showed that, 

w~(eLc)i/3 ^ (6) 

where Lc is the cenOred displacement scale (Imberger and Boashash 1987) and i f we 
intiroduce the Froude number Frt for the turbulent motion (Imberger 1990), 

Fr ,= w ^ (7) 
(g'Lc)i/2 g'l/^Lc^/s 

where 

tiien (5) becomes 

P ^ , (8) 
Po 

^wp 

It is important to stress that this expression is exact and not based on any simplifying 
assumptions other than that the turbulence is stationary. As shown in Ivey and Imberger 
(1990), Rwp does depend on the Prandti Number Pr = v/D but (9) is equally valid in salt 
water (Pr = 700) or in heat stratified aur (Pr = 0.7). 

For large Frt the turbulence is independent of buoyancy and so it is reasonable to 
expect Rwp to become constant. By contrast, when tiie tarbulence becomes suppressed and 
internal waves dominate, then Rwp 0 and the density fluctuations become 90° out of 
phase with the vertical velocity fluctuations. This must occur when tiie strain r^te, y, due to 
tiie turbulent motion, becomes less than the buoyancy adjustment time (g' Lc ) • Ivey and 
Imberger (1990) showed that tiiis is given by: 
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Frv = 
(g' / Lc)^ 

<3 .9 . (10) 
V g'l 

The flux Richardson number Rf therefore tends to zero both as Frt ^ °° and when 
Fry = 3.9, and reaches a maximum value at an intermediate value of the Froude number. 
Ivey and Imberger (1990) udlized the data from the water tunnel and wind tunnel 
experiments of Van Atta and his colleagues to verify (9). These results showed that for 
Frt < 1, Rf also depended on the Reynolds number Ret of the turbulent motions where, 

V V 

A complete specification of the vertical flux is thus available from the curves of Rf in 
figure 1 and measurements of Frt and Ret through the relationship : 

X ^ = ^ R L (12) 
PO ^P 1 - R f 

For undirectionally shear flow (2) further implies 

^3 ̂ ' ^ = ( ^ ^ ^ • 3 ^^'^ 

Flux Richardson number values from temperature microstructure 

The diapycnal mass flux in a lake can thus be determined from the values of L c , g' 
and e which, along with viscosity v, completely specify Frt, Ret and hence Rf. As shown 
by Imberger (1990), temperature microstructure measurements may be used to directly 
measure these quantities and so Rf may be determined from such measurements and the 
isoefficiency curves depicted in figure 1. 

Temperature microstructure measurements may, however, also be used to 
independently verify the above methodology. Once again, consider a water body, 
stratified by temperature, tiien the temperature variance equation (see Tennekes and 
Lumley, 1972) reads: 

ü i ( ë ^ , i + 2 ë ^ ë , i + u; e ' ^ l i = 2D(e ' ^ l i i -2D(e , ' i f ( U ) 

where 9' is the temperature fluctuation and D the molecular diffusivity. 

I f we neglect transport by the mean velocity and the velocity fluctuations and i f we 
assume that the molecular transport is small then (14) becomes: 

e'u3e,3 = -D(e,;]^, (is) 

where we have further assumed that there is only a vertical mean gradient. Introducing tiie 
equation of state: 

6' = - L p ' , (16) 
poa 

where a is the coefficient of thermal expansion, and making the assumption that tiie lengtii 
scale L c is given by Lt (Luketina and Imberger, 1989) where 
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then (15) becomes 

where 

'''' 

Rwp = ^ g , (18) 

9,i 0,i 

2 ' ^^^^ 
e,3 

with a sum on the i subscript. 

The importance of (18) must be stressed; it allows a direct measurement of R^p (and 
thus Rf from (9)) from only a knowledge of the temperature (density) microstructure. 
Equation (15), however, specifies a balance production of temperatore fluctuations near the 
Kolmogorov scale (Lienhard and van Atta, 1990) and so the estimate of C T should not 
include the internal wave contributions to the temperature fluctuation variance. Therefore, 
for low Froude numbers, the raw estimate of the temperature gradient variance should not 
be used. 

This is best seen by considering the shape of the temperature gradient signal, a typical 
example of which is shown in Fig. 2. The shape of various portions of the (dissipation) 
spectral curve may be derived from dimensional analysis : 

I Low wave numbers (Internal wave straining); 

Ŝe = f i(ë ,3 , k ) = C i ( ë , 3 f k-i (20) 

I I Intermediate wave numbers (Inertial convective subrange): 

s J = fn(%e.e .k) = C 2 X e k i / 3 e - i / 3 (2i) 

ni High wave numbers (Batchelor spectrum) (Gibson and Schwartz, 1963): 

S f = f m ( X e . D > k B ) = ^ f i n ( ^ ) (22) 

where %e = 2D(9',i)^ is the dissipation of temperature variance, k is the wavenumber and 

\l /4 
k R = 

D 2 
is the Batchelor wavenumber. 

The transition between these regimes may be obtained by equating the above forms. 
We note tiiat 

'''' 
for small values of 7 ^ . The transition wave numbers are therefore 

ks 
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k ^ - f e j I C T J - 2C2] ^'^^ 

kc 

kp _ /_CLf/2 Pr}/^"' ^ C T I ^ j^^^.3/4 (25) 

kc iCs/ ICs/ pr3/4 

where k c = Lc"^ and ke, kp and kk are the transition wave numbers as shown in Fig. 2. 
These relationship reveal the interplay between C T and R^p. For a flow with Frt > 1, 

Rwp is constant and thus ke ~ k c which implies that the turbulent modons occupy the range 
of scales from kp-1 to kc'^ the overturn scale. By contrast as we approach the boundary 
Fry = 3.9 (Fig. 1) internal waves predominate, the phase shift between p' and 
w' approaches 90°, Rwp tends to zero and C T must go to zero. From (24), we can see that 
ke » k c as Rwp tends to zero; therefore the flow consists of turbulence embedded in (non-
turbulent) overturns of much larger scales. Under such a scheme the turbulent eddies 
become smaller and less energetic but can be evenly distributed amongst the overturn 
structures in the flow. 

The above suggest that in estimating C T we should only include the area above Sê , 
shaded in Fig. 2. The results obtained using a range of microstructure records are shown -
in Fig. 3 where the results are also compared to the laboratory measurements of van Atta 
and his colleagues (from Ivey and Imberger, 1990). Comparison is good indicating that 
(15) is valid in most field situations. 

It is interesting to note that by fitting Se^^^ to the experimental data in order to obtain 
the dissipation e and by using only the shaded area in Fig. 2 to compute C T we 
automatically truncate our time series at a length ke-1 which, in most instances, wi l l be 
less than the (statistically) stationary segment length (Imberger, 1990). The procedure thus 
ensures some averaging over adjacent identical events; this is an added advantage of this 
procedure. 

Conclusion 

Examination of the scales of turbulent motions in a stratified fluid has revealed the 
importance of the Cox number C T , the Froude number Frt and the Reynolds number Ret. 
The values of these numbers determines, by (17), the correlation coefficient Rwp which 
then may be used in (9) to determine the flux Richardson number Rf. The value of this 
may in turn be substituted into (12) to evaluate the mass flux u'3 p ' and into (13) to 
determine the momentum flux, u'3 u ' l . Therefore, for most flows, closure is obtained 
once the values of L c , g', e and C T are known. 
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Figure 1. Figures. 

P Wavenumber k (cpm) 
t 

FIG. 1. Isoefficiency curves derived from the laboratory data summarized in Ivey and Imberger (1990) for salt 
stratification. 
FIG. 2. Typical temperature gradient spectrum showing the internal wave, viscous-convective and the thermal 
equihbrium ranges. 
FIG. 3. Correlation coefficient between the vertical velocity and the density fluctuation: O and A (data of van Atta and 
co-workers as presented in Ivey and Imberger, 1990), • direct field measurements (Ivey and Imberger, 1990), • 
estimated from equation (18) using field data. 



NUMERICAL MODELING OF SALINITY INTRUSION IN THE 
LOWER MISSISSIPPI RIVER 

by 

B i l l y H. Johnson,^ Member, ASCE 

EXTENDED ABSTRACT 

I n t r o d u c t i o n 

A two-dimensional (2-D) l a t e r a l l y averaged numerical model 

c a l l e d LAEM ( L a t e r a l l y Averaged E s t u a r y Model) has been a p p l i e d to 

address the impact on s a l i n i t y i n t r u s i o n of deepening the n a v i g a 

t i o n channel i n the Lower M i s s i s s i p p i R i v e r . The numerical model 

has a l s o been a p p l i e d to address the impact upon s a l i n i t y i n t r u 

s i o n of c o n s t r u c t i n g an underwater b a r r i e r i n the r i v e r from 

n a t u r a l sediments dredged nearby. I n i t i a l model v e r i f i c a t i o n 

r e l i e d p r i m a r i l y upon demonstrating t h a t the numerical model was 

ab l e to reproduce observed i n t r u s i o n lengths f o r a h i s t o r i c a l low 

flow event i n 1980-81. I n a d d i t i o n , an a r r e s t e d wedge a n a l y s i s i n 

which c h a r a c t e r i s t i c s of the wedge computed by LAEM f o r a steady 

r i v e r flow of 150,000 c f s were compared to those observed by 

Keulegan (1949) i n a l a b o r a t o r y fltjjne served to strengthen the 

model v e r i f i c a t i o n . 

During the 1988 drought on the Lower M i s s i s s i p p i R i v e r , the 

numerical model was a p p l i e d to a i d i n a s s e s s i n g the performance of 

a s i l l t h a t was c o n s t r u c t e d to p r o t e c t water s u p p l i e s to New 

O r l e a n s . Although model r e s u l t s were of great b e n e f i t , the model 

computed a wedge of l e s s s t r e n g t h than observed; thus, r e s u l t s 

were c o n t i n u a l l y a d j u s t e d to r e f l e c t t h i s d i s c r e p a n c y . During the 

p e r i o d of July-December 1988, a l a r g e amount of s a l i n i t y data were 

c o l l e c t e d q u a n t i f y i n g the i n i t i a l i n t r u s i o n of the s a l i n e wedge as 

w e l l as the performance of the s i l l . These data are being used i n 

a r e v e r i f i c a t i o n of the model. 

^Research H y d r a u l i c Engineer, H y d r a u l i c s Laboratory, US Army E n g i 

neer Waterways Experiment S t a t i o n , 3909 H a l l s F e r r y Road, 

Vick s b u r g , MS 39180-6199 
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Numerical Model 

Under the Environmental and Water Q u a l i t y Operation Study 
(EWQOS) program of the US Army Corps of Engineers, a two-
dimensional (2-D) l a t e r a l l y averaged, f r e e - s u r f a c e , v a r i a b l e -
d e n s i t y , and heat-conducting model was developed f o r use i n 
s i m u l a t i n g flows i n th e r m a l l y s t r a t i f i e d r e s e r v o i r s . T h i s e f f o r t , 
which extended e a r l i e r work funded by the US Army Engineer D i v i 
s i o n , Ohio R i v e r (Edinger and Buchak 1979), r e s u l t e d i n a numeri
c a l l y e f f i c i e n t model known as LARM. Under a c o n t r a c t with the US 
Army Engineer D i s t r i c t , Savannah, LARM was modified f o r use i n 
computing s t r a t i f i e d flows i n e s t u a r i e s as a r e s u l t of both s a l i n 
i t y and thermal e f f e c t s . T h i s model i s known as lAEM (Edinger and 
Buchak 1981) , and was the b a s i c model modified f o r a p p l i c a t i o n i n 
the p r e s e n t study. 

The b a s i c s e t of equations t h a t are s o l v e d i n LAEM are 
statements of the c o n s e r v a t i o n of mass and momentiim of the flow 
f i e l d p l u s the c o n s e r v a t i o n of the heat and s a l t content of the 
water body. The governing equations are developed by f i r s t p e r 
forming a temporal averaging of the three-dimensional equations 
f o r laminar flow. Boussinesq's eddy c o e f f i c i e n t concept i s then 
employed to account f o r the e f f e c t of turbulence i n the flow 
f i e l d . Next, the time-averaged equations are averaged over the 
e s t u a r y width and f i n a l l y over an i n d i v i d u a l v e r t i c a l l a y e r to 
y i e l d the equations t h a t are s o l v e d i n LAEM. 

B a s i c assumptions i n a d d i t i o n to the reduced d i m e n s i o n a l i l t y 

are t h a t the Boussinesq approximation (p i s constant except where 

m u l t i p l i e d by the a c c e l e r a t i o n of g r a v i t y ) i s a p p l i c a b l e and t h a t 

v e r t i c a l a c c e l e r a t i o n s are n e g l i g i b l e so tha t ' t h e p r e s s u r e can be 

co n s i d e r e d h y d r o s t a t i c . I n a d d i t i o n , the concept of eddy c o e f f i 

c i e n t s i s used to r e p r e s e n t the e f f e c t of both time and s p a t i a l 

a veraging. The h o r i z o n t a l d i s p e r s i o n c o e f f i c i e n t s are assumed to 

be constant, whereas the v e r t i c a l d i s p e r s i o n c o e f f i c i e n t s are 

dependent upon the s t r a t i f i c a t i o n of the water column. 

F i n i t e d i f f e r e n c e techniques are employed to s o l v e the 

governing equations. The p a r t i c u l a r scheme employed i s s t r u c t u r e d 

such t h a t the w a t e r - s u r f a c e e l e v a t i o n s are computed i m p l i c i t l y . 

Using the new w a t e r - s u r f a c e e l e v a t i o n s , the x-component of the 

flow v e l o c i t y i s then e x p l i c i t l y computed from the l o n g i t u d i n a l 

momentum equation. As i n other h y d r o s t a t i c models, the v e r t i c a l 

component of the v e l o c i t y i s computed from the c o n t i n u i t y equation 

which i s reduced to the i n c o m p r e s s i b i l i t y c o n d i t i o n as a r e s u l t of 

the Boussinesq approximation. The s o l u t i o n begins a t the bottom 

and p r o g r e s s e s up the column of l a y e r s . With the flow f i e l d com

puted, the water temperature and s a l t c o n c e n t r a t i o n are then com

puted from t h e i r r e s p e c t i v e t r a n s p o r t equations i n an i m p l i c i t 

f a s h i o n . A d e t a i l e d d i s c u s s i o n of the s o l u t i o n scheme can be 

found i n the r e p o r t by Edinger and Buchak (1979). 
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System D e s c r i p t i o n 
MILE 228.4 BATON ROUGE 

F i g u r e 1 i s a map showing 
the s c h e m a t i z a t i o n of the M i s s i s 
s i p p i R i v e r from Baton Rouge a t 
mile 228.4 above Head of Passes 
(AHP) to the G u l f of Mexico. T h i s 
i s the segment of the M i s s i s s i p p i 
R i v e r t h a t would be deepened and/or 
widened where n e c e s s a r y to provide 
a 750-ft-wide by 45-, 50- or 
55-ft-deep n a v i g a t i o n channel (with 
overdepth dredging). At the Gulf 
where flow e x i t s through three 
major d i s t r i b u t a r i e s (Southwest 
Pass, South Pass, and Pass a 
L o u t r e ) and s e v e r a l s m a l l e r ones, 
i t was assumed t h a t the system 
could be s a t i s f a c t o r i l y reproduced 
by t r e a t i n g Southwest Pass as the 
dominant d i s t r i b u t a r y and r e p r e 
s e n t i n g outflow through the other 
d i s t r i b u t a r i e s as l a t e r a l outflows 
a t the a p p r o p r i a t e l o c a t i o n s . 
T h i s assumption a l s o i m p l i e s t h a t 
wedge i n t r u s i o n i n t o the system i s 
dominated by s a l i n e water moving 
up Southwest Pass. 

Model V e r i f i c a t i o n 

I n i t i a l v e r i f i c a t i o n of the 

model r e l i e d upon a l i m i t e d s e t of 

data c o l l e c t e d during a r e l a t i v e l y 

low flow p e r i o d i n 1981. T h i s s e t of data c o n s i s t e d of the time-

h i s t o r y of the t i p of the wedge as w e l l as v e r t i c a l p r o f i l e s of 

the s a l i n i t y behind the t i p of the wedge i n January 1981. R e s u l t s 

on wedge movement are shown i n F i g u r e 2. Computed and observed 

v e r t i c a l s a l i n i t y p r o f i l e s are p l o t t e d i n F i g u r e 3. The f i e l d 

data p l o t t e d are from measurements on 28 January 1981 a t a l o c a 

t i o n 5 m i l e s behind the t i p of the wedge, which was l o c a t e d a t 

about m i l e 59. The computed p r o f i l e p resented i s on the same day, 

i . e . , 28 January 1981, but a t a d i s t a n c e of 8 m i l e s behind the 

wedge t i p . The computed i n t e r f a c e i s not as sharp as the f i e l d 

data imply; however, the computed and recorded c o n c e n t r a t i o n s of 

approximately 1.0 ppt t h a t occur at a depth of about 50 f t below 

the water s u r f a c e compare w e l l . 

A r r e s t e d Wedge A n a l y s i s 

R e s u l t s from computations made wi t h a c o n s t a n t r i v e r f l o w of 

150,000 c f s have been used to analyze the c h a r a c t e r i s t i c s of the 

MILE 138.7 

MILE 114.1 

MILE 102.8 

MILE 88.3 

MILE 48.7 

MILE 0 

-MISSISSIPPI RIVER 

RESERVE 

KENNER 

CARROLLTON (NEW ORLEANS) 

ALGIERS 

POINTE A LA HACHE 

HEAD OF PASSES 

SOUTHWEST PASS 
MILE -20^ 

GULF 

F i g u r e 1. Schematic of 

Lower M i s s i s s i p p i R i v e r 
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ELASPED TIME, DAYS 

F i g u r e 2. Model Computation of F i g u r e 3. V e r t i c a l S t r u c t u r e 

Wedge P o s i t i o n of S a l t Wedge 

a r r e s t e d s a l i n e wedge formed. These were then compared w i t h 

experimental r e s u l t s obtained by Keulegan (1949) i n l a b o r a t o r y 

s t u d i e s . F a c t o r s considered i n c l u d e d the v e r t i c a l d i s t r i b u t i o n of 

s a l i n i t y and the l o n g i t u d i n a l component of the v e l o c i t y . 

Based upon the computation of an e f f e c t i v e i n t e r f a c e l a y e r 

t h i c k n e s s , Keulegan's experiments imply t h a t the numerical r e s u l t s 

a t the i n t e r f a c e are too d i f f u s e . However, the same i n t e r f a c e 

t h i c k n e s s computed from the l i m i t e d f i e l d data a v a i l a b l e agreed 

r e l a t i v e l y w e l l w i t h the numerical r e s u l t s . The numerical r e s u l t s 

d i d agree q u i t e w e l l w i t h f u n c t i o n s determined by Keulegan f o r the 

v e r t i c a l d i s t r i b u t i o n of a dimensionless r e p r e s e n t a t i o n of the 

s a l i n i t y and the v e r t i c a l d i s t r i b u t i o n of the normalized 

l o n g i t u d i n a l v e l o c i t y . 

For the case of a constant 150,000-cfs flow, the computed 

freshwater depth was 10.39 f t and Ap/p was 0.024 . Therefore the 

average f r e s h w a t e r v e l o c i t y a t the r i v e r mouth should be 2.83 fps 

s i n c e i t i s g e n e r a l l y agreed t h a t the r i v e r mouth i s a c r i t i c a l 

flow s e c t i o n w i t h the d e n s i m e t r i c Froude number being equal to 

u n i t y f o r the case of h i g h l y s t r a t i f i e d s a l t wedges i n e s t u a r i e s . 

The n u merical r e s u l t s y i e l d an average v e l o c i t y of 2.53 fps which 

r e s u l t s i n a d e n s i m e t r i c Froude number of 0.89. 

I n g e n e r a l , the numerical r e s u l t s compare q u i t e w e l l w i t h 

Keulegan's experiments and known t h e o r e t i c a l r e s u l t s and s e r v e to 

i n c r e a s e the c r e d i b i l i t y of the unsteady r e s u l t s obtained from 

LAEM. 

Impact of Channel Deepening 

w i t h an Underwater S i l l 

To demonstrate the impact of channel deepening as w e l l as 

channel deepening w i t h an underwater b a r r i e r or s i l l c o n s t r u c t e d . 
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the model was run with the 1953-54 dis c h a r g e hydrograph as the 
r i v e r i n f l o w . The 1953-54 hydrograph presented i n F i g u r e 4 
resembles the 1980-81 hydrograph but w i t h a lower flow t h a t i s 
maintained f o r a much longer p e r i o d of time. As i l l u s t r a t e d i n 
F i g u r e 5, deepening the n a v i g a t i o n channel from 40 to 55 f t w i l l 
s i g n i f i c a n t l y i n c r e a s e the d u r a t i o n of s a l i n i t y i n t r u s i o n . How
ever, c o n s t r u c t i o n of an underwater b a r r i e r a t mile 63 s i g n i f i 
c a n t l y reduces the duration, although the wedge s t i l l u l t i m a t e l y 
moves to Kenner C r o s s i n g l o c a t e d a t mile 116 AHP. 

300 I 1 1 r 

Figure 4. 

Input 

I I I I 1 i 1 1 1 ' 

0 20 40 60 80 100 120 140 160 180 

TIME. DAYS 

F i g u r e 5. E f f e c t of S i l l 

a t Mile 63.4 on S a l t Wedge 

I n t r u s i o n i n the 5 5 - f t 

Channel f o r 1953-54 
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Conclusions 

I n g e n e r a l , i t i s concluded t h a t the numerical model, LAEM, 

provides a v e r y u s e f u l t o o l f o r a s s e s s i n g the impact of major 

changes i n channel geometry on the i n t r u s i o n of s a l i n i t y . V e r i f i 

c a t i o n of LAEM f o r the Lower M i s s i s s i p p i R i v e r produced a model 

whose computed r e s u l t s were i n good agreement w i t h the l i m i t e d 

f i e l d data a v a i l a b l e and responded w e l l to the v a r i o u s boundary 

data imposed. Man-induced a l t e r a t i o n s to c r e a t e g r e a t e r h e i g h t s 

a t r i v e r c r o s s s i n g s , i . e . , to c r e a t e a s i l l i n the r i v e r , appear 

to be an e f f e c t i v e means of l i m i t i n g wedge i n t r u s i o n during c r i t i 

c a l l y low flow p e r i o d s . For 1953-54 flow c o n d i t i o n s and a 5 5 - f t 
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channel, a s i l l a t mile 63 wi t h a top e l e v a t i o n of -55 f t would 
r e s u l t i n s a l i n i t y c o n d i t i o n s a t New Orleans s i m i l a r to those t h a t 
occur w i t h a 4 0 - f t channel. 
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Appendix I . Conversion F a c t o r s , from US Customary to S I U n i t s 

Non-SI u n i t s of measurement used i n t h i s r e p o r t can be converted 
to S I ( m e t r i c ) u n i t s as f o l l o w s : 

M u l t i p l y By To Obtain 

c u b i c foot 0.02831685 c u b i c metre 

foot 0.3048 metre 

mile (US s t a t u t e ) 1.609344 k i l o m e t r e 
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A b s t r a c t 

Experiments of t i d a l r i v e r flows were c a r r i e d out using a sm a l l 

s c a l e flume, f o c u s i n g on the w e l l and p a r t i a l l y mixed types of the 

flows. Both temporal and s p a t i a l v a r i a t i o n s of s a l i n i t y and c u r r e n t 

v e l o c i t y were measured s y s t e m a t i c a l l y . Through the experiments, the 

p o s s i b i l i t y of reproducing the w e l l mixed type flow i n a small s c a l e 

flume, and e f f e c t i v e parameters f o r c l a s s i f y i n g the mixing types were 

examined. The components of s a l i n i t y t r a n s p o r t were evaluated using 

the data of measured s a l i n i t y and c u r r e n t v e l o c i t y , then the r e l a t i v e 

magnitude of each component was determined f o r each mixing types. 

I n t r o d u c t i o n 

The t i d a l r i v e r f l o w i s u s u a l l y c l a s s i f i e d i n t o t h r e e t y p e s : 

w e l l , p a r t i a l l y and weakly mixed ( s a l t wedge). The s t a t e of mixing 

i n f l u e n c e s g r e a t l y on t h e s a l i n i t y i n t r u s i o n i n t o t h e r i v e r and 

d i s p e r s i v e behavior of p o l l u t a n t s . Understanding the c h a r a c t e r i s t i c s 

of v e l o c i t y and s a l i n i t y f i e l d s i s e s s e n t i a l f o r a s s e s s i n g t h e s e 

phenomena. They, however, a re s t i l l l i t t l e known f o r the w e l l and 

p a r t i a l l y mixed t i d a l f lows. 

The w e l l and p a r t i a l l y mixed type r i v e r flows have mainly been 

s t u d i e d using f i e l d o b s e r v a t i o n data. Experimental s t u d i e s f o r t h e s e 

flows have been c a r r i e d out only by using l a r g e s c a l e t i d a l flumes 

more than 100 m long (e.g. Ippen and Harleman, 1961; R i g t e r , 1973; 

P e r r e l s and K a r e l s e , 1981). I n the present study, an attempt was made 

to generate the w e l l and p a r t i a l l y mixed t i d a l r i v e r flows as w e l l as 

weakly ones by u s i n g a s m a l l s c a l e t i d a l f l u m e . A f t e r e x a m i n i n g 

whether o r not t h e w e l l and p a r t i a l l y mixed t y p e of f l o w s were 

reproduced, the s t r u c t u r e of s a l i n i t y t r a n s p o r t was i n v e s t i g a t e d on 

the b a s i s of p r e c i s e measurement of v e l o c i t y and s a l i n i t y f i e l d s . 

Experimental apparatus and procedure 

The experimental apparatus c o n s i s t s of a r i v e r flume, 15 cm wide, 

30 cm deep and about 6.7 m long, connected to a 2m x 2m t i d e b a s i n , a 

t i d e - g e n e r a t i n g system and an overflow w e i r . The s i n u s o i d a l t i d e was 

generated by supplying or d i s c h a r g i n g s a l t water i n t o or from the 

t i d e b a s i n t h r o u g h p e r f o r a t e d p i p e l i n e s s e t on t h e bottom of t h e 

b a s i n . For producing t i d e s of the t a r g e t wave p r o f i l e s , the d i s c h a r g e 

of t h e p i p e l i n e s and t h e e l e v a t i o n o f t h e o v e r f l o w w e i r w e r e 

c o n t r o l l e d synchronously by a pe r s o n a l computer. F i g u r e 1 shows an 

example of the generated t i d e l e v e l . 

I n the experiments, a l l types of t i d a l r i v e r flows were intended 

to reproduce by changing experimental c o n d i t i o n s . These c o n d i t i o n s 
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are the amplitude a, and period T, of the t i d e , f r e s h water d i s c h a r g e 

Qf, r e l a t i v e d e n s i t y d i f f e r e n c e between s a l t and f r e s h water £ , and 

bottom roughness of the r i v e r flume. The experiments c a r r i e d out are 

d i v i d e d i n t o s e r i e s I and I I : i n s e r i e s I , longer t i d a l periods of 5 

and 8 minutes were taken, while, i n s e r i e s II, a s h o r t e r one of 2 

m i n u t e s was employed i n o r d e r t o i n c r e a s e the r a t i o of the flume 

length to the wavelength of the t i d e , and to promote the t i d a l mixing. 

The roughness elements a r e square p i l l a r s with 0.8 x 0.8 cm2 and 0.5 x 

0. 5 cm2 c r o s s s e c t i o n s . The experimental c o n d i t i o n s are summarized i n 

Table 1. R and S at t a c h e d to the case No. i n d i c a t e rough and smooth 

bottom c o n d i t i o n s , r e s p e c t i v e l y . 

The q u a n t i t i e s measured i n the experiments are s a l t c o n c e n t r a t i o n 

and c u r r e n t v e l o c i t y . These were measured by c o n d u c t i v i t y probes, and 

hydrogen b u b b l e method and a h o t - f i l m anemometer, r e s p e c t i v e l y . 

Measurement was conducted at s e v e r a l s e c t i o n s along the flume over a 

d i f f e r e n t c y c l e of the t i d e f o r each p o s i t i o n . By superposing the 

d a t a measured i n t h i s way, t e m p o r a l and s p a t i a l d i s t r i b u t i o n s of 

s a l i n i t y and c u r r e n t v e l o c i t y were o b t a i n e d . S i n c e t h i s method 

r e q u i r e s measurements f o r s e v e r a l t i d a l c y c l e s , i t was c e r t i f i e d t h a t 

almost the same t i d a l phenomena repeated themselves. 

T h e p r e s e n t study d e a l t with the l o n g i t u d i n a l v e r t i c a l plane, 

1. e. the t r a n s v e r s e v a r i a t i o n of phenomena was ignored. Then the x-

a x i s was t a k e n p o i n t i n g u p s t r e a m from t h e r i v e r mouth and z - a x i s 

upward from the flume bottom. 

F i g . l An example of the 
generated t i d e l e v e l . 

Table 1 Experimental c o n d i t i o n s , components of s a l i n i t y f l u x 
( x l O ^ g r / s ) , and mixing types (cf. F i g . 4 ) . 

Ser. Case 

No. 
H 

(CB) 
T 

(oin) 
a 

(c.) 
Q 

(CB3/S) 
bottoB £ R 

(x=40) 
Fl Pa F3 

1 I 
F3i F 3s F33 N-type 

I 

RM 5 5 2.0 50 rough .0020 0.105 -6.47 8.32 i 2.31 -0.03 1.97 0.37 • 

I 

RI-2 5 8 2.0 50 rough .0020 0.359 -9.96 1 7.41 1 2.44 0.44 2.07 -0.03 

I SI-l 5 8 2.0 50 saooth .0020 0.485 -6.07 ! 8.29 2.48 0.28 2.25 0.05 I 

SI-2 8 1.0 50 SBOOth .0020 3.19 1 -9.91 1 2.19 5.50 3.54 1.36 0.59 

I 

SI-3 i 5 8 1 0.5 50 SBOOth .0020 i 31.8 i -9.03 1.05 5.59 5.01 0.45 0.13 0 

a 

RH-1 4 2 .75 25 rough .0020 .0263 -3.06 6.38 1.19 0.36 1.13 -0,30 • 

a 

RB-2 4 2 .75 50 rough .0020 .0869 -9.82 10.68 0.88 0.50 1.07 -0.88 • 

a 

Rn-3 4 2 .75 50 rough .0050 .136 -30.2 20.12 6.66 3.32 4.11 -0.77 

a 

SB-1 4 2 .75 25 s a o o t h .0020 .0216 •4.90 5.46 2.59 0.98 1.75 -0.14 ® 

a sn-2 4 2 .75 50 S B O O t h .0020 .0569 -7.75 11.54 1.59 0.83 1.36 -0.40 • a 

SH-3 4 2 .30 25 S B O O t h .0020 .462 -3.79 1.26 3.17 2.60 0.53 0.05 e 
a 

sn-4 4 2 .30 50 S B O O t h .0020 .706 -5.90 3.49 3.52 3.65 -0.31 0.17 e 

a 

SII-5 4 2 .30 50 S B O O t h .0050 1.64 -23.70 l.U 20.22 18.71 1.42 0.10 o 

a 

SlI-6 1 4 2 .30 75 s a o o t h .010 6.13 -82.37 7.10 50.59 43.79 5.25 1.36 o 
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V e l o c i t y and s a l i n i t y d i s t r i b u t i o n s 

The v e l o c i t y and s a l i n i t y d i s t r i b u t i o n s measured i n the p r e s e n t 

experiments showed t y p i c a l c h a r a c t e r i s t i c s f o r each type of the t i d a l 

r i v e r flow. The v e l o c i t y p r o f i l e s i n a v e r t i c a l c r o s s s e c t i o n (x=40cm) 

over a t i d a l p e r i o d are shown i n Fig.2 f o r cases RI-2, SI-1 and S I - 3 . 

The dotted l i n e s i n Fig.2 denote the e l e v a t i o n where the s a l i n i t y i s a 

h a l f of t h a t a t the bottom. T h i s e l e v a t i o n i s taken as an i n d i c a t o r 

f o r the p o s i t i o n of i n t e r f a c e between s a l t and f r e s h water. 

The v e l o c i t y p r o f i l e s i n the cases of w e l l and p a r t i a l l y mixed 
types ( R I - 2 , S I - 1 ) have a tendency to become v e r t i c a l l y uniform except 
near the bottom. And the water of the whole depth o s c i l l a t e s back and 
f o r t h , with the s u r f a c e and bottom l a y e r s being almost i n phase. For 
these c a s e s , the s a l i n i t y p r o f i l e shows the same tendency, which can 
be seen i n Fig.2 as the abrupt r i s e of i n t e r f a c e to near the water 
s u r f a c e i n the f l o o d t i d e phase. Moreover, l o n g i t u d i n a l d i s t r i b u t i o n s 
of c r o s s - s e c t i o n a l average s a l i n i t y are shown i n F i g . 3 . The s p a t i a l 
and t e m p o r a l v a r i a t i o n shown i n F i g . 3 i s s i m i l a r t o the r e s u l t s 
o b t a i n e d i n f i e l d s and l a r g e s c a l e p h y s i c a l models. T h i s f i g u r e 
together with above-mentioned r e s u l t s i n d i c a t e s t h a t w e l l mixed type 
flows were reproduced i n a r a t h e r small experimental f a c i l i t y i n the 
present study. 

Fig.2 V e l o c i t y p r o f i l e s i n a 
v e r t i c a l c r o s s - s e c t i o n 
(x=40cm) over a t i d a l 
p e r i o d . 
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C l a s s i f i c a t i o n of t i d a l r i v e r flows 

Various parameters have been suggested f o r c l a s s i f y i n g the types 
of t i d a l r i v e r f l o w s . Among them, F i s c h e r ( 1 9 7 2 ) i n t r o d u c e d t h e 
" E s t u a r i n e Richardson Number", R: 

R = (/lP/P)gQf/WUt3 = ( 1 / F r i 2 ) ' (Uf/Ut)3 (1) 

where p and Ap are d e n s i t y of f r e s h water and d e n s i t y d i f f e r e n c e , Qf 
t h e f r e s h w a t e r d i s c h a r g e , W w i d t h of t h e r i v e r flume, Uf r i v e r 
v e l o c i t y , Ut rms t i d a l v e l o c i t y , and Fri=Uf/( (^if/p )gh) 1/2 d e n s i m e t r i c 
Froude number. As shown i n E q . ( l ) , R can be reduced t o a f u n c t i o n of 
the r e l a t i v e i n t e n s i t y of t i d a l c u r r e n t (Ut/Uf) and the d e n s i m e t r i c 
Froude number ( F r i ) . Ut/Uf i s s i m i l a r t o the r a t i o of t i d a l prism to 
the r i v e r d i s c h a r g e . S i n c e t h e s e p a r a m e t e r s r e p r e s e n t t h e power 
generating mixing by t i d e and the buoyancy e f f e c t s t a b i l i z i n g the 
flow, r e s p e c t i v e l y , R can be considered to r e p r e s e n t the r e l a t i v e 
magnitude of the two c o n f l i c t i n g e f f e c t s . 

Ut/Uf, F r i and R were e v a l u a t e d f o r eac h e x p e r i m e n t a l c a s e . 
M i x i n g t y p e s o b s e r v e d i n t h e e x p e r i m e n t s a r e p l o t t e d on a F r i 2 -
(Uf/Ut)3 plane as shown i n Fig . 4 . I t can be seen t h a t the mixing a r e 
promoted a s Ut/Uf i n c r e a s e s and/or F r i i n c r e a s e s . From o b s e r v a t i o n s 
f o r r e a l e s t u a r i e s , F i s c h e r ( 1 9 7 9 ) suggested t h a t the t r a n s i t i o n from a 
w e l l mixed t o a s t r o n g l y s t r a t i f i e d e s t u a r y occurs roughly i n the 
range 0.08< R <0.8. For the pre s e n t experiments, the range i s 0.15< R 
<0.8 a s se e n i n F i g . 4 , w hich i s c o n s i d e r a b l y c o n s i s t e n t w i t h t h e 
r e s u l t s from f i e l d d ata. E x c e p t i o n a l l y , case S I I - 1 was c l a s s i f i e d 
i n t o the p a r t i a l l y mixed type though R <0.15. Th i s i n d i c a t e s t h a t the 
mixing power was i n s u f f i c i e n t f o r t h i s case because of the smooth 
bottom c o n d i t i o n and r e l a t i v e l y low Reynolds number. On the c o n t r a r y , 
the rough bottom c a s e s tended to become the w e l l mixed type, which i s 
a t t r i b u t e d to stronger turbulence generation by the roughness. I n 
order t o take i n t o account the turbulence generation on the bottom a 
modified e s t u a r i n e Richardson number, i n which Ut i s r e p l a c e d by the 
f r i c t i o n v e l o c i t y , may be more r e l e v a n t . 

S t r u c t u r e of s a l i n i t y t r a n s p o r t 

I n order to i d e n t i f y the r e l a t i v e magnitude of the s a l t t r a n s p o r t 
mechanisms, the measured v e l o c i t y and s a l i n i t y data were d i v i d e d i n t o 
four components a f t e r F i s c h e r (1979). 

u ( x , z , t ) = u o ( x ) + u l ( x , t ) + u s { x , z ) + u ' ( x , z , t ) (2) 

C(x,z,t)=Co(x)+Ci(x,t)+Cs(x,z)+C'(x,z,t) (3) 

Since the water l e v e l v a r i a t i o n can not be neglec t e d i n the p r e s e n t 

experiments, c r o s s s e c t i o n a l a r e a A was d i v i d e d as f o l l o w s : 

A(x,t)=Ao(x)+Al(x,t) (4) 

Using an overbar (") to denote a v e r t i c a l average, and < > a t i d a l 

c y c l e average, uo=<ïï>, Co=<C>, and Ao=<A>. Fu r t h e r , 

ui=ü-uo, Ci=C-Co, Al=A-Ao (5) 

Us=<u>-uo, Cs=<C>-Co (6) 
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and u' and C' are the remainders. I n the E q . ( 6 ) , <u> and <C> f o r the 

p o s i t i o n above the low water l e v e l were evaluated during the per i o d 

when the p o s i t i o n was i n water. 

The t o t a l s a l i n i t y f l u x F i s decomposed as f o l l o w s : 

F=<A-uC>=Fl+F2+F3, F3=F3l+F32+P33 (V) 

where 

Fl=CoAouO+C0<AlUl> 

F2=A0<uiCl>+<AlulCl>+U0<AlCl> 

F3l=A0<u^s> + <Al- UsCs> (8) 

F32=AO<u'C' > + <Al' u'C > 

F33=A0(<UsC'> + <u'Cs>)+<Al- U s C > + <Al' u'Cs> 

F l i s the f l u x due t o t h e r i v e r d i s c h a r g e . F2 i s t h e t i d a l c y c l e 
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c o r r e l a t i o n of the c r o s s - s e c t i o n a l averages. F31 i s the component due 

t o t h e r e s i d u a l c i r c u l a t i o n , and F32 i s the one r e p r e s e n t i n g t h e 

e f f e c t of shear and t u r b u l e n t d i f f u s i o n . 

These components were evaluated a t two c r o s s s e c t i o n s , x=0.4m and 
x=1.2m, by using the obtained data f o r each case, and were compared 
with each other. The r e s u l t s are shown i n Table 1 and Figs.5 and 6. 
F i g u r e 5 i n d i c a t e s the c o n t r i b u t i o n of F3 compared with F2, and Fig.6 
i n d i c a t e s the r e l a t i v e magnitude of F32 i n the component F3. 

The s i g n i f i c a n t c h a r a c t e r i s t i c s f o r the w e l l mixed type are t h a t 

F2 i s r e l a t i v e l y l a r g e compared with F3, and t h a t F32 i s predominant 

i n t h e F3 component. S i n c e F2 i s a t i d a l c y c l e c o r r e l a t i o n of 

v e l o c i t y , s a l i n i t y and water s u r f a c e e l e v a t i o n , F2 would be l a r g e i f 

t h e t e m p o r a l p r o f i l e s of t h o s e q u a n t i t i e s a r e d i s t o r t e d from t h e 

s i n u s o i d a l curve. The p r o f i l e of s a l i n i t y was observed t o be deformed 

i n the w e l l mixed flows, and to change with the p o s i t i o n along the 

flume. Large F2 i s caused by the asymmetry of the s a l i n i t y between 

the f l o o d and ebb phases. 

As mentioned above, F32 i s the component due to the d i s p e r s i o n 

and t u r b u l e n t d i f f u s i o n . Large F32 i n w e l l mixed case i s c o n s i d e r e d 

to correspond t o the s t r o n g e r t u rbulence g e n e r a t i o n . F i g u r e 7 shows 

the v a r i a t i o n s of the measured v e l o c i t y over a t i d a l p e r i o d f o r t h r e e 

cases i n s e r i e s I . I t can be seen t h a t l a r g e f l u c t u a t i o n s of v e l o c i t y 

appear as the mixing type changes toward the w e l l mixed one. 

C o nclusion 

T i d a l r i v e r flows of w e l l and p a r t i a l l y mixed types have been 

s t u d i e d m a i n l y by f i e l d o b s e r v a t i o n s or l a r g e s c a l e l a b o r a t o r y 

experiments. I n the p r e s e n t study, i t was shown t h a t such flows can 

be r e p r o d u c e d even i n a s m a l l s c a l e flume i f t h e e x p e r i m e n t a l 

c o n d i t i o n s a r e c o n t r o l l e d p r o p e r l y . I t was a l s o c e r t i f i e d t h a t the 

e s t u a r i n e R i c h a r d s o n number s u g g e s t e d by F i s c h e r i s e f f e c t i v e t o 

c l a s s i f y the mixing types even fo r the small s c a l e models. 

An advantage of the s m a l l s c a l e flume i s t h a t dense and p r e c i s e 

measurement i s p o s s i b l e . For the f i r s t step of t a k i n g t h i s advantage, 

the s t r u c t u r e of s a l i n i t y t r a n s p o r t i n the w e l l and p a r t i a l l y mixed 

ty p e f l o w s a s w e l l a s t h e w e a k l y mixed ones were d e t e r m i n e d i n 

r e l a t i o n to the c h a r a c t e r i s t i c s of the v e l o c i t y and s a l i n i t y f i e l d s . 

The authors express t h e i r thanks t o T.Manaka, T.Onuki, D.Sakuma, 

H.Tosaka and K . S a i t o f o r a s s i s t a n c e i n conducting the experiments and 

making f i g u r e s . 
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PHYSICAL MODELING OF SALINITY INTRUSION INTO ROTTERDAM WATERWAY ESTUARY 
by P e t e r de Jong and G e r r i t Abraham 
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2600 MH D e l f t , The Netherlands 

A b s t r a c t 

Reproducing v e r t i c a l mixing due to bed-shear generated turbulence 
i s a c r i t i c a l i s s u e i n p h y s i c a l s a l i n i t y I n t r u s i o n modeling f o r p a r t l y 
mixed e s t u a r i e s . I t i n v o l v e s the s e l e c t i o n of a type of added r e s i s t a n 
ce, which a c t s p r o p e r l y at a mixing device. Within t h i s context, the 
paper summarizes experimental evidence, obtained i n the Rotterdam Water
way s a l i n i t y i n t r u s i o n model, which shows th a t (1) to some extent the 
v e r t i c a l s a l i n i t y d i s t r i b u t i o n can be i n f l u e n c e d by the type of added 
r e s i s t a n c e , and (2) using the type of r e s i s t a n c e s e l e c t e d f o r t h i s 
model, s a l i n i t y i s properly reproduced f o r a range of c o n d i t i o n s . 

1. I n t r o d u c t i o n 

I n the 1976 volume of Annual Review of F l u i d Mechanics, F i s c h e r 
(1976) concludes t h a t h y d r a u l i c s c a l e models, so long as t h e i r r e s t r i c 
t i o n s are borne i n mind, are u s e f u l t o o l s f o r problems of s a l i n i t y 
i n t r u s i o n , i n v o l v i n g t h r e e - d i m e n s i o n a l i t y , complex boundaries or s t r a t i 
f i c a t i o n , f o r which h a r d l y any other t o o l s are a v a i l a b l e . With r e s p e c t 
to the reproduction of the v e r t i c a l s a l i n i t y d i s t r i b u t i o n i n p a r t l y 
mixed models, he notes t h a t v e r t i c a l r e s i s t a n c e s t r i p s play an e m p i r i 
c a l l y important r o l e , but t h e i r r o l e i s by no means c l e a r . Harleman 
(1971) g i v e s s c a l i n g r e l a t i o n s h i p s f o r these models, e l a b o r a t i n g upon 
the r o l e of the s t r i p s as an e m p i r i c a l f a c t o r . Simmons and Bobb (1965) 
report an e x c e l l e n t reproduction of s a l i n i t y d i s t r i b u t i o n by means of 
the s t r i p s f o r the Hudson R i v e r model (n » 10). 

Within t h i s context the paper giv e s a s h o r t d e s c r i p t i o n of the 
p r o c e s s e s , which i n f l u e n c e the s a l i n i t y i n t r u s i o n i n t o the p a r t l y mixed 
Rotterdam Waterway E s t u a r y . I t shows that reproduction of the l a r g e -
s c a l e p rocesses i s s t r a i g h t f o r w a r d , while v e r t i c a l s m a l l - s c a l e mixing i s 
i n s u f f i c i e n t u n l e s s compensated by added r e s i s t a n c e a c t i n g as a mixing 
device. I t p r e s e n t s experiments on the e f f e c t of the type of added 
r e s i s t a n c e on the s a l i n i t y d i s t r i b u t i o n , and d e s c r i b e s the type of added 
r e s i s t a n c e used i n the Rotterdam Waterway s a l i n i t y i n t r u s i o n model. I t 
summarizes model-prototype comparisons, which show t h i s type of added 
r e s i s t a n c e to reproduce the s a l i n i t y i n t r u s i o n p r o p e r l y over a range of 
t i d a l c o n d i t i o n s and f r e s h water d i s c h a r g e s . 

2. Rotterdam Waterway E s t u a r y 

The Rotterdam Waterway E s t u a r y ( F i g . 1 ) , i s formed by the New 
Meuse, the Old Meuse and the New Waterway. F r e s h water, which flows in t o 
the e s t u a r y through the New Meuse and the Old Meuse, i s s u e s i n t o the 
North Sea through the New Waterway. 

On a l a r g e s c a l e , s a l i n i t y i n t r u s i o n i n t o the p a r t l y mixed e s t u a r y 
depends on t i d a l a c t i o n and f r e s h water d i s c h a r g e . G r a v i t a t i o n a l c i r c u 
l a t i o n i s a d r i v i n g mechanism. L a r g e - s c a l e mixing i s induced by phase 
d i f f e r e n c e s between the t i d a l v e l o c i t i e s i n the New Meuse and the Old 
Meuse, I t f u r t h e r i s due to d e n s i t y induced exchange flows between the 
main e s t u a r y channels and harbor b a s i n s l o c a t e d along the e s t u a r y 
(Abraham et a l , 1986). These l a r g e - s c a l e p r o c e s s e s a c t by a d v e c t i o n . 
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S m a l l - s c a l e t u r b u l e n t processes i n f l u e n c e the s t r a t i f i c a t i o n and 
thereby the s t r e n g t h of the g r a v i t a t i o n a l c i r c u l a t i o n . They are due to 
bed-shear generated turbulence and turbulence generated by s i d e w a l l s 
and the groynes at the banks of the New Waterway. 

3. Rotterdam Waterway s a l i n i t y i n t r u s i o n model 

The s a l i n i t y i n t r u s i o n i n the Rotterdam Waterway has been s t u d i e d 
i n a p h y s i c a l model ( v e r t i c a l length s c a l e 1/64, h o r i z o n t a l length s c a l e 
1/640, d i s t o r t i o n 10). In 1965 the model was b u i l t f o r a n a v i g a b i l i t y 
study. The f i r s t t a s k of the model was to provide information on the 
three-dimensional flow f i e l d near the entrance of the Rotterdam Waterway 
and the e f f e c t of c o a s t a l and d e n s i t y c u r r e n t s thereon. A model-proto
type comparison showed t h i s flow f i e l d to be p r o p e r l y reproduced (Breu-
s e r s and van Os, 1981). I n a l a t e r stage, emphasis s h i f t e d g r a d u a l l y to 
determining the e f f e c t of changes i n the geometry of the e s t u a r y on 
s a l i n i t y i n t r u s i o n . At present the model i s no longer i n use. I t i s 
being r e p l a c e d by a three-dimensional mathematical model. T h i s develop
ment i s supported by a flume study and f i e l d experiments, such as the 
o b s e r v a t i o n of i n t e r n a l wave a c t i v i t y i n the Rotterdam Waterway E s t u a r y 
by a c o u s t i c images ( P i e t r z a k et a l , 1989). To account f o r the damping of 
turbulence by d e n s i t y s t r a t i f i c a t i o n , the c o n v e r s i o n of t u r b u l e n t energy 
i n t o i n t e r n a l wave energy, and v i c e v e r s a , w i l l e v e n t u a l l y be i n c o r p o r a 
ted i n the mathematical model (Uittenbogaard and Baron, 1989). 

4. S c a l i n g requirements 

2 
The model f o l l o w s the Froude s c a l i n g law, u^ - h^, w i t h p^= 1 and 

t h e r e f o r e S - 1, where s u b s c r i p t r i s the r a t i o of model-to-prototype 
q u a n t i t y , u'^is a l o n g i t u d i n a l v e l o c i t y , h i s a v e r t i c a l length, p i s the 
d e n s i t y and S i s the s a l i n i t y . The model reproduces the above l a r g e 
s c a l e p r o c e s s e s c o r r e c t l y , once i t i s a d j u s t e d f o r t i d a l propagation. 

D i s t o r t i o n i m p l i e s I = h /L = n, where I i s the slope of the 
water s u r f a c e , L i s a ^ h o r i z o n E a l length and n i s the d i s t o r t i o n . The 
e f f e c t of the bottom shear s t r e s s , z , on the s u r f a c e slope i s given by 
t,/ph, t h a t of the s i d e w a l l shear s t r e s s , t , by t^/pb, where h and b 
are the depth and width of the channel. Therefore, r e p r o d u c t i o n of t i d a l 
propagation r e q u i r e s 

I n accordance w i t h Eq. 1, the r e q u i r e d f r i c t i o n a l r e s i s t a n c e of the 
bed i n c r e a s e s w i t h the d i s t o r t i o n and t h a t of the s i d e w a l l s does not. 
Therefore, i n a d i s t o r t e d model bottom roughness must be added, a d d i t i o n 
of s i d e w a l l roughness i s not needed and groynes and other p r o t r u s i o n s 
from the s i d e w a l l s must be reproduced g e o m e t r i c a l l y s i m i l a r l y . The 
d i s t o r t i o n i s not s i g n i f i c a n t f o r t h i s g e o m e t r i c a l l y s i m i l a r 
r e production as the flow s e p a r a t e s from the p r o t r u s i o n i n nature. 

C o n s e r v a t i o n of s a l i n i t y i m p l i e s t h a t the v e r t i c a l g r a d i e n t of the 
v e r t i c a l t r a n s p o r t of s a l i n i t y , F , must s c a l e as the h o r i z o n t a l g r a 
d i e n t of the l o n g i t u d i n a l a d v e c t i v e t r a n s p o r t , uS. The t u r b u l e n t energy 
balance r e q u i r e s the production of t u r b u l e n t energy, P, to s c a l e as F^. 
Hence, s i n c e S - 1, proper reproduction of s t r a t i f i c a t i o n r e q u i r e s 

( t ) = h 
^ w^r r 

(1) 

r 

( F ) 
^ z ' r 

n h P n h ( 2 ) 
r r r 
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In accordance with Eq. 2, the required mixing i n c r e a s e s w i t h the 
d i s t o r t i o n . Therefore, a f t e r a d j u s t i n g a d i s t o r t e d model f o r t i d a l 
propagation, the s a l i n i t y d i s t r i b u t i o n must be v e r i f i e d . 

For s i d e w a l l generated turbulences^ eddy v i s c o s i t y and eddy 
d i f f u s i v i t y are p r e p o s i t i o n a l to ( t /p) b. T h i s i m p l i e s t h a t the 
requirements of Eqs. 1 and 2 are compatible. Mixing due to s i d e w a l l 
roughness generated turbulence i s c o r r e c t l y reproduced i n a d i s t o r t e d 
model, once i t s e f f e c t on t i d a l propagation i s p r o p e r l y reproduced. The 
same holds f o r mixing due to groynes and other p r o t r u s i o n s from the side 
w a l l s , the shape of which i s reproduced g e o m e t r i c a l l y s i m i l a r . 

For bed-shear generated turbulence eddy v i s c o s i t y and eddy 
d i f f u s i v i t y are p r o p o r t i o n a l to (z^/p) h. Assuming t h a t a f t e r adjustment 
f o r t i d a l propagation t h i s a l s o holds f o r a d i s t o r t e d model, the 
production of t u r b u l e n t energy i s too much concentrated at the bottom, 
the v e r t i c a l mixing i s n times too s m a l l , and the h o r i z o n t a l exchange 
i s n'/' times too strong. T h i s means th a t the a d d i t i o n a l f r i c t i o n a l r e 
s i s t a n c e must be provided by r e s i s t a n c e elements, which a c t p r o p e r l y as 
a v e r t i c a l mixing d e v i c e . The s t r i p s mentioned i n the i n t r o d u c t i o n , 
which d i s t r i b u t e the generation of turbulence over the depth and induce 
v e r t i c a l c u r r e n t s along t h e i r f a c e s , are introduced as such. While 
r e i n f o r c i n g the v e r t i c a l mixing, the r e s i s t a n c e elements are l i k e l y to 
r e i n f o r c e the h o r i z o n t a l exchange as w e l l . 

5. E f f e c t of type of r e s i s t a n c e on s a l i n i t y 

A d d i t i o n a l r e s i s t a n c e elements - a l l w i t h the same e f f e c t i v e 
r e s i s t a n c e - were compared with r e s p e c t to t h e i r e f f e c t on s a l i n i t y 
d i s t r i b u t i o n : cubes ( 5 x 5 x 5 cm^) placed on the bottom, v e r t i c a l bars 
( h o r i z o n t a l c r o s s - s e c t i o n $ x % cm^) over the whole depth, and elements 
w i t h a cross-shaped h o r i z o n t a l c r o s s - s e c t i o n (two vanes, 3 x 3 cm* each) 
( F i g . 2 ) . The experiments were made i n a flume, schematizing the R o t t e r 
dam Waterway E s t u a r y as a s i n g l e s t r a i g h t channel w i t h constant r e c t a n 
g u l a r c r o s s - s e c t i o n without harbor basins along i t at the same s c a l e as 
the Rotterdam Waterway s a l i n i t y i n t r u s i o n model. The flume width-to-
depth r a t i o was 3. I t was about equal to t h a t of the New Waterway s e c 
t i o n of the d i s t o r t e d model. The corresponding prototype v a l u e i s ten 
times l a r g e r as a r e s u l t of the model d i s t o r t i o n . 

F i g . 3 g i v e s r e s u l t s of the experiments. For the flume experiments, 
the t o t a l r e s i s t a n c e (of bottom and side w a l l s combined) corresponded to 
th a t of the Rotterdam Waterway at model s c a l e s . For some of the flume 
experiments, the c o n t r i b u t i o n of the s i d e w a l l s was about 10% ( F i g . 3 a ) , 
f o r other flume experiments ( F i g . 3b) i t was about 30% as f o r the 
Rotterdam Waterway s a l i n i t y i n t r u s i o n model ( F i g . 3c) because of the 
groynes. F i g . 3 shows the e f f e c t of the type of a d d i t i o n a l r e s i s t a n c e to 
decrease w i t h i n c r e a s i n g s i d e w a l l r e s i s t a n c e . From t h i s p e r s p e c t i v e , 
r e l a t i v e l y wide e s t u a r i e s are more d i f f i c u l t to be modeled than 
r e l a t i v e l y narrow e s t u a r i e s . 

Because of the l a r g e - s c a l e mixing processes and the s i d e - w a l l 
e f f e c t s , the type of a d d i t i o n a l r e s i s t a n c e was not deemed c r i t i c a l f o r 
Rotterdam Waterway c o n d i t i o n s . The cross-shaped elements were f i n a l l y 
s e l e c t e d f o r p r a c t i c a l modeling reasons: They allowed easy c l e a n i n g of 
the model. T h e i r r e s i s t a n c e did not vary s i g n i f i c a n t l y w i t h the d i r e c 
t i o n of flow i n the h o r i z o n t a l plane. They would cause l i t t l e accumula
t i o n of bed m a t e r i a l , s i m u l a t i n g sediment t r a n s p o r t . 
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6. Model-prototype comparisons 

A f t e r the model was adj u s t e d f o r t i d a l propogation, using the 
cross-shaped elements, model-prototype comparisons were made f o r y e r i f i -
c a t i o n of the v e l o c i t y and s a l i n i t y d i s t r i b u t i o n . Table 1 giv e s the 
co n d i t i o n s involved f o r the comparisons given i n t h i s paper, i n 
a d d i t i o n to those given by Breusers and van Os (1981). I t l i s t s : the 
f r e s h water discharge of the New Waterway (Q), the t i d a l range at the 
mouth of the e s t u a r y (Ah) and the e s t u a r y number, E_^, a measure of the 
s t r a t i f i c a t i o n (Thatcher and Harleman, 1981), defined as 

u2 

where Ap i s the d i f f e r e n c e i n d e n s i t y between r i v e r and sea water, P i s 
the volxime of sea water e n t e r i n g the est u a r y on the flood t i d e , T the 
dur a t i o n of the t i d a l c y c l e , u^ i s the maximum p r o f i l e averaged flood 
v e l o c i t y a t the mouth of the est u a r y , h i s the time averaged depth at 
the mouth of the e s t u a r y and g i s the g r a v i t a t i o n a l a c c e l e r a t i o n . 

For the 1979 measurements l i s t e d i n Table 1, v e l o c i t y and d e n s i t y 
d i s t r i b u t i o n s were obtained from f i e l d measurements made from v e s s e l s at 
the centre l i n e of the channels. For the 1976 per i o d f i e l d data were 
obtained from a l i m i t e d number of continuous d e n s i t y r e g i s t r a t i o n s from 
the banks. Wind i n f l u e n c e was i n s i g n i f i c a n t f o r the 1979 measurements. 
The v a l u e s l i s t e d i n Table 1 r e f e r to p a r t l y mixed c o n d i t i o n s . They 
cover the range of s t r a t i f i c a t i o n s óf i n t e r e s t . 

F i g . 4 g i v e s the model-prototype comparisons f o r the 1979 p e r i o d s , 
f o r E j j - 2.2 and E^^- 0.62. F i g . 4 i s r e p r e s e n t a t i v e f o r the model-proto
type agreement found. For September 17, 1979 wi t h a neap-tide (E - 0.37) 
and wind set-up at sea n o t i c e a b l e d e v i a t i o n s were found (Van der Heyden 
et a l , 1984). 

F i g . 5 g i v e s the model-prototype comparison f o r August 1976, when 
r i v e r d i s c h a r g e was low, Ej^ ranging from 0.56 to 3.2. F i g . 5a g i v e s the 
t i d a l c o n d i t i o n s a t the mouth of the est u a r y . F i g . 5b i l l u s t r a t e s t h a t 
i n the v i c i n i t y of c r i t i c a l i n t a k e s , a proper r e p r o d u c t i o n of the 
dur a t i o n of the periods w i t h s a l i n i t i e s above t h a t of r i v e r water was 
found. As the measurements involved were made from the banks, 
d i f f e r e n c e s i n s a l i n i t i e s were to be expected. 

Summarizing, the Rotterdam Waterway E s t u a r y being r e l a t i v e l y narrow 
( S e c t i o n 5 ) , s a t i s f a c t o r y model-prototype agreement was found f o r the 
range of s t r a t i f i c a t i o n s of i n t e r e s t (0.6 < E < 3.2). 

Table 1 Conditions f o r model-prototype comparisons 

date Q Ah E 
m̂  /s m D 

21 May 1979 1690 1.63 0.62 
10 Sept. 1979 880 2.00 2.2 
20 Aug. 1976 784 1. 22 0.56 

. 27 Aug. 1976 736 2.14 3.2 
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Fig3 . Tidal flume without side wall roughness " T 3 (bars) + T 31 (cross shaped el.) Q T 644 (cubes ) 

Fig 3 . Tidal flume with side wall roughness B T 643 (bars) O T 640 (cubes) 

I 

Fig 3 . Rotterdam Waterway Salt Intrusion Model • T 41 (bars) • T 31 (cubes) 
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EXPERIMENTAL STUDIES ON DYNAMIC CONTROL OF SALINITY INTRUSION 

by 

Gerhard H. J i r k a and Paul Akar 

DeFrees H y d r a u l i c s Laboratory 

School of C i v i l and Environmental Engineering 

C o r n e l l U n i v e r s i t y , I t h a c a , New York, 14853 

Some r i v e r and c o a s t a l waterways experience s a l i n i t y i n t r u s i o n over long 

d i s t a n c e s i n form of a s a l t wedge, a two-layer s t r a t i f i e d system i n which a 

bottom s a l t l a y e r i s overflown by the fre s h w a t e r flow. Recent experimental and 

t h e o r e t i c a l work a t C o r n e l l U n i v e r s i t y ( J i r k a and A r i t a , JFM, 1987) has 

demonstrated t h a t s m a l l l o c a l p e r t u r b a t i o n s of the boundary l a y e r ( v e l o c i t y 

d i s t r i b u t i o n ) of the ambient r i v e r flow can be used to l o c a l l y a r r e s t the 

s a l i n i t y i n t r u s i o n i n the form of a s t a t i o n a r y d e n s i t y c u r r e n t with a head wave 

and to e l i m i n a t e thereby the long d i s t a n c e s a l t wedge i n t r u s i o n . The dimensions 

of the c o n t r o l d e v i c e (e.g. a small b a r r i e r or a s u c t i o n d e v i c e ) a r e sm a l l 

r e l a t i v e to the ambient depth and the d e v i c e indeed r e l i e s on a dynamic c o n t r o l 

e f f e c t (as opposed to a s t a t i c c o n t r o l as would be e x e r c i s e d by a l a r g e p h y s i c a l 

b a r r i e r ) . The r e s u l t s of a d d i t i o n a l experiments on dynamic c o n t r o l w i l l be 

presenCed i n which a l t e r n a t e d e v i c e geometries (e.g. bars, vanes or f e n c e s ) and 

s y n e r g i s t i c e f f e c t s (e.g. combination w i t h s u c t i o n flow) have been examined. 

Work supported by Waterways Experiment S t a t i o n , U.S. Army Corps of 

Engineers. 
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ON KEULEGAN'S "LAW OF MIXING I N THE SEA" 
by T . A . M c C l i m a n s , 

N o r w e g i a n H y d r o t e c h n i c a l L a b o r a t o r y 
N o r w e g i a n I n s t i t u t e o f T e c h n o l o g y 

N-7034 T r o n d h e i m , Norway 

A b s t r a c t 

I n one of h i s many remarkable r e p o r t s from the former N a t i o n a l 
Bureau of Standards, Keulegan (1955) showed t h a t mixing of seawater to 
the r i v e r plume i n h i s experimental apparatus c o n s i s t e n t l y gave a 
s a l i n i t y i n c r e a s e to 3̂ + % t h a t of the seawater. He c a l l e d t h i s 
c onstant the "law of mixing i n the s e a " . I n a subsequent paper, 
McClimans (1979) showed t h a t t h i s c onstant could be used to c a l i b r a t e 
a theory of f r o n t a l mixing i n r i v e r plumes t h a t matched a s e r i e s of 
l a b o r a t o r y d a t a f o r s e v e r a l d i f f e r e n t geometries. 

T e m p e r a t u r e - s a l i n i t y a n a l y s i s of f i e l d measurements i n r i v e r 

plumes confirm the b a s i c p r i n c i p l e s of the theory. S e v e r a l examples 

from f i e l d o b s e r v a t i o n a l programs g i v e r e s u l t s which are c o n s i s t e n t 

w i t h the e x t e n s i o n of Keulegan's "law" when the g e o m e t r i c a l 

c o n s t r a i n t s a r e taken i n t o account, showing the l a s t i n g v a l u e of h i s 

c a r e f u l o b s e r v a t i o n and documentation. 

I n t r o d u c t i o n 

Mixing of seawater to r i v e r plumes i s an important p r o c e s s f o r 

the d i l u t i o n of p o l l u t e d waters and, i n a r c t i c and s u b - a r c t i c r e g i o n s , 

a l s o important f o r i n h i b i t i n g i c e formation d u r i n g the c o l d e s t months 

of w i n t e r . I t i s t h e r e f o r e u s e f u l to have a law of mixing which i s r o 

bust and a p p l i c a b l e to many s i t u a t i o n s . Such a law was suggested by 

Keulegan (1955) as a s p i n o f f of h i s study on mixing i n s a l t wedges i n 

a r i v e r channel. The pr e s e n t work, based l a r g e l y on McClimans ( 1 9 7 9 ) . 
demonstrates the s t r e n g t h and l i m i t a t i o n of Keulegan's r e s u l t . 

F r o n t a l mixing 

McClimans (1979) proposed a model f o r r i v e r plume entrainment of 
seawater which was based on the mixing p r o c e s s e s a s s o c i a t e d w i t h the 
e n e r g e t i c b i l l o w s near the f r o n t of the spreading, d e n s i m e t r i c flow. 
The motivation f o r the theory was the r e c o g n i t i o n t h a t the p o t e n t i a l 
energy f l u x of the r i v e r plume i s important f o r the mixing mechanism 
and t h a t the g l o b a l a s p e c t s of t h i s could t h e r e f o r e be modelled i n the 
l a b o r a t o r y even with v e r t i c a l d i s t o r t i o n as long as two f r o n t a l 
regions do not merge. T h i s r e q u i r e s f u r t h e r t h a t the i n t e r f a c i a l 
mixing beneath the c e n t e r l i n e of the expanding plume makes o n l y a 
minor c o n t r i b u t i o n to the t o t a l entrainment. 

F i g u r e 1 shows a l a t e r a l c r o s s s e c t i o n of an expanding r i v e r 

plume w i t h u s e f u l nomenclature. The theory, which was developed f o r 

r i v e r flow to a f j o r d b a s i n with f i n i t e width W, and t h e r e f o r e con

t a i n i n g a two-layer hydrography, a p p l i e s a l s o to an open ocean (W = ») 

f o r which the s a l i n i t y i s constant w i t h depth S ( z ) = S j . 

The j u s t i f i c a t i o n of the f r o n t a l mixing model gained support from 
a f i e l d i n v e s t i g a t i o n of the S t e i n k j e r r i v e r plume polynya i n the 
i c e - c o v e r e d B e i t s t a d f j o r d near Trondheim d u r i n g the wint e r of 1978 . 
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F i g u r e 1 . A l a t e r a l c r o s s s e c t i o n through an expanding r i v e r plume: 

u(x) = l o n g i t u d i n a l plume v e l o c i t y , H(x) = plume t h i c k n e s s , 

S ( x ) = plume s a l i n i t y and Uf = l a t e r a l v e l o c i t y along the 

expanding f r o n t . The l a t e r a l secondary flow components 

which t r a n s p o r t e n t r a i n e d s e a water to the c e n t e r of the 

plume are shown by arrows. 
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F i g u r e 2. V e r t i c a l t e m p e r a t u r e - s a l i n i t y p r o f i l e s along the S t e i n k j e r 
r i v e r plume, Feb 1978 . Numbers give depths i n meters. (The 
group of data with a q u e s t i o n mark i s b e l i e v e d to be from 
a l o c a l heated f r e s h water plume near the mouth of the 
r i v e r . ) Tp i s the f r e e z i n g temperature. 
(McClimans et a l . , 1978) 



The t e m p e r a t u r e - s a l i n i t y diagram of F i g u r e 2 shows the e s s e n t i a l 
f e a t u r e s of the s a l i n i t y i n c r e a s e seaward of the r i v e r mouth, x/B > 0 , 
where B i s the width of the r i v e r . The plume becomes c o l d e r as s u r f a c e 
water from under the i c e (noted by a s t a r on F i g u r e 2) gets advected 
to the c e n t r a l p o r t i o n of the plume i n the l a t e r a l secondary flow 
sketched i n F i g u r e 1 . V e r t i c a l entrainment would produce the 
hydrography re p r e s e n t e d by the mixing l i n e noted i n F i g u r e 2 . 

Assuming t h a t the l o c a l f r o n t a l entrainment i s p r o p o r t i o n a l to 
the l o c a l r i v e r buoyancy f l u x , decaying e x p o n e n t i a l l y i n x, and 
i n t e g r a t i n g i t over H(x) to l a r g e x, where S ( x ) = , s a y , the 
f o l l o w i n g e x p r e s s i o n was obtained; 

y ( - ^ ) ( B / W ) V 3 - 3(B/W)2/3 + ^ i l ^ - ! l [ Ki + K 2(Ho/B)]-i = 0 
4 S2-S1 S2 S2 

Here HQ = H ( 0 ) i s the t h i c k n e s s of the r i v e r plume a t the r i v e r 

mouth, and and K2 are e m p i r i c a l c o n s t a n t s of the theory. 

Laboratory c o n f i r m a t i o n 

The two e m p i r i c a l c o n s t a n t s Kj^ and K2 were determined by the 

l a b o r a t o r y d a t a of McClimans and Ssegrov (1982) to be = K2 = 1 . 3 1 . 
The r e s u l t s a re p l o t t e d i n F i g u r e 3 where Keulegan's "law of mixing i n 

the s e a " appears to be compatable with the f r o n t a l mixing model. I n 

r e t r o s p e c t , the f a c t t h a t K^ = Kj i m p l i e s t h a t a theory could be 

developed f o r only one unknown constant, i n which case Keulegan's "law 

of m i x i n g i n t h e s e a " would have s a t i s f i e d t h e needs. T h i s shows 

1,0-
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S 2 

0.5H 
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• HcCLIMANS + S/ïGROV 

O SMITH • S T E E N 
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F i g u r e 3 ' Comparison of l a b o r a t o r y data with the theory of f r o n t a l 

mixing of r i v e r plumes. Numbers r e f e r to W/B (McClimans, 

1 9 7 9 ) . 
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the l a s t i n g v a l u e of well-documented, c a r e f u l l a b o r a t o r y o b s e r v a t i o n s 
even when they are s p i n o f f s from other d e d i c a t e d s t u d i e s . 

A p p l i c a t i o n s 

The s i t u a t i o n of g r e a t e s t i n t e r e s t i s a r i v e r plume ( H Q / B < < 1) 
i n an open ocean (W/B -» =>) f o r which the law of mixing i n the s e a 

should be Sj^/Sj = 0 .57• T h i s means t h a t the t o t a l entrainment of 

seawater to the a c t i v e , p o t e n t i a l energy d r i v e n f r o n t a l turbulence i s 

about 4 / 3 times the r i v e r d i s c h a r g e . The l a b o r a t o r y r e s u l t s showed 

f u r t h e r t h a t t h i s t o t a l entrainment was accomplished w i t h i n a plume 

d i s t a n c e x =» 7B from the r i v e r mouth. The l a b o r a t o r y r e s u l t s imply 

t h a t the s t a r i n F i g u r e 2 should have been plac e d near Sĵ  = 17 o/oo. 

There are some w e l l documented r i v e r plume s t u d i e s which may be 

compared to t h i s p r e s e n t r e s u l t . L u k e t i n a and Imberger ( I 9 8 7 ) have 

commented some of these and have f u r t h e r presented a study of f r o n t a l 

entrainment with a time-varying outflow from an e s t u a r y to an open 

ocean. U n f o r t u n a t e l y , there i s no way to i s o l a t e the t o t a l r i v e r plume 

d r i v e n entrainment from other n a t u r a l sources of mixing energy. For 

example, Garvine (1974) concluded t h a t entrainment i s away from the 

plume (downward) which i s true f o r the f a r f i e l d where the l e v e l of 

ambient turbulence exceeds the c o n t r i b u t i o n of energy from the r i v e r 

plume. The near f i e l d s of these s t u d i e s , however, give r a t e s of 

entrainment which are congruent with the r i v e r plume data mentioned 

above. 

The weak g r a d i e n t 3 ( S i / S j ) / 3 ( H o / B ) f o r H Q / B = 0 ( F i g u r e 3) 
i m p l i e s t h a t r i v e r plume entrainment i s not very s e n s i t i v e to the 

a s p e c t r a t i o of a r i v e r mouth. T h i s i m p l i e s t h a t the e n e r g e t i c s of 

r i v e r plume mixing can be s i m u l a t e d i n d i s t o r t e d l a b o r a t o r y models 

without regard to the d e t a i l e d nature of the f r o n t a l v o r t i c e s , 

provided they e x i s t . Thus, the u s u a l c r i t i c a l v a l u e s of Keulegan 

number, e t c must be maintained f o r dynamic s i m i l i t u d e of flow 

i n s t a b i l i t i e s t h a t provide the o v e r a l l mechanisms f o r c o n v e r s i o n of 

p o t e n t i a l energy f l u x to entrainment (McClimans and Saegrov, I 9 8 2 ) . 
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H Y D R A U L I C M O D E L I N G OF BENTHIC SUSPENSION FEEDING 
BIVALVES IN SHALLOW ESTUARIES 

Catherine A. O'Riordan, Jeffrey R. Koseff, and Stephen G. Monismith 
Environmental Fluid Mechanics Laboratory 

Department of Civü Engineering 
Stanford University, Stanford, CA 94305-4020 USA 

Abstract 

We carried out experiments studying the hydrodynamics of bivalve siphonal currents in a 
laboratory flume. Rather than use hving animals, we devised a simple model siphon pair 
connected to a pump. Fluorescence-based flow visualization was used to characterize 
siphon-jet flows for several geometric configurations and flow speeds. These 
measurements show that the boundary-layer velocity profile, siphon height, siphon pair 
orientation, and the size of siphon structure all affect the vertical distribution of the 
excurrent flow downstream of the siphon pair and the fraction of excurrent that is re-
filtered. Due to the vorticity inherent to the velocity shear in the boundary layer, trajectories 
of excurrent flows are flatter than theoretical predictions of trajectories of a jet in a 
crossflow. 

Introduction 

Through recent studies it has become apparent that benthic bivalves can regulate 
phytoplankton biomass in shallow marine systems such as estuaries (Dame et al. 1980, 
Cloem 1982). To demonstrate this relationship between the water column and the benthos 
in unstratified systems, the usual approach (e.g. Cloem 1982) has been to estimate the time 
that benthic grazing by the bivalve population would require to consume the available 
phytoplankton biomass and then to compare this estimate witii the time scales of other 
processes tiiat affect phytoplankton biomass, e.g. zooplankton grazing and primary 
production. To estimate the time scale of benthic grazing, the average depth of tiie estuary 
or embayment is divided by the community filtration rate, expressed in terms of deptii of 
water column filtered per day. This means of calculating the rate of phytoplankon removal 
from the water column by benthic bivalves assumes tiiat hydrodynamics do not constrain 
particle transport from the water column to tiie bentiios. 

However, it is known tiiat bentiiic bivalves feed from a zone of strong vertical gradients of 
flow velocity and particle concentration (Nowell and Jumars, 1984). As a result, tiie 
bivalves filter fluid tiiat does not have tiie fi-eestream (depth averaged) concentration of 
phytoplankton biomass; consequentiy, the simple metiiod of estimating benthic grazing 
effects outlined above may fail in some cases. To predict when hydrodynamic processes 
will have an effect on phytoplankton removal by benthic bivalves, knowledge of a the 
vertical distribution of phytoplankton removal, or 'sink' distribution, may be crucial to 
correctiy modeling tiie effects of mixing and advection on the efficiency of bivalve feeding, 
and tiius the link between tiie benthic consumption and algae produced in tiie water column. 

As a first step towards understanding tiie mechanics of phytoplankton removal by filter-
feeding benthic bivalves, we have performed a study focussing on tiie hydrodynamic 
characteristics of feeding currents of a siphonate bivalve. In order to establish a number of 
the fundamental features of tiie siphonal currents, a single pair of model siphons was used 
with various geometric and flow configurations. The reason for doing so is because the 
flow associated witii feeding by a single animal is clearly a fundamental component of tiie 
larger-scale process of feeding by an entire population of bivalves. 
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Experimental methods 

For our study of a single siphon pair in a turbulent boundary layer, we installed a model 
siphon pair in a laboratory flume (Fig. 1). The flume is 12 m long and 0.31 m wide. To 
control the boundary-layer characteristics in the experiments, we constructed a false-floor 
test section 200 mm above the bed of tiie flume tiiat starts 5 m from the inlet and extends 
for 1.22 m. The boundary layer was "tripped" near the upstream edge of tiie test section to 
ensure the existence of a turbulent boundary layer at the siphon pair. For all of tiie 
experiments reported below, the boundary-layer tiiickness (defined as the height at which 
U = 0.99 Uoo), was approximately 75 mm. 

Bed 

Figure 1: Sketch of experimental setup. 

The scale of our model "bivalve" (physical size and pumping rate) corresponds to a large 
clam such as Tapes Japonica, which is a common benthic bivalve in estuaries along the 
Pacific coast of the United States. The ratio of approximately 2:1 for incurrent to excurrent 
diameters used in our model is common in siphonate bivalves (Ansell 1961). The siphon 
heights (0-10 mm) were chosen to cover the range, starting with siphons fully buried (hg = 
0), observed for T. Japonica in recent laboratory flume experiments reported in Cole et al. 
(unpublished). 

To visualize the flow behavior of the siphon pair, we mixed a concentrated solution of 
Rhodamine WT (typically 10 cc) into tiie excurrent fluid. Because of the high velocities at 
the outlet, tiie dye was effectively neutrally buoyant (cf. List 1982). For the purposes of 
extrapolating our results to natural systems, dyed fluid represents phytoplankton-depleted 
water. We used a slit light source to illuminate the dye as it was ejected from the outiet hole 
in the form of a small jet. We obtained images of the fluorescing excurrent jet by 
photographing it with a monochrome CCD camera (8 bits, 512 x 496 pixels) connected to 
a super-VHS video recorder. Thus, the relative intensity of any part of a dye-plume image 
provides a measure of the relative dye concentration. To extract the information required 
for concentration-field mapping, the video tape was later played tiirough our image 
processor. Average images were formed by averaging 256 (== 16 s) alternate video frames. 
Mean trajectories were determined from these images by locating the highest intensity pixel 
in the plume at locations downstream of tiie jet. 
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Results 

Examination of individual frames of the "raw" video recording showed that the major 
mechanism mixing the siphon excurrent with the overlying flow was large-scale 
entrainment of clear boundary-layer fluid into the jet by the ubiquitous coherent structures 
present in turbulent boundary layers (see Cantwell 1981). The general appearance was that 
of a shearing instability on the edge of the plume. 

Mean trajectories determined fix)m processed images are given in Figure 2, a plot of the 
nondimensional x and z coordinates of the plume axis (Une of maximum relative 
concentration). The measured x and z coordinates are nondimensionahzed using tiie jet-in-
crossflow length scale Zm given in List (1982), viz: 

Zm = djUjAJoo, Q) 

where dj and Uj are the jet diameter and velocity. 

Figure 2: Excuirent jet trajectories: ( • ) excurrent siphon downstream, hj = 0, Uoo = 280 
mm s-i; ( O ) excurrent siphon upstream, hg = 0, Uo» = 280 mm s'̂ ; ( • ) excurrent 
siphon downstream, hs = 10 mm, Uoo = 280 mm s"̂ ; ( • ) excurrent siphon upstream, hg 
= 10 mm, Uoo = 280 mm ŝ ;̂ ( A ) excurrent siphon upstream, incurrent siphon off, hs = 
10 mm, Uoo =120 mm s'̂ : ( X ) excurrent siphon upstream, hg = 0, Uoo = 120 mm s'̂ ; 
( X ) excurrent siphon upstream, hg = 10 mm, Uoo =120 mm s-i. The dashed lines 
represent tiie range of trajectories for a jet in a uniform crossflow (see text). 
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It is clear from these trajectories that siphon height, siphon orientation, crossflow velocity, 
and jet velocity all effect the shape of the trajectory. When the jet origin is at the bed, the jet 
experiences a weaker cross-flow than when it is elevated; as a consequence, the jet is less 
severely bent over by the overlying flow. The effect of siphon current strength is also 
illustrated by the flatter trajectory observed when Uoo = 280 mm s-̂  than when Uoo = 120 
mm s'^ indicating that the trajectory shape is a function of the ratio of jet speed to crossflow 
velocity, UjAJ 

The effect of orientation is significant when the siphons are flush with tiie bed as well as 
when they are elevated (see Fig. 2). When tiie excurrent siphon is downstream, the jet 
assumes tiie appearance of a "normal" jet in a cross-flow (see below) The attachment of the 
excurrent plume to tiie bed in the lee of tiie siphons for the outiet-upstream, hg = 10 mm 
configuration was caused not only by the low pressure at the outiet, but also by the general 
flow around the siphon structure itself When the siphon is not operating, tiie plume dips 
down behind the siphons, albiet less severely than when tiie inlet is operating . 

Discussion 

As reported by Ertman and Jumars (1988), the behavior of bivalve siphonal currents is 
similar to that observed for jets in cross-flows (e.g. Andreopoulos and Rodi 1984). The jet 
appears to be a "solid object" to tiie oncoming flow; as a consequence, it has a rneasurable 
effect on the overlying flow, modifying both mean-flow and turbulence properties near the 
bed (Monismitii et.al. 1990). At the same time, tiie jet itself is bent over by tiie cross-flow, 
and any material it transports is mixed vertically downstream of tiie jet 

There are several important differences between the siphon jet flows we have smdied here 
and jets in uniform crossflows. Firstiy, in the latter case, a single ratio, Uj/Uoo, expressing 
tiie relative importance of jet to crossflow momentum can be formed. In the present case, 
because tiie jet is immersed in tiie boundary layer, it experiences a range of velocities 
through its trajectory. For a jet in a uniform crossflow, List (1982) gives tiie following 
trajectory equation: 

z(x)/zm = C2(x/zm)^/3 (2) 

where C2 is a constant which has a value in the range of 1.4 - 2.1. The range of values for 
(2) are plotted as dashed lines in figure 2. Only two of the trajectories in this study fall into 
this range. Both of tiiese trajectories are for the configuration of hs=0 mm. Closer 
inspection reveals tiiat the shape of the trajectories for hs=10 mm cannot be represented by 
this equation. 

To represent the trajectories in a boundary layer flow, we can derive a relationship similar 
to (2) for U~ (z/5)l/7 (an approximation to tiie acuial log distribution). When the siphons 
are flush witii tiie bed (hs=0) tiie trajectory can be described by: 

2 1 / s \ X J-
( -^ ) = 1.03 C 23 23 ^ ) 2 3 

\zm; 2 Zm/ l^m/ (3) 

Because the velocity is less than U Q near the bed, (3) always gives larger values of z(x)/z, 
than does (2) for a given value of C2. Note, however, that the functional dependence on 
x/z is very close to tiiat of uniform flow (1/3) and still does not describe the flattening. 
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Trajectories calculated using this power law relation with tiie range of values for C2 given 
by List continue to rise rather tiian flatten out as observed. Therefore, using this modified 
power-law relation does not improve our prediction of trajectories found in tiiis study. 

The flattening of these trajectories can be explained by tiie effect of tiie vortex system which 
forms around tiie excurrent jet (Fric and Roshko 1989). The siphon-pair flow effectively 
slows down the cross-flow in a region just above it. Thus, momentum transfer in the 
boundary layer is locally different from that normally found. The reason for this difference 
is the "blocking" effect of tiie siphon jet due to its lack of horizontal momentum at its point 
of injection. In effect, stagnant fluid (in terms of horizontal momentum) is ejected 
vertically from the excurrent siphon into the boundary layer. Filaments of boundary-layer 
vorticity are twisted around the siphon jet, leading to the formation of a horseshoe vortex 
oriented with its open facing downstream. This vortex induces a down-flow along the 
center-line of the object which tends to draw down tiie excurrent jet. 

Another factor tiiat must be considered is tiie amount of fluid refiltered by the inlet siphon 
when it is downstream of the excurrent siphon. Significant amounts of exuirent fluid are 
reftitered, i.e. drawn into the incurrent siphon have been found to occur when tiie bivalve is 
in this configuration (Monismith et.al. 1990). The effect of refiltration on changing tiie 
shape of the trajectory may be an additional factor behind the lack of agreement of our 
measurements with theoretical predictions. 

In terms of tiie effect of an individual bivalve on tiie concentration of suspended material in 
the overlying flow, tiie effective sink distribution is difficult to specify exactly. 
Nonetheless, we can specify its most important generic feature: tiie incurrent is primarily 
fluid drawn at the level of the inlet siphon, whereas the excurrent is distributed at a level 
above the excurrent siphon that is determined by the dynamics of the siphon jets. Most 
importantiy, altiiough fluid is withdrawn at the level of tiie inlet, the concentration of 
phytoplankton-biomass in the remaining fluid flowing at that level is unchanged. The fluid 
that passes tiirough tiie bivalve population and is filtered, "reappears" with a concentration 
deficit as the excurrent plume. In effect, there is a conduit m tiie fluid tiiat moves fluid 
from tiie intake level to tiie excurrent level, while also decreasing the amount of 
phytoplankton carried by tiie extracted fluid. 

We can use tiiis information to modify the steady-state phytoplankton mass balance 
equation given by Frechette et al. (1988) (their Eq. 5) tiirough tiie addition of an 
appropriate term representing the effective sink created by tiie combined incurrent-excurrent 
flow-field. In terms of the concentration of phytoplankton biomass, F(x,z), which is a 
function of the mean velocity U(z), and the eddy diffusion coefficient K(z), we suggest the 
inclusion of the loss function given on tiie right-hand side below: 

The sink term appearing on the rh.s. of Eq. 4 is written in terms of the filtration velocity 
a, which is equal to the average flow per unit of area passing through the bivalve 
community, F i , a flux-weighted average inlet concentration (which presumably is an 
average of the concentration very near the entrance to the inlet siphon), sink width and 
centroid elevation length scales a and Zout. and a dimensionless function tiiat mainly 
represents the shape of the vertical distribution of the excurrent plume. 

(4) 
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Thus, in our model, (a FO, the total loss of phytoplankton biomass (per unit of bed area), 
is determined by the inlet dynamics, whereas, the shape function <j), and the plume-width 
and centroid-elevation length scales a and Zout, are determined by the excurrent dynamics. 
In otiier words, tiie total phytoplankton loss associated with bivalve filter feeding is set by 
tiie inlet siphon flow, whereas tiie elevation and distribution of its effect are set by the 
excurrent siphon flow. In this model, individual siphon heights and orientations may 
significantiy influence the total rate of phytoplankton biomass removal by a bivalve 
population. 

Conclusion 

Our experiments show tiiat the hydrodynamic characteristics of tiie siphon-jet flows in the 
near-bed region of a turbulent boundary layer can have a significant effect on the vertical 
distributions of phytoplankton-depleted fliud near the bed. Trajectories of excurrent siphon 
flows cannot be represented by theoretical predictions for a jet in a uniform crossflow. 
The effect of individual siphon jets on the overlying flow is determined by the effective 
sink distribution operating at the bed. In order to accurately predict tiiis sink distribution, 
tiie terminal height of rise of the jet and tiie jet trajectory must be determined accurately. 
Thus, the hydrodynamic characteristics of feeding currents may affect both tiie effective 
clearance rate of an entire population of siphonate bivalves as well as tiie efficiency of 
feeding (i.e. the likelihood of re-fütration) of any individual. 
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M i c r o s c a l e a i r - s e a i n t e r a c t i o n has been an i n t e n s i v e r e s e a r c h a r e a f o r 

the p a s t two decades, as the f l u x e s of momentum, heat and mass a c r o s s the a i r -

s e a i n t e r f a c e l i n k the atmosphere and ocean systems. There i s an added urgency 

l a t e l y , as we are moving to a t t a c k the problem of g l o b a l v a r i a t i o n s , and to enter 

the age of s a t e l l i t e meteorology and oceanography. Dr. Keulegan l e d the way 

f o r t h i s k i n d of r e s e a r c h almost h a l f a century ago; the f o l l o w i n g examples 

i l l u s t r a t e more s p e c i f i c a l l y h i s c o n t r i b u t i o n s . 

Sea-Surface Roughness: The sea s u r f a c e f e a t u r e s r i p p l e s r i d i n g the top 

of long waves. These r i p p l e s are the s o - c a l l e d s u r f a c e roughness, which i s the 

lowest boundary of dynamic s t r u c t u r e s of the atmosphere. I n the meantime, the 

wind s t r e s s , c l o s e l y a s s o c i a t e d w i t h the roughness, d r i v e s oceanic flows. More 

r e c e n t l y , the remote s e n s i n g of oceanic parameters has been developed w i t h the 

r i p p l e s s e r v i n g as the primary t r a c e r s . S t u d i e s on the s e a - s u r f a c e roughness was 

i n i t i a t e d by Dr. Keulegan w i t h a ve r y c r e a t i v e approach, by s e p a r a t i n g r i p p l e s 

from long waves with the a d d i t i o n of detergent to the water. The p h y s i c a l 

i n s i g h t deduced from h i s study has provided the b a s i s of subsequent 

i n v e s t i g a t i o n s even u n t i l today, I n a d d i t i o n , h i s experimental technique has 

been followed by others i n the p a s t decade, as the sea s u r f a c e over most areas 

i s r e a l i z e d to be covered by n a t u r a l f i l m s . 
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Near-Surface Flows: The a i r and aqueous flows, above and below, 

r e s p e c t i v e l y , the a i r - s e a i n t e r f a c e , are o b v i o u s l y coupled and should be 

i n v e s t i g a t e d s i m u l t a n e o u s l y , T h i s very concept was advanced by Dr. Keulegan, 

along w i t h w e l l - p l a n n e d experiments. I t , however, was not d i l i g e n t l y followed 

i n more modern s t u d i e s , w i t h the understanding on the a i r s i d e p r o g r e s s i n g much 

f u r t h e r than those on the water s i d e . S t r u c t u r e s of n e a r - s u r f a c e aqueous 

flows, governing heat and mass f l u x e s a c r o s s the a i r - s e a i n t e r f a c e , are u r g e n t l y 

needed, as we s t a r t to d e a l with the e v e r - p r e s s i n g problem of environmental 

v a r i a t i o n s , i n c l u d i n g the g l o b a l warming. 

There a r e , of course, many other examples i n my own r e s e a r c h , on 

environmental f l u i d dynamics, i n f l u e n c e d h e a v i l y by Dr. Keulegan's work. There 

i s an i n t e r e s t i n g problem i n h y d r a u l i c s , on which I a l s o had memorable p e r s o n a l 

exchanges w i t h him. I t i s the c e n t r a l problem i n h y d r a u l i c s : the open-channel 

flow. We had d i s c u s s e d wind e f f e c t s on the open-channel flow. Nowadays, i n 

a d d i t i o n to the depth and d i s c h a r g e of streams, the h y d r a u l i c engineers must 

a l s o be c o n c e r n i e d w i t h the water q u a l i t y . The l a t t e r i s governed by p r o c e s s e s 

of t u r b u l e n t d i f f u s i o n and l o n g i t u d i n a l d i s p e r s i o n ; both p r o c e s s e s are 

s i g n i f i c a n t l y modified by the wind. 
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A b s t r a c t 

A new p r o p o s a l t o r e l a t e d i l u t i o n o f c o n t a m i n a n t c o n c e n t r a t i o n , 

w h i c h o n l y o c c u r s t h r o u g h m o l e c u l a r d i f f u s i v i t y , t o t h e mean 

c o n c e n t r a t i o n v a l u e , w h i c h c a n be d e r i v e d f r o m a m a r k e d f l u i d p a r t i c l e 

a n a l y s i s t h a t i s i n d e p e n d e n t o f m o l e c u l a r d i f f u s i v i t y , i s p r e s e n t e d . 

E x p e r i m e n t a l e v i d e n c e , a l t h o u g h q u i t e l i m i t e d , shows s u p p o r t f o r t h i s 

s i m p l e a n d b a s i c a p p r o a c h . 

I n t r o d u c t i o n 

T h e r a t e o f c h e m i c a l r e a c t i o n s i n c l u d i n g f l a m m a b i l i t y a s w e l l a s 

t h e r e d u c t i o n o f c o n t a m i n a n t c o n c e n t r a t i o n v a l u e s t o s a f e t o x i c i t y 

l e v e l s d e p e n d s on t h e i n s t a n t a n e o u s v a l u e o f c o n c e n t r a t i o n r ( x , t ) a t 

t h e p o s i t i o n l o c a t e d b y v e c t o r x a t t i m e t . T h e c o m p l e t e m i x i n g b e t w e e n 

a h o s t a n d c o n t a m i n a n t f l u i d c a n o n l y t a k e p l a c e by m o l e c u l a r 

d i f f u s i o n . T h e p r o b a b i l i t y d e n s i t y f u n c t i o n ( p . d . f . ) 

i s a d i r e c t m e a s u r e o f a c h a n g e i n i n s t a n t a n e o u s c o n c e n t r a t i o n v a l u e s 

a n d i s s u b s t a n t i a l l y c h a n g e d i n s h a p e e x c l u s i v e l y t h r o u g h t h e a g e n c y o f 

m o l e c u l a r d i f f u s i v i t y K . 

S i g n i f i c a n t e x p e r i m e n t a l d i f f i c u l t i e s a r i s e i n m e a s u r i n g p e r t i n e n t 

s t a t i s t i c s o f t h e c o n t a m i n a n t c o n c e n t r a t i o n f i e l d . F o r e x a m p l e , t h e 

s t a t i s t i c s o f a c o n t a m i n a n t c l o u d a r e i n t r i n s i c a l l y b o t h i n h o m o g e n e o u s 

a n d n o n - s t a t i o n a r y . S p a t i a l a n d t e m p o r a l e x p e r i m e n t a l r e s o l u t i o n 

p r o b l e m s a r i s e due t o t h e f a c t t h a t m i x i n g i n t h e c o m p l e x i n t e r a c t i o n 

b e t w e e n m o l e c u l a r d i f f u s i o n a n d i n s t a n t a n e o u s g r a d i e n t s i n t h e 

t u r b u l e n t c o n v e c t i v e v e l o c i t y f i e l d o c c u r ^ o v e r ^he c o n d u c t i o n c u t - o f f 

l e n g t h s c a l e w h i c h i s o f t h e o r d e r o f 10 - 10 m. i n m o s t f l o w s . 

T h i s f i n e s c a l e r e s o l u t i o n i s r e q u i r e d i r r e s p e c t i v e o f w h e t h e r one i s 

i n v e s t i g a t i n g a l a b o r a t o r y phenomenon w i t h t u r b u l e n c e s c a l e s o f t h e 

o r d e r o f m e t e r s o r e n v i r o n m e n t a l f l o w s w h e r e t u r b u l e n c e s c a l e s c a n b e 

o f t h e o r d e r o f t e n s o f k i l o m e t e r s . 

< e (1) 
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T h e m o s t r e l i a b l y m e a s u r e d a n d c r e d i b l y p r e d i c t e d c o n c e n t r a t i o n 
s t a t i s t i c i s t h e e n s e m b l e a v e r a g e v a l u e , 

C ( x , t ) = e p { 0 ; x , t ) de . (2) 

0 

C ( x , t ) i s v i r t u a l l y u n a f f e c t e d b y m o l e c u l a r d i f f u s i v i t y a n d r e l a t i v e l y 

i n s e n s i t i v e t o t h e e f f e c t s o f t i m e a n d s p a c e a v e r a g i n g . T h i s mean v a l u e 

i s p r e d i c t e d f r o m a f l u i d p a r t i c l e a n a l y s i s a n d e s s e n t i a l l y d e s c r i b e s 

t h e e x t e n t i n s p a c e o v e r w h i c h c o n t a m i n a n t i s s p r e a d . H i g h e r moments . 

c ^ ( x , t ) = [ Ö - C ( x , t ) ) p ( e ; x , t ) d 9 (3) 

0 

a r e d i s s i p a t e d b y K a n d a r e v e r y s e n s i t i v e t o t i m e a n d s p a c e a v e r a g i n g . 

T h e moments g i v e n i n ( 2 ) a n d ( 3 ) a r e o f c o u r s e t h e same a s t h e v a l u e s 

a r r i v e d a t w i t h t h e r e g u l a r R e y n o l d s d e c o m p o s i t i o n a n d v i r t u a l l y a l l o f 

t h e comments made h e r e i n a p p l y w h e t h e r one u s e s an i n e r t i a l o r r e l a t i v e 

f r a m e o f r e f e r e n c e . 

D i r e c t m e a s u r e m e n t o f t h e p . d . f . i n t h e l a b o r a t o r y i s f r a u g h t w i t h 

d i f f i c u l t i e s ^ e s p e c i a l l y a s one a p p r o a c h e s t h e p e r i p h e r y o f t h e 

c o n t a m i n a n t f i e l d . L a b o r a t o r y d i f f i c u l t i e s a r e i m m e n s e l y compounded i n 

e n v i r o n m e n t a l f l o w s w h e r e one i s i n c l i n e d t o a c h i e v e a l t e r n a t i v e 

s t a t i s t i c s t h a t a r e more r e l i a b l y m e a s u r e d a n d c o n t a i n e q u i v a l e n t 

i n f o r m a t i o n ^ . T h e o b j e c t i v e h e r e i n i s t o p r o v i d e a r o b u s t m e a s u r e o f t h e 

l i k e l y r a n g e R ( x , t ) o f v a l u e s o f c o n c e n t r a t i o n e n c o u n t e r e d i n t e r m s o f 

t h e s p r e a d o f t h e p . d . f . o v e r c o n c e n t r a t i o n v a l u e s . T h a t i s , 

R { x , t ) = C ( x , t ) + N [ c M x , t ) ] (4) 

w h e r e N i s a n o r d e r one c o n s t a n t . T h e k e y i s s u e i s t o r e l a t e c^ ( x , t ) 

t h a t i s o n l y t a k e n o u t o f t h e s y s t e m b y K t o C ( x , t ) w h i c h i s 

i n s e n s i t i v e t o K . T h i s i s done t h r o u g h a n e x t e n s i o n o f some r e c e n t a n d 

q u i t e g e n e r a l r e s u l t s f o r d i f f u s i o n i n s e l f - s i m i l a r flows^^ a n d t h e 

o u t c o m e i s shown t o h a v e s u p p o r t f r o m t h e l i m i t e d f i e l d a n d l a b o r a t o r y 

m e a s u r e m e n t s t h a t a r e p r e s e n t l y a v a i l a b l e . 

R e l a t i o n s h i p B e t w e e n F l u c t u a t i o n s a n d t h e Mean 

I t was shown"* t h a t i n s e l f - s i m i l a r c o n t a m i n a n t f i e l d s a s f o u n d i n 

t u r b u l e n t w a k e s , j e t s , s m o o t h a n d r o u g h b o u n d a r y l a y e r s a n d p l u m e s i n 

g r i d t u r b u l e n c e , 

c" (T i ) = ^ cJ" { c M a - o " + ( - i ) " ( a - C ' ) C ' r ^ } , ( 5 ) 

w h e r e C ' ( T | ) = C ( T 1 ) / C Q , T| i s t h e c r o s s - s t r e a m d i s t a n c e f r o m t h e 

l o c a t i o n o f t h e maximum v a l u e o f mean c o n c e n t r a t i o n CQ = C ( 0 ) d i v i d e d 

b y t h e h a l f - w i d t h i . e . C ' { 1 ) = 1 / 2 . E q u a t i o n ( 5 ) e x p r e s s e s a l l o f t h e 

m o m e n t s , a n d h e n c e i n p r i n c i p l e t h e p . d . f . , a s a f u n c t i o n o f t h e mean 

c o n c e n t r a t i o n d i s t r i b u t i o n i n t e r m s o f t h e two c o n s t a n t s ( f o r a g i v e n 

f l o w a n d s o u r c e c o n f i g u r a t i o n ) a a n d p . T h e r a n g e 1 < a < 3 a n d 

0 . 3 < P < 1 w e r e o b s e r v e d o v e r a w i d e r a n g e o f s e l f - s i m i l a r f l o w s . 

E x p e r i m e n t a l v a l u e s o f P a r e e x p e c t e d t o be s e n s i t i v e t o s p a t i a l 

r e s o l u t i o n a n d r e c e n t measurements '* s h o w e d a d r a m a t i c ( a l m o s t 5 0 % ) 

i n c r e a s e i n t h e c e n t r e - l i n e m e a n - s q u a r e c o n c e n t r a t i o n v a l u e s o f a j e t 
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o v e j ^ s s t a b l i s h e d r e s u l t s when a s a m p l e v o l u m e o f a p p r o x i m a t e l y 2.4 x 

10 was u s e d . T h e s e r e s u l t s c o n f i r m e d t h e b e h a v i o u r o f P w i t h 

i m p r o v e d s p a t i a l r e s o l u t i o n p r e d i c t e d i n ^ . 

Of s p e c i f i c i n t e r e s t h e r e i s t h e s e c o n d moment, 

e^(Tl) = p^C(Tl) (a C Q - C (T1)] . (6 ) 

F o r K=0, a n e x a c t r e s u l t c a n be w r i t t e n f o r (5) w i t h o u t unknown 

c o n s t a n t s f o r g e n e r a l f l o w c o n d i t i o n s i n c l u d i n g b u o y a n c y e f f e c t s a n d 

u n s t e a d i n e s s . I n e s s e n c e t h e r e s u l t g i v e n i n (5) d e r i v e s f r o m a 

d i s p a r i t y i n t h e t i m e s c a l e s r e q u i r e d f o r t h e e f f e c t s o f m o l e c u l a r 

d i f f u s i v i t y a n d t h o s e f o r t h e e f f e c t s o f t u r b u l e n t c o n v e c t i v e m o t i o n s . 

T h i s d i s p a r i t y i s l i k e l y t o p r e v a i l i n a v e r y l a r g e c l a s s o f t u r b u l e n t 

d i f f u s i o n p r o b l e m s . T h a t i s , t h e r e s u l t (6) s h o u l d b e r e c o v e r e d w i t h 

s u i t a b l e c h a n g e s made t o a c c o u n t f o r t h e l a c k o f s e l f - s i m i l a r i t y i n 

t h e f l o w s u n d e r c o n s i d e r a t i o n . By a l l o w i n g a a n d P t o become f u n c t i o n s 

o f d o w n s t r e a m d i s t a n c e ( a n d / o r t i m e f r o m r e l e a s e a s a p p r o p r i a t e ) (5) 

b e c o m e s , 

C M T I ) = P ( x ) 2 c ( T l ) ( a ( x ) CQ - c c n ) ) • (7) 

N e a r t h e s o u r c e , when x -> 0 a n d K r 0, t h e a s y m p t o t i c b e h a v i o u r o f 

(7) i s , _ 

c^ ( x , t ) = C ( x , t ) ( G Q - C ( x , t ) ) , (8) 

w h e r e 6Q i s a u n i f o r m s o u r c e c o n c e n t r a t i o n ^ s u c h t h a t a ( 0 ) = P(0) = 1 

a n d , c o m p a r i n g (8) w i t h ( 7 ) , 

9o 

T h e r e i s a l s o t h e r e s t r i c t i o n t h a t a ( x ) > 1 a n d P ( x ) < 1. I t i s 

e v i d e n t f r o m (7) t h a t t h e d i s t r i b u t i o n o f c^ Cn) i s b i m o d a l when 

a ( x ) > 2. T h u s i n a l l f l o w s t h e d i s t r i b u t i o n o f c^ (Tj) w i l l i n i t i a l l y 

be b i m o d a l a n d ( e x c e p t f o r t h e p r e s e n c e o f m o l e c u l a r d i f f u s i v i t y ) 

w o u l d become u n i m o d a l a s a e x c e e d e d 2 a c c o r d i n g t o ( 9 ) . D e p e n d i n g on 

t h e r e l a t i v e v i g o r o f t u r b u l e n t c o n v e c t i v e m o t i o n s t o m o l e c u l a r s c a l e 

m i x i n g t h e d i s t r i b u t i o n o f c^ {r\) c o u l d r e m a i n u n i m o d a l f o r a l l x o r 

p a s s f r o m a n i n i t i a l l y b i m o d a l d i s t r i b u t i o n t o one t h a t i s u n i m o d a l 

a n d u l t i m a t e l y r e t u r n t o t h e b i m o d a l f o r m ( s e e f i g u r e 1 ) . F o r 

c o n t a m i n a n t f i e l d s t h a t d e v e l o p i n t o s e l f - s i m i l a r f o r m t h e l a r g e 

d i s t a n c e ( o r t i m e f r o m r e l e a s e ) a s y m p t o t i c x -> =» b e h a v i o u r i s a ( x ) -> a , 

P (x) -4 P w h i c h a r e c o n s t a n t a n d t h e d i s t r i b u t i o n o f c^ (Tj) c o u l d be 

e i t h e r u n i m o d a l o r b i m o d a l . 

I n g e n e r a l t h e p . d . f . u n d e r g o e s a s i g n i f i c a n t c h a n g e i n s h a p e i n 

p a s s i n g f r o m t h e T) = 0 l o c a t i o n t o t h e p e r i p h e r y w h e r e t h e p . d . f . i s 

v e r y s k e w e d t o w a r d s h i g h v a l u e s o f c o n c e n t r a t i o n . T h e p r o c e s s c o n s i s t s 

o f t h e e x p o r t o f f l u i d w i t h l a r g e v a l u e s o f c o n c e n t r a t i o n f r o m t h e 

c e n t r a l t o t h e p e r i p h e r a l r e g i o n s . T h u s i t i s a p p r o p r i a t e t o u s e t h e 

Tl = 0 r a n g e v a l u e t o p r o v i d e an e n v e l o p e o f l a r g e s t v a l u e s o f 

c o n c e n t r a t i o n t o be e n c o u n t e r e d a t a n y T]. T h e T|=0 r a n g e v a l u e , f o r 

e a c h d o w n s t r e a m l o c a t i o n x , i n a s t e a d y f l o w f o r e x a m p l e 

R ( x ) = C o ( x ) ( l + N P ( x ) Va(x)-1 ) , (10) 
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c o n t a i n s t h e r e l e v a n t i n f o n n a t i o n on t h e l i k e l y s i z e o f c o n c e n t r a t i o n 

v a l u e s t o be e n c o u n t e r e d t h e r e . 

T h r e e q u e s t i o n s must be a d d r e s s e d e x p e r i m e n t a l l y . The f i r s t i s 

w h e t h e r o r n o t (7) a d e q u a t e l y d e s c r i b e s o b s e r v a t i o n . The s e c o n d i s 

w h e t h e r o r n o t t h e s i z e and v a r i a b i l i t y o f a ( x ) and P ( x ) r e m a i n s m a l l . 

The t h i r d i s w h e t h e r o r n o t t h e v a l u e o f N i n (10) i s r e a s o n a b l y 

u n i v e r s a l . 

E x p e r i m e n t a l E v i d e n c e 

I n t h e d e v e l o p i n g c o n t a m i n a n t c o n c e n t r a t i o n f i e l d r e s u l t i n g f r o m an 

e l e v a t e d , c o n t i n u o u s p o i n t s o u r c e w i t h i n a rough b o u n d a r y l a y e r i n a 

w i n d t u n n e l ^ t h e f o r m o f JJ?) was r e a s o n a b l y w e l l c o n f i r m e d w i t h a 

u n i m o d a l d i s t r i b u t i o n o f c^ (Tl) and a ( x ) ~ 2 t h r o u g h o u t t h e d e v e l o p i n g 

r e g i o n . F u r t h e r d o w n s t r e a m when t h e c o n t a m i n a n t f i e l d became s e l f -

s i m i l a r t h e r e s u l t (6) was v e r y w e l l c o n f i r m e d w i t h a b i m o d a l 

d i s t r i b u t i o n ^ . I n f i g u r e 2 a t y p i c a l d i s t r i b u t i o n o f c^ Cn) i s shown 

a c r o s s a plume i n t h e s u r f a c e l a y e r o f L a k e Huron when a r e l a t i v e 

r e f e r e n c e f r a m e i s u s e d . A d e s c r i p t i o n o f t h e s e e x p e r i m e n t s i s f o u n d 

e l s e w h e r e ^ , however, t h e r e s u l t s a l l a p p e a r t o be c o n s i s t e n t w i t h (7) 

w i t h b o t h u n i m o d a l and b i m o d a l d i s t r i b u t i o n s o f c^ (Tj) i n e v i d e n c e . The 

v a l u e s o f a ( x ) a r e shown i n f i g u r e 1 ( t h e v a l u e s o f [3 (x) a l t h o u g h n o t 

i n c o n s i s t e n t a r e n o t c o n s i d e r e d t o be a d e q u a t e l y r e s o l v e d ) . I n f i g u r e 3 

a t y p i c a l d i s t r i b u t i o n o f c^ (Tl) a c r o s s a plume i n a homogeneous s h e a r 

f l o w ^ i s p r e s e n t e d . The d i s t r i b u t i o n s o f c^ (Tl) i n t h i s f l o w a r e 

i n i t i a l l y b i m o d a l , become u n i m o d a l and r e t u r n t o a b i m o d a l d i s t r i b u t i o n 

a s one p r o c e e d s d o w n s t r e a m ( s e e f i g u r e 4) . The d i s t r i b u t i o n s o f c^ (Tj) 

a r e e v e r y w h e r e c o n s i s t e n t w i t h ( 7 ) , however, w i t h t h e anomaly r e m a r k e d 

upon by t h e i n v e s t i g a t o r s t h a t t h e l a c k o f symmetry i n c^ (Tj) b e i n g due 

t o b u o y a n c y e f f e c t s i n t h e h e a t e d plume. The ' s u r p r i s i n g ' t r a n s i t i o n o f 

m o d a l i t y w i t h d o w n s t r e a m d i s t a n c e t h a t was r e p o r t e d i n t h a t p a p e r 

a p p e a r s t o be e x p l a i n e d i n t h e c o n t e x t o f t h e p r e s e n t work. 

I t i s i n t e r e s t i n g t o o b s e r v e t h a t i n two e x p e r i m e n t s i n t h e s e l f -

s i m i l a r c o n t a m i n a n t p l u m e s i n g r i d t u r b u l e n c e - one i n a w i n d tunnel^° 

and one i n a w a t e r t u n n e l ^ ^ - t h e f o r m e r was f o u n d t o e x h i b i t b i m o d a l 

w h i l e t h e l a t t e r u n i m o d a l d i s t r i b u t i o n s o f c^ (Tj) . T h i s d i s c r e p a n c y i s 

e x p l a i n e d i n t h e c o n t e x t o f t h e p r e s e n t work when one c o n s i d e r s t h e 10^ 

l a r g e r v a l u e o f K i n g a s e s ( l e a d i n g t o t h e b i m o d a l d i s t r i b u t i o n ) o v e r 

t h o s e o f l i q u i d s (where t h e u n i m o d a l d i s t r i b u t i o n was o b s e r v e d ) . 

I n f u l l - s c a l e f i e l d e x p e r i m e n t s w i t h t h e c o n t i n u o u s r e l e a s e o f 

c o n t a m i n a n t w i t h i n t h e a t m o s p h e r i c b o u n d a r y l a y e r and e x t e n d i n g o v e r a 

k i l o m e t e r downstream^^ t h e c e n t r e - l i n e f orm o f (6) was c o n f i r m e d t o 

p r e v a i l and t h e mean p l u s t h r e e s t a n d a r d d e v i a t i o n s was f o u n d t o 

p r o v i d e an e n v e l o p e t h a t i n c l u d e d a l l peak v a l u e s o f c o n c e n t r a t i o n 

r e c o r d e d . T h a t i s a v a l u e o f N=4 i n ( 4 ) . I n a l l o f t h e s e l f - s i m i l a r 

e x p e r i m e n t s r e v i e w e d i n ^ a v a l u e o f N=4 would c e r t a i n l y be a d e q u a t e t o 

e n c ompass t h e l a r g e s t v a l u e o f 0 shown on t h e p . d . f . s . 

The c o n c l u s i o n s a t t h i s t i m e must r e m a i n t e n t a t i v e , i n t h a t t h e r e 

i s a l i m i t e d amount o f e x p e r i m e n t a l d a t a a v a i l a b l e , however, p r o m i s i n g 
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i n t h a t t h e a v a i l a b l e d a t a i s n o t i n c o n s i s t e n t w i t h t h e s i m p l e e x p l a n a 
t i o n p r o v i d e d h e r e i n . 
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TURBULENCE BARRIERS IN DISPERSION AND DIFFUSION PROCESSES 
by Jan M. Jordaan 

Departement of Water A f f a i r s 
P r e t o r i a 0001 R.S.A. 

Synopsis 

I n t u r b u l e n t d i f f u s i o n and convection processes both d i s p e r s i o n 
processes ( d i f f u s i o n and convection) when operating separately d r i v e 
the dispersant away from the source. When operating together, however, 
t h e i r e f f e c t s are not summative as t u r b u l e n t d i f f u s i o n a n n i h i l a t e s the 
gradients responsible f o r g r a v i t a t i o n a l convection and d i s p e r s i o n . 
This e f f e c t has become known as the turbulence b a r r i e r . 

I n three experiment s e r i e s these i n t e r r e l a t i o n s h i p s have been 
studied and are presented i n t h i s paper. The f i r s t experiment done at 
MIT, deals w i t h the unsteady s t a t e d i f f u s i o n of two f l u i d s of d i f f e r e n t 
density i n an ambient f i e l d of turbulence. There e x i s t s a turbulence 
l e v e l at which the d i s p e r s i o n i s a mimimum. With lower turbulence 
l e v e l s the convective d i s p e r s i o n predominates and a t higher turbulence 
l e v e l s t u r b u l e n t d i f f u s i o n predominates. 

I n the second experiment a steady s t a t e problem was analysed, also 
at MIT, i n which the t u r b u l e n t d i f f u s i o n of a denser f l u i d i n t o a 
steady counter-current was studied when i t was introduced at a constant 
r a t e . The steady s t a t e concentration p r o f i l e obtained showed t h a t i f 
the turbulence l e v e l i n the approaching current was increased less 
convective d i s p e r s i o n i n the upstream d i r e c t i o n r e s u l t s . I f the gra
v i t a t i o n a l convection, on the other hand, i s reduced t o zero, by ha
ving no d i f f e r e n c e i n s p e c i f i c g r a v i t y between the introduced and the 
r e c e i v i n g f l u i d , the t u r b u l e n t d i f f u s i o n alone w i l l cause the d i s p e r 
sion i n t o the steady c u r r e n t t o moderately increase w i t h turbulence 
l e v e l . 

I n the t h i r d experiment, conducted i n a wind-wave flume at CSIR 
P r e t o r i a , a s t a t i s t i c a l l y selected array of v a r i a b l e s was t e s t e d f o r 
25 t e s t c o n d i t i o n s t o assess t h e i r i n f l u e n c e on the d i s p e r s i o n of e f f 
l u e n t away from c o a s t l i n e discharge p o i n t . Again i t was found t h a t 
intense turbulence, such as t h a t due t o breaker a c t i o n , to a great ex
t e n t counteracts the o f f s h o r e d i s p e r s i o n of the e f f l u e n t which other
wise would have r e s u l t e d from wind-induced offshore d r i f t or from c i r 
c u l a t i o n or g r a v i t a t i o n a l convection due t o density d i f f e r e n c e s . 
These t e s t s were extended to wave basin and s h o r e l i n e experiments w i t h 
s i g n i f i c a n t conlusions a r r i v e d a t . 

I n summary, i t was explained from t h e o r e t i c a l considerations why 
t u r b u l e n t d i f f u s i o n , instead of simply a i d i n g d i s p e r s i o n , i n the pre
sence of convection a c t u a l l y r e t a r d s i t , by forming the so-called t u r 
bulence b a r r i e r which a n n i h i l a t e s the density g r a d i e n t s . The r e s t of 
the paper w i l l deal w i t h the experimental methods employed. 

Note on p h y s i c a l modeling t e s t methods u t i l i z e d 

One o b j e c t i v e of t h i s paper and presentation i s t o i n d i c a t e how 
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the process of t u r b u l e n t mixing w i t h d i s p e r s i o n under g r a t i v a t i o n a l 
convection was studied i n three experiments. F i r s t l y ^ i n a turbulence 
flume w i t h dye, and w i t h n e u t r a l l y byoyant p a r t i c l e s (under zero den
s i t y gradient) as w e l l as w i t h two values of density d i f f e r e n t i a l be
tween d i f f u s i n g and r e c e i v i n g f l u i d ^ both time-dependent and steady 
s t a t e counter-current d i f f u s i o n / d i s p e r s i o n was simulated. 

Next, a wind-wave flume study was c a r r i e d out where t u r b u l e n t mix
ing due to breaking wave a c t i o n on a beach was simulated w i t h the two-
dimensional d i s p e r s i o n due to g r a v i t y , t i d e and wind a c t i o n normal to 
the c o a s t l i n e . F i n a l l y a number of three-dimensional dispersion t e s t s 
were c a r r i e d out both i n an outdoor wave basin and i n the ocean. 

M I T t e s t s i n turbulence flume 

The aim was t o simulate t e s t s on t i d a l mixing done elsewhere i n 
an a r t i f i c a l l y roughened b i d i r e c t i o n a l flow flume, by t e s t i n g i n a u n i 
formly t u r b u l e n t l a b o r a t o r y channel. Turbulence would be generated by 
o s c i l l a t i n g screens, t h e i r energy input would be measured by a load 
c e l l , and the d i f f u s i o n and dispersion by c o n d u c t i v i t y probes or by 
sampling. The d i f f u s a n t was to be a traceable substance such as s a l i n e 
water, rhodamine B dye or polystyrene spherules. To e f f e c t n e u t r a l l y 
buoyant c o n d i t i o n s the s a l i n e d i f f u s a n t or the spherules was received 
i n an equally dense body of sugared water. Tracing of the dye concen
t r a t i o n was by spectrophotoraetric comparison of samples taken to s t a n 
dard d i l u t i o n s ; of the spherules by f i l t r a t i o n and weighing of o f f -
syphoned samples; and of the s a l i n e concentration by immersed conduc
t i v i t y probing; a l l c a l i b r a t e d against known d i l u t i o n s . 

Unsteady-state t e s t s 

The load c e l l output and displacement gauge ( s t r a i n gauge bridge 
and l i n e a r v a r i a b l e d i f f e r e n t i a l transformer r e s p e c t i v e l y ) y i e l d r e 
cords, v i a cardiac type o s c i l l o g r a p h on h e a t - s e n s i t i v e waxed graph pa
per, which were analysed i n terms of force x v e l o c i t y - v e c t o r s against 
time and i n t e g r a t e d t o give power. E l a s t i c components i n the f o r c e 
measurements were s e l f - c a n c e l l i n g and only d i s s i p a t i v e (rho.v^) com
ponents derived. The work inp u t and hence t u r b u l e n t d i s s i p a t i o n r a t e 
was thus measurable as a f u n c t i o n of amplitude and angular frequency 
of the v i b r a t i n g screen system. The r a t e of t u r b u l e n t d i f f u s i o n was 
r e l a t e d through an e d d y - d i f f u s i o n coefficient t o the observed concen
tration-change h i s t o r y at various p o i n t s . By p l o t t i n g the d i s t r i b u 
t i o n s against a p r e - c a l c u l a t e d f a m i l y of curves, each f o r a d i f f e r e n t 
value of t u r b u l e n t d i f f u s i o n c o e f f i c i e n t , the diffusivity could be read 
o f f and thus could be r e l a t e d to energy in p u t and the other parameters 
such as density d i f f e r e n t i a l . 

Steady-state t e s t s 

For the steady-state t e s t s a known r a t e of d i f f u s a n t supply was 
balanced against a known counter-current and the steady-state d i s t r i 
b u tion sampled. The analogy w i t h the t i d a l - m i x i n g flume r e s u l t s was 
t h a t whereas here the mixing zone was s t a t i o n a r y , i n the t i d a l flume 
i t t r a v e l e d forward and back w i t h the outgoing and incoming t i d e and 
became distended on the outgoing t i d e and compressed on the incoming 
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FIQ. 1 SCHEMATIC DIAGRAM OF EXPERIMENTAL SET-UP FOR TYPICAL TIME-DEPENDENT 
DIFFUSION TEST SERIES. 
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FIG. 2 DEFINITION SKETCH FOR TYPICAL STEADY-STATE DIFFUSION TEST. 

FIGURES : 

, 1. UNSTEADY STATE DIFFUSION EXPERIMENT , MIT 

2. STEADY STATE DIFFUSION/CONVECTION EXPERIMENT , MIT 

3. DIFFUSION COEFFICIENT VS. TURBULENCE PARAMETER I ABOVE CASE ) 

QRAECO-LATIN SttUARE TEST PLAN , CSIR FLUME DIFFUSION TESTS. 
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t i d e due t o c o n t i n u i t y e f f e c t s . 

C.S.I.R. t e s t s i n wind-wave flume 

I n the wind-wave flume t e s t s , a perspex channel was set up i n a 
12 f t diameter open-jet wind-tunnel capable of wind speeds up to 36 f t / 
sec. Waves were created by the d i r e c t flow of wind over the water sur
face but were augmented by bellows-generated waves i n the channel such 
t h a t no o b s t r u c t i o n was given to the wind passage over t h e i r c r e s t s . 
T i d a l e f f e c t s were almost s t a t i c a l l y created i . e . high, low, mid, r i 
sing and f a l l i n g . Fluorescein dye introduced i n a constant head device 
at the low water l i n e served as a d i f f u s a n t t r a c e r and was sampled by 
syringe and p i p e t t e at equal i n t e r v a l s i n the seaward d i r e c t i o n . Ana
l y s i s of concentration was by spectrophotometer. I n order t o cover a 
wide range of v a r i a b l e s : 5 each of wave period, t i d a l s t a t e , wind 
str e n g t h and density d i f f e r e n t i a l , a group of 25 experiments was de
signed, combining the independent v a r i a b l e s by a random choice method 
known as a Graeco-Latin square. The dependent v a r i a b l e , d i f f u s i o n 
c o e f f i c i e n t , was determined from the sampled concentration f i e l d s by 
standard s t a t i s t i c a l methods i n v o l v i n g the mean square displacement of 
the d i f f u s a n t , and s u b j e c t i n g i t t o s i g n i f i c a n c e t e s t s . I n the end 
meaningful r e l a t i o n s h i p s wre obtained between d i f f u s i o n c o e f f i c i e n t 
(mean square displacement / time) and wave, wind, t i d a l - s t a t e and den
s i t y parameters. Breaking-wave turbulence opposed spreading due t o 
wind, density and t i d e , thus confirming the turbulence b a r r i e r concept. 

Wave basin t e s t s 

The two-dimensional r e s u l t s were extended t o an experimental t h r e e -
dimensional beach model i n a wave tank equipped w i t h t i d a l and c u r r e n t 
generating mechanisms. The same d i f f u s a n t ( f l u o r e s c e i n s o l u t i o n weigh
ted w i t h s a l t or l i g h t e n e d w i t h e t h y l a l c o h o l ) was used i n a constant 
head feeding device. Both slug and continuous feeding was employed, 
as theory f o r both c o n d i t i o n s was a v a i l a b l e . The peak decay w i t h slug 
dosing was p r o p o r t i o n a l t o the square r o o t of the time rai s e d t o the 
power equal to the number of d i f f u s i n g dimensions. With continuous 
dosing a d i l u t i o n r a t i o was obtained t h a t gradually increased w i t h time 
and distance. Because of the more complex three-dimensional mixing 
process, a compact Graeco-Latin square t e s t plan could not be u t i l i z e d 
and the model t e s t s only showed the patterns l i k e l y to occur i n prac
t i c e i n a q u a l i t a t i v e way. These were, steady longshore c u r r e n t gene
rated by oblique wave a c t i o n , uniform p a r a l l e l - t o - s h o r e c u r r e n t , and 
r i p c u r r e n t generated by waves p a r a l l e l t o shore encountering i r r e g u 
l a r i t i e s such as headlands. The model enabled such s i t u a t i o n s t o be 
i d e n t i f i e d on a prototype s t r a i g h t beach. Wind t e s t s were not c o n t r o l 
l a b l e i n the outdoor model tank. The r e s u l t s c l e a r l y i n d i c a t e d the 
confinement of the mixed products i n the inshore zone between the shore 
and the l i n e of breakers, except f o r r i p - c u r r e n t c o n d i t i o n s which oc
curred w i t h waves p a r a l l e l t o shore, and confirmed the flume t e s t s . 

Beach t e s t - f u l l scale 

a Number of slug-dosing t e s t s w i t h fluorescein-dye s o l u t i o n s i n 
c a n i s t e r s were undertaken f o r various wave and wind s i t u a t i o n s , i n j e c 
t i n g the dye i n the breaker zone and f o l l o w i n g the patch w i t h skiboats. 
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The patch dimensions could be tracked over several km f o r a couple of 
hours. Concentration samples were taken. The r e s u l t s enabled a c o r r e 
l a t i o n between wave energy and d i f f u s i o n c o e f f i c i e n t to be found and 
led t o the f o l l o w i n g conclusions:-

Surf discharge, although conductive t o v i o l e n t i n i t i a l mixing and 
d i l u t i o n , causes the f i e l d t o remain inshore by t u r b u l e n t mixing. The 
turbulence b a r r i e r thus prevents outward spreading and d i l u t i o n . 

Off-shore discharge i s conducive to u l t i m a t e d i s p e r s a l , but not t o 
i n i t i a l mixing and d i l u t i o n , unless recourse i s made to pressure jetting 

I n o f f - s h o r e disposal the d i l u t i o n f i e l d upon r e - e n t e r i n g the s u r f 
zone from o f f - s h o r e i s d i l u t e d f u r t h e r and the turbulence b a r r i e r pro
t e c t s the nearshore region from excessive p o l l u t i o n . 

These s e r i e s of experiments, demonstrate the value of phy s i c a l 
modeling i n e f f l u e n t d i s p o s a l problems. The understanding of the pro
cess involved was born out of the i n i t i a l t u r b u l e n t - t a n k experiments, 
followed by the wind-wave flume and wave basin t e s t s . Methods of ex
perimental design could r e a d i l y be followed i n the c o n t r o l l e d l a b o r a 
t o r y environment, but less so i n nature w i t h a greater number of un
c o n t r o l l a b l e v a r i a b l e s . Without the l a b o r a t o r y and model-scale ground
work the order and i n t e r p r e t a t i o n of f i e l d t e s t s would not have been 
apparent. 

References 

J.M. Jordaan, Mass Transfer Rates i n a Turbulent F l u i d Body, Sc.D. 
t h e s i s . Department of C i v i l Engineering MIT., 1958. 

D.R.F. Harleman, J.M. Jordaan and J.D. L i n , MIT Hydrodynamics Laboratory 

Report, T.R. No 31,1959. 
J.M. Jordaan, Mechanics of d i s p e r s i o n of P o l l u t a n t s i n Coastal Environ
ment, IWRA Convention, Chicago, "Water f o r the Future" 1973. 

Summary 

( ELEVATION 1 2-D OPEN-JET WIND-WAVE (10ff. 

DIFFUSION SOURCE 

FLAP TYPE W A V E F " 
GENERATORS AND 
PADDLE WHEEL 
CURRENT GENERATOR 

EXPERIMENT. 
( PLAN ) 

3-D WAVE BASIN DIFFUSION 

DIA.l TUNNEL EXPERIMENT. 

( ELEVATION ) 

ACKNOWLEDGE'lENT The permission of Che D i r e c t o r General of Water ? 

CO p u b l i s h t h i s m a t e r i a l i s acknowledged. 



The S i m i l a r i t y of H o r i z o n t a l D i f f u s i v i t y 
i n the T i d a l Hydraulic Model 

by 
Norio Hayakawa 

Nagaoka U n i v e r s i t y of Technology 

Abstract 
The purpose of t h i s study i s t o f i n d a means to achieve the 

s i m i l a r i t y of the h o r i z o n t a l t u r b u l e n t d i f f u s i v i t y i n the t i d a l 
h y d r a u l i c model. The f i r s t p a r t of t h i s paper i s concerned w i t h the 
h o r i z o n t a l d i f f u s i v i t y i n the t i d a l waters based on the f i e l d data and 
concludes the v a l i d i t y of the Rlchardson-Ozmidov law. The second 
p a r t concerns i t s e l f w i t h the flume study t o o b t a i n the formula f o r 
the h o r i z o n t a l d i f f u s i v i t y under the presence of roughness bars. The 
derived formula I s t o be used to a t t a i n s i m i l a r i t y i n the h y d r a u l i c 
model. 

I n t r o d u c t i o n 
Large h y d r a u l i c models have been b u i l t throughout the world f o r 

past several decades. They have, i n i n c r e a s i n g number of cases,been 
used to study d i s p e r s i o n of p o l l u t a n t s i n the water basin t o be 
modeled. These h y d r a u l i c models are b u i l t w i t h a small scale r a t i o , 
o f t e n one i n the model to 1000 or 2000 i n the prototype. This 
small scale r a t i o and necessary d i s t o r t i o n . I.e. use of l a r g e r 
scale r a t i o i n the v e r t i c a l d i r e c t i o n so as to maintain t u r b u l e n t 
f l o w In the model, has cast a serious doubt as t o the model's 
a b i l i t y of reproducing t u r b u l e n t mixing and d i f f u s i o n of the 
prototype. 

Thus i t has been argued t h a t a t t a i n i n g s i m i l a r i t y of h o r i z o n t a l 
d i f f u s i v i t y i n the model I s i m p o s s i b l e ( l ) . The ground f o r t h i s 
argument i s the assumption of the l o g a r i t h m i c p r o f i l e of t u r b u l e n t 
shear flow and Reynolds' analogy w i t h the conclusion t h a t the model 
overdisperses h o r i z o n t a l l y whereas underdlsperses v e r t i c a l l y . 

On the other hand, some people argue t h a t the s i m i l a r i t y of 
h o r i z o n t a l t u r b u l e n t d i f f u s i v i t y I s indeed possible under the 
premise t h a t both the model and the prototype obey the Richardson 
-Ozmidov law of d i f f u s i o n ( 2 ) . 

At present t h i s dilemma remains unsolved. The problem i s more 
complicated i n p r a c t i c e , moreover,because, more o f t e n than not, 
roughness s t r i p s or bars are planted on the model surface t o a t t a i n 
the f l ow s i m i l a r i t y . These exaggerated roughness elements are b e l i e v e d 
to enhance t u r b u l e n t d i f f u s i o n i n the model. Q u a n t i t a t i v e assessment 
of such roughness elements w i t h regard t o the h o r i z o n t a l d i f f u s i o n , 
however, has not been studied e x t e n s i v e l y . Only study reported 
so f a r i s t h a t of Fischer and Hanamura(3), which r e l i e s 
u n f o r t u n a t e l y on extremely s i m p l i f i e d analysis and l i m i t e d e x p e r i 
mental c o n d i t i o n s . 

I t seems t h a t the problem stems from the f a c t t h a t the law of 
t u r b u l e n t d i f f u s i o n i n both the f i e l d and the model i s not f u l l y 
understood. This paper f i r s t studies the law of h o r i z o n t a l d i f f u s i o n 
i n the f i e l d based on the f i e l d experiments. Secondly a flume 
study i s reported t o o b t a i n the v e l o c i t y defect law and the 
h o r i z o n t a l d i f f u s i v i t y under the presence of roughness bars. The 
h o r i z o n t a l d i f f u s i v i t y law I s then derived using the Prandtl's 
concept of mixing l e n g t h and the Reynolds'analogy. 
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H o r i z o n t a l D i f f u s i v i t y i n the F i e l d 
The f i e l d under c o n s i d e r a t i o n i n t h i s study i s e i t h e r encroached 

bay or wide estuary. T y p i c a l l y , h o r i z o n t a l expanse i s 10 to 50 km and 
average depth 20 t o 50 m. Also i n f l u x of fresh water i s 
imangined to be small and t i d a l motion i s thought to be dominant. 
Under t h i s s i t u a t i o n , the l o g a r i t h m i c law of t u r b u l e n t shear flow i s 
not expected to be observed. Therefore, the h o r i z o n t a l d i f f u s i v i t y i n 
such a basin i s analyzed on the basis of the f i e l d data of sl u g dye 
release experiments. 

Fig . 1 shows dye cloud area, S, against the lapsed time, t , 
since release of dye. I n these experiments dye s o l u t i o n i s 
dumped overboard on the water surface and the expanding dye cloud i s 
photographed a e r i a l l y . Sites of experiments are c o l l e c t i v e l y 
c a l l e d the Seto I n l a n d Sea of Japan which i s i n r e a l i t y a chain of 
bays whose names appear i n the f i g u r e . From these d a t a , h o r i 
z o n t a l d i f f u s i v i t y , e. I s estimated by d i s c r e t i z i n g the f o l l o w i n g 
formula, 

1 dS 

£ = (1) 
4 dt 

Fig. 2 shows the p l o t t i n g of e versus l e n g t h scale of the 
cloud i = (s/2Tr)"2 and shows t h a t the Richardson-Ozmidov law 

i / 3 (2) 

reasonably represents the c o r r e l a t i o n and e ranges from 10^ 
t o 105 cm2/s f o r corresponding l e n g t h scale of 10 m to 1 km. 
I t should also be noted t h a t the observed h o r i z o n t a l d i f f u s i 
v i t y i s much l a r g e r than the value obtained in v o k i n g the law of 
the l o g a r i t h m i c shear f l o w given as 
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where h i s f low depth, u* i s f r i c t i o n v e l o c i t y and the numerical 
constant . i s given as 0.15, since depth i s 20 m and the 
f r i c t i o n v e l o c i t y i s estimated to be about 2 cm/s f o r the 
maximum fl o w v e l o c i t y of 50 to 60 cm/s. 

Experiment 

The experimental apparatus consisted of a t i l t i n g flume w i t h 
length of 9 m and width of 40 cm. For roughness elements v i n y l 
pipes w i t h diameters of 2.4 cm and 1.8 cm are used. They are 
planted on the flume f l o o r i n a staggered fashion. I n Table 1 i s 
given the l i s t of experimental conditions f o r a l l runs. I t was 
found from the p r e l i m i n a r y runs t h a t the Manning's n f o r flume 
without roughness bars was 0.010. I n a l l runs roughness bars are 
long enough so tha t they protruded the water surface. V e l o c i t y 
p r o f i l e s were measured w i t h a p r o p e l l a r - t y p e c u r r e n t meter w i t h a 
p r o p e l l a r diameter of 3 mm. Dye(methylene blue) was i n j e c t e d at 
midsection and dye concentration i n the cross s e c t i o n was measured at 
distance L downstream as shown i n Table 1 , where dye i s observed to 
be s u f f i c i e n t l y mixed i n the cross s e c t i o n . 

From the measured d i s t r i b u t i o n of dye concentration h o r i z o n t a l 
variance i s c a l c u l a t e d and the h o r i z o n t a l d i f f u s i v i t y e i s obtained 
by the formula 

£ = 0.5 (T2 U/L ( 4 ) 

where i s the variance and U i s the c r o s s - s e c t i o n a l l y 
averaged flow v e l o c i t y . The r e s u l t i s given i n Table 1 also. 

Run No. h u* U X o)/X d L e £/hu* £/AU 
(ca) (ca/s) (c»/s) ( a ) (ca) (ca) (caVs) 

£/hu* £/AU 

1 4.5 0.671 10.8 26.66 1 2.4 61 2.37 0.79 0.0081 
2 8.5 0.854 14.7 26.66 1 1.8 61 2.50 0.34 0.0062 
3 8.5 1.208 21.0 26.66 1.8 61 3.31 0.32 0.0058 

4 4.5 0.671 9.5 13.33 1 2.4 67 3.51 1.16 0.0274 
5 8.5 0.854 12.6 13.33 1 1.8 67 2.83 1.74 0.0169 
6 8.5 1.208 19.0 13.33 1 1.8 67 4.57 0.45 0.0182 

7 4.5 0.671 9.0 20 1 2.4 64 2.47 0.91 0.0152 
8 8.5 0.854 12.3 20 1 1.8 64 2.35 0.32 0.0096 
9 8.5 1.208 19.0 20 1.8 64 3.11 0.30 0.0082 

10 4.5 0.671 9.6 13.33 1.5 2.4 64 3.02 1.00 0.0236 
11 8.5 0.854 13.1 13.33 1.5 1.8 64 2.93 0.40 0.0168 
12 8.5 1.208 19.7 13.33 1.5 1.8 64 4.41 0.43 0.0168 

13 4.5 0.671 7.6 13.33 0.75 2.4 59 2.68 0.89 0.0265 
14 8.5 0.854 11.6 13.33 0.75 1.8 59 2.99 0.41 0.0193 

0 

o o o 

o o o 

OT O 

O k3 O 

O O 

D i f f u s i v i t y w i t h Bar Roughness 

I t i s necessary at f i r s t to obtain the v e l o c i t y defect 
law under the presence of roughness bars i n order t o e s t a b l i s h the 
c a l c u l a t i o n method of the h o r i z o n t a l d i f f u s i v i t y under a given 
experimental c o n d i t i o n . I n analyzing such a complicated f l o w a 
semi-empirical approach i s re s o r t e d t o using a set of measured data 
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of the v e l o c i t y p r o f i l e . I t i s expected the v e l o c i t y defect law 
under the presence of roughness bars i n a staggered mesh i s a 
r e s u l t of s u p e r p o s i t i o n of v e l o c i t y defect laws behind a s i n g l e row 
of bars. A p r e l i m i n a r y study of such a flow i s c a r r i e d out using 
the same t i l t i n g flume w i t h a s i n g l e row of bars and the v e l o c i t y 
defect law i s obtained. The v e l o c i t y p r o f i l e under the presence 
of roughness bars planted i n a staggered fashion i s derived under 
the f o l l o w i n g assumptions : [1] the v e l o c i t y p r o f i l e at any cross-
se c t i o n i s governed by a row of roughness bars r i g h t upstream 
of the cross-section being considered and another row f u r t h e r 
upstream and [2] i t i s expressible by superposition of wake fl o w 
p r o f i l e s p e r t a i n i n g t o these two rows of roughness bars. The 
r e s u l t i n g v e l o c i t y p r o f i l e i s w r i t t e n as f o l l o w s 

u x - d / 2 x + ( a - < i / 2 x - d / 2 
— = 1-Q.235[[ ' ]-2'3 + [ : ! ^ ] - 2 . 3 ] +o.35[[ l - ' - s 
M i l I 

, ( y / ^ ) £ ( ( x - d / 2 ) / y l ) - 2 ' 3 ^ , x + 0 - d / 2 ^ 
>^^^-^^f ^ 7 2 1 ^ 5 7 3 9 ^ ^ T -
X [ i - e x p [ - ( 5 - y / ^ ) - ( ( x W / 2 ) / . ) - a ^ 3 

0 . 2 1 * 0 . 3 9 2 ^ ' 

i n which the meaning of symbols and the range t h i s f u n c t i o n a l 
expression covers i s shown i n Fig.3. Fig.4 i s an example of 
comparison of experimental data and E q . ( 5 ) . Comparison of Eq.(5) 
w i t h a l l data of v e l o c i t y p r o f i l e measurement l i s t e d i n Table 1 
shows a good correspondence i n d i c a t i n g the v a l i d i t y of Eq.(5) f o r 

the experimental c o n d i t i o n studied i n t h i s paper,i.e. range of the 
Froude number between 0.21 and 0.39 and the Reynolds number between 
5x103 and 2.9x10". 

The h o r i z o n t a l d i f f u s i v i t y under the presence of roughness bars i s 
c a l c u l a t e d i n v o k i n g the Prandtl's concept of mixing l e n g t h and the 
Reynolds' analogy. The formula to t h a t e f f e c t i s given as 

6 = K ( U , a x - U , i n )W (6) 

i n which u . a x and u . i n are, r e s p e c t i v e l y , maximum and minimum 
v e l o c i t i e s i n the cross s e c t i o n , w i s the width of mixing region and 
K i s a numerical constant. With the staggered d i s p o s i t i o n of 
roughness bars, however, the d i f f u s i v i t y i s governed by wake 
flows behind two roughness bars as shown i n Fig.5. Therefore 
the h o r i z o n t a l d i f f u s i v i t y i n t h i s case i s c a l c u l a t e d by 
averaging values r e l a t e d t o these two wake flows. They are given as 
f o l l o w s 

f ( U f f i a x - U n i i n l ) W i ^ + ( U m a x - U r n i n 2 ) W 2 ^ . 

^ '^^ Wl + W£ t KU 

As the h o r i z o n t a l d i f f u s i v i t y given by Eq.(7) i s a f u n c t i o n of 
X, the value at x = 0.5 a i s used as r e p r e s e n t a t i v e of the 
d i s t r i b u t i o n . 

C a l c u l a t i n g the right-hand-side of Eq.(7) using the v e l o c i t y 
p r o f i l e Eq.(5) met the d i f f i c u l t y of being unable to f i t a l l the 
experimental data of measured d i f f u s i v i t y e whatever the value f o r K 
was used. This i s because K does not remain constant i n t h i s case 
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as the wake flow region close to the bars i s concerned. Instead, K i s 
thought t o be a f u n c t i o n of d/X and u/X from dimensional c o n s i d e r a t i o n 
and f i t t i n g K values c a l c u l a t e d from Eq.{7) w i t h these two dimension
less parameters gives the f o l l o w i n g 

K = 4 . 0 ( d / X ) ' - M a ) / X ) a - ^ 5 (8) 

F i g . 6 gives the comparison between experimental data and 
c a l c u l a t i o n r e s u l t s from Eq.(7) together w i t h Eq.(8). Good 
correspondence i s obtained as expected. S t i l l , i t should be noted t h a t 
the correspondence i s obtained w i t h respect to both d/X and co/X, 
suggesting worthwhileness of the obtained r e l a t i o n s h i p . 

I n Fig.6 i s also shown a r e l a t i o n s h i p given by Fischer and 
Hanamura (3) which reads as 

£ = 0.075dUX/(j (9) 

I t i s apparent from Fig.6 t h a t Eq.(9) does not represent 
experimental data as d/X i s increased. 

Fig.7 gives the obtained r e l a t i o n s h i p f o r a p r a c t i c a l range of 
d/X and u/X. I t shows t h a t e/XU i s only weakly dependent on Ü / X . 
For p r a c t i c a l purpose, curves i n Fig.7 are represented by a f o l l o w i n g 
equation. 

e/(XU)=(0.0612+0.474d/X)d/X-0.000754, 0.5<w/X<1.5 (10) 

Conclusion 
H o r i z o n t a l d i f f u s i v i t y i n the t i d a l waters i s s t u d i e d cn the basis 

of experimental data of dye d i s p e r s i o n and i s found t o f o l l o w the 
Richardson-Ozmidov law. 

The e f f e c t of roughness bars i n the t i d a l h y d r a u l i c model on 
the h o r i z o n t a l d i f f u s i v i t y i s studied using a t i l t i n g flume. From 
v e l o c i t y measurement the s i m i l a r i t y p r o f i l e i s obtained. The 
c a l c u l a t i o n method of the h o r i z o n t a l d i f f u s i v i t y i s proposed on the 
basis of the Prandtl's mixing length concept and the Reynolds' 
analogy. The obtained r e l a t i o n s h i p gives the h o r i z o n t a l d i f f u 

s i v i t y f o r given f l o w and size and d i s p o s i t i o n of roughness bars. 
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THE ABSENCE OF MIXING AT THE SEAWARD EDGE OF THE SURF ZONE 

C y r i l G a l v i n , C o a s t a l E n g i n e e r 
Box 623, S p r i n g f i e l d , V i r g i n i a 22150 

A b s t r a c t . M o s t l o n g s h o r e c u r r e n t s do n o t c a u s e s i g 
n i f i c a n t m i x i n g b e t w e e n t h e s u r f z o n e a n d t h e n e a r s h o r e 
w a t e r . A v a i l a b l e h y p o t h e s e s f o r s u c h m i x i n g c a n be i n t e r 
p r e t e d a s c u r v e - f i t t i n g s c h e m e s w i t h e m p i r i c a l c o e f f i c i e n t s , 
b a s e d on t h e work o f M c D o u gal and H u d s p e t h ( 1 9 8 6 ) . T h e r e a r e 
s i g n i f i c a n t l a b o r a t o r y a n d f i e l d d a t a t h a t s u g g e s t r e l a t i v e l y 
l i t t l e m i x i n g o c c u r s on t h e t i m e s c a l e o f t h e p e r i o d o f t h e 
w a v e s c a u s i n g t h e l o n g s h o r e c u r r e n t . M e a s u r e m e n t s o f c r o s s -
s h o r e v e l o c i t y p r o f i l e s o f l o n g s h o r e c u r r e n t s b y f i x e d g a g e s 
s m e a r o u t t h e v e l o c i t y p r o f i l e , i m p l y i n g m o r e m i x i n g t h a n 
o c c u r s . 

Background. L o n g s h o r e c u r r e n t s a r e w a v e - d r i v e n f l o w s i n 
t h e s u r f z o n e t h a t move p a r a l l e l t o t h e s h o r e l i n e . The s u r f 
z o n e e x t e n d s f r o m l a n d o u t t o t h e b r e a k e r l i n e . T h e b r e a k e r 
l i n e i s w h e r e s h o a l i n g w a v e s f i r s t b r e a k . T h e b r e a k e r l i n e 
s e p a r a t e s t h e s u r f z o n e f r o m t h e n e a r s h o r e . 

B e c a u s e l o n g s h o r e c u r r e n t s f l o w i n t h e s u r f z o n e , a n d 

a r e e s s e n t i a l l y a b s e n t f r o m t h e n e a r s h o r e , t h e t r a n s i t i o n 

b e t w e e n t h e w a t e r b o d i e s i s a s s u m e d t o u n d e r g o s h e a r w h i c h 

b r i n g s a b o u t m i x i n g . S e v e r a l m e c h a n i s m s o f m i x i n g b e t w e e n 

t h e l o n g s h o r e c u r r e n t s a n d t h e n e a r s h o r e w a t e r s h a v e b e e n 

p o s t u l a t e d . The i n t e r e s t i n t h i s m i x i n g i s b e c a u s e o f i t s 

f l u i d m e c h a n i c s a n d a l s o b e c a u s e l o n g s h o r e c u r r e n t s may 

d i s t r i b u t e p o l l u t a n t s . T h e l e s s t h e m i x i n g w i t h t h e n e a r -

s h o r e , t h e g r e a t e r t h e l o n g s h o r e t r a n s p o r t o f t h e p o l l u t a n t s . 

T h e e q u a t i o n o f m o t i o n f o r l o n g s h o r e c u r r e n t v e l o c i t y 
i n c l u d e s a m i x i n g t e r m r e l a t e d t o t h e c r o s s - s h o r e g r a d i e n t i n 
l o n g s h o r e v e l o c i t y ( L o n g u e t - H i g g i n s , 1 9 7 0 ) . S u c h a t e r m i s 
u s e d t o s mooth t h e d i s c o n t i n u i t y i n t h e l o n g s h o r e c u r r e n t 
t h a t o t h e r w i s e e x i s t s i n t h e t h e o r y a t t h e s e a w a r d e d g e o f 
t h e s u r f z o n e . 

C omparison o f M i x i n g H y p o t h e s e s . M c D o u g a l and H u d s p e t h 

( 1 9 8 6 ) e x t r a c t e d f r o m t h e l i t e r a t u r e s e v e n h y p o t h e s e s f o r t h e 

m e c h a n i s m o f l a t e r a l m i x i n g ( s e e f o r e x a m p l e L o n g u e t - H i g g i n s , 

1 9 7 0 ; B a t t j e s , 1 9 7 5 ; V i s s e r , 1 9 8 2 ; and many o t h e r s ) . U s i n g a 

g e n e r a l e q u a t i o n o f m o t i o n and a c o n c a v e up ( o n e - h a l f p o w e r ) 

p r o f i l e , t h e y d e v e l o p s o l u t i o n s f o r t h e s e v e n h y p o t h e s e s . 

T h e i r n u m e r i c a l s o l u t i o n s i n d i c a t e t h a t t h e c r o s s - s h o r e 

l o n g s h o r e c u r r e n t p r o f i l e i s r a t h e r i n s e n s i t i v e t o t h e f o r m 

o f t h e m i x i n g h y p o t h e s i s . 

P l o t t e d s o l u t i o n s a l l show t h a t maximum v e l o c i t y o c c u r s 

a t t h e s h o r e l i n e ( M c D o u g a l a n d H u d s p e t h , 1 9 8 6 , F i g u r e s 2 a n d 

3 ) . T h i s s h o r e l i n e (X = 0 ) i s t h e i n t e r s e c t i o n o f t h e s e t u p 
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l e v e l and t h e b e a c h , w h i c h i s landward o f t h e s t i l l - w a t e r 
s h o r e l i n e u s u a l l y used as the s t a r t i n g p o i n t on l a b o r a t o r y 
work. 

Even w i t h an e x p e r i m e n t a l q u a l i f i c a t i o n e x p l a i n e d below, 
a v e l o c i t y maximum a t t h e X = 0 s h o r e l i n e i s not i n agreement 
w i t h l a b o r a t o r y d a t a . There are 194 c r o s s - s h o r e p r o f i l e s i n 
Table A7 o f G a l v i n and Eagleson (1965), o f which 100 i n c l u d e 
a measurement s l i g h t l y landward o f the s t i l l - w a t e r s h o r e l i n e . 
Only 1 o f these 100 v e l o c i t y p r o f i l e s l o c a t e t h e maximum 
v e l o c i t y landward o f t h e s t i l l - w a t e r s h o r e l i n e . 

The q u a l i f i c a t i o n i s as f o l l o w s . The v e l o c i t y measure
ments o f G a l v i n and Eagleson (1965) were made w i t h a m i n i a 
t u r e p r o p e l l e r meter whose ho u s i n g was 1.5 cm i n diameter and 
whose p r o p e l l e r was about 1.0 cm i n d i a m e t e r . The measured 
setup a t the s t i l l - w a t e r s h o r e l i n e was t y p i c a l l y on the o r d e r 
o f O.S t o 1.0 cm ( T a b l e A6 o f G a l v i n and Eagleson, 1965) 
which suggests t h a t l o c a l wave h e i g h t s near t h e s t i l l w a t e r 
s h o r e l i n e were about 1 t o 2 cm. Thus, t h e p r o p e l l e r meter 
was o n l y p a r t i a l l y submerged d u r i n g p a r t o f t h e wave c y c l e . 

H o w e v e r , a l l t h i n g s c o n s i d e r e d , i t seems t h a t t h e 
longshore has a c u r r e n t maximum somewhat seaward o f the base 
o f t he runup, and i n s h o r e o f the b r e a k e r p o i n t . (The b r e a k e r 
p o i n t i n these experiments were d e f i n e d as the p o i n t where 
some segment o f t h e f r o n t f a c e o f t h e wave f i r s t became 
v e r t i c a l . ) 

The g e n e r a l i n s e n s i t i v i t y o f t h e r e s u l t s t o the h y p o t h e 
s i s i n F i g u r e s 2 and 3 o f McDougal and Hudspeth (1986), t h e 
m o n o t o n i c v e l o c i t y i n c r e a s e t o t h e maximum a t t h e X = 0 
s h o r e l i n e , and t h e f a c t t h a t t h e d i m e n s i o n l e s s maximum 
v e l o c i t y had a v a l u e o f 0.5 or s l i g h t l y below 0.5 a l l suggest 
t h a t each o f t h e m i x i n g hypotheses i s a form o f curve f i t t i n g 
w i t h c o e f f i c i e n t s . 

E x p e r i m e n t a l Data. Few s y s t e m a t i c l a b o r a t o r y observa
t i o n s o f m i x i n g across t h e b r e a k e r l i n e have been p u b l i s h e d . 
The u s u a l approach has been t o take l a b o r a t o r y measurements 
o f t h e c r o s s - s h o r e v a r i a t i o n i n longshore c u r r e n t v e l o c i t y 
and deduce from them what might be p l a u s i b l e m i x i n g mecha
nisms, u s i n g f r i c t i o n f a c t o r and t u r b u l e n c e c o n c e p t s f r o m 
steady, u n i f o r m f l o w . 

For example, one o f t h e few e x p e r i m e n t a l s t u d i e s t o 
d i r e c t l y address l a t e r a l m i x i n g (Kim, e t a l . , 1987) c o n t a i n s 
e s t i m a t e s o f t h e d i f f u s i o n c o e f f i c i e n t from dye measurements, 
as w e l l as t h r e e - d i m e n s i o n a l mean v e l o c i t y measurements and 
o b s e r v a t i o n s o f wave d i r e c t i o n s . However, t h e end r e s u l t s on 
m i x i n g depend on t h e assumed mechanism o f m i x i n g and t h e 
f i t t i n g o f data t o t h e assumption t h r o u g h c o e f f i c i e n t s . 
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Even t h e c a r e f u l e x p e r i m e n t s o f V i s s e r (1982) do not 
r e p o r t d i r e c t o b s e r v a t i o n s o f m i x i n g , except t o t h e e x t e n t 
t h a t t h e s e o b s e r v a t i o n s were d e s i g n e d t o produce u n i f o r m 
l o n g s h o r e c u r r e n t s . I f I u n d e r s t a n d c o r r e c t l y , V i s s e r ' s 
(1982) experiments were deemed "proper" when such m i x i n g was 
m i n i m i z e d . 

I n my e a r l y experiments ( G a l v i n and Eagleson, 1965), an 
a t t e m p t was made t o observe p h y s i c a l l y the exchange o f water 
b e t w e e n the s u r f zone and the o f f s h o r e s i d e o f the b r e a k e r 
l i n e . A p r i m a r y c o n c l u s i o n o f t h a t study was " O b s e r v a t i o n 
and measurement show t h a t most o f t h e f l u i d i n the s u r f zone 
st a y s t h e r e " ( G a l v i n and Eagleson, 1965, p. 1 ) , and a g a i n 
'the f l u i d i n the s u r f zone appears t o remain t h e r e " ( p . 3 5 ) . 

F i e l d D a t a . Many s t u d i e s have r e p o r t e d a c t i v e m i x i n g 
between the s u r f zone and t h e o f f s h o r e , i n c l u d i n g e s p e c i a l l y 
s t u d i e s o f r i p c u r r e n t s and r e l a t e d c u r r e n t s i n s o u t h e r n 
C a l i f o r n i a and the slow m i x i n g o f l e s s w e l l d e f i n e d c u r r e n t 
systems a l o n g t he shores o f t h e G u l f o f Mexico. See Bowman 
et a l . (1988) f o r r e c e n t work on t h i s s u b j e c t i n t h e M e d i t e r 
ranean. Moreover, t h e r e are a n e c d o t a l s t o r i e s o f severe r i p 
c u r r e n t s d i s c h a r g i n g a t h i g h r a t e s across t h e b r e a k e r l i n e . 

On t h e o t h e r hand, Inman e t a l (1971) showed f i e l d 
r e s u l t s t h a t c o u l d be i n t e r p r e t e d as i n d i c a t i n g a l o w e r 
d e g r e e o f m i x i n g b e t w e e n the s u r f zone and t h e ne a r s h o r e . 
There are a l s o many a n e c d o t a l d e s c r i p t i o n s o f muddy w a t e r 
d i s c h a r g e from creeks and r i v e r s b e i n g c o n f i n e d t o the s u r f 
zone f o r g r e a t d i s t a n c e s a l o n g s h o r e , an i n d i c a t i o n o f l i m i t e d 
m i x i n g . 

Perhaps the most e x t e n s i v e f i e l d study b e a r i n g on t h i s 
m i x i n g q u e s t i o n was a b i o l o g i c a l i n v e s t i g a t i o n conducted t o 
e x p l a i n unusual v a r i a t i o n i n the c o n c e n t r a t i o n o f an algae i n 
the s u r f zone, as d e s c r i b e d i n t h e next s e c t i o n . 

B i o l o g i c a l E v i d e n c e . The s u r f d i a t o m . An a u 1 u s 
b l r o s t r a t u s , a m i c r o s c o p i c a l g a e , f u n c t i o n s as a n e a r l y 
n e u t r a l l y b u o y a n t t r a c e r , a t l e a s t i n d a y l i g h t h o u r s . 
C o n c e n t r a t i o n s o f A. b i r o s t r a t u s were observed t o i n c r e a s e 
markedly d u r i n g d a y l i g h t hours i n the s u r f zone a l o n g 48 km 
o f Sundays R i v e r Beach, Algoa Bay, South A f r i c a ( T a l b o t and 
Bate, 1988a, 1988b, and p r e c e d i n g p a p e r s ) . I n i t i a l l y , T a l b o t 
and B a t e (1988a) a t t r i b u t e d t he change i n c o n c e n t r a t i o n t o 
a d v e c t i o n across t h e b r e a k e r l i n e , b u t they were l e d by t h e 
da t a t o conclude t h a t diatoms r e s i d e i n the sandy b o t t o m o f 
the s u r f zone d u r i n g n i g h t ( T a l b o t and Bate, 1988b). 

A f t e r an u n u s u a l l y e x t e n s i v e s e r i e s o f f i e l d o b s e r v a 
t i o n s , u s i n g h e l i c o p t e r s and l a r g e numbers o f p e r s o n n e l , t h e 
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a u t h o r s concluded t h a t t h e r e i s a " g e n e r a l i m p e r m e a b i l i t y o f 
t h e b r e a k e r l i n e t o s u r f z o n e A.» b i r o s t r a t u s d u r i n g t h e day 
t i m e " and t h a t "the b r e a k e r l i n e c l e a r l y f o r m s a p h y s i c a l 
b a r r i e r t o s u r f z o n e c e l l s d u r i n g the day, p r e v e n t i n g t h e i r 
l o s s t o t h e nearshore." The a u t h o r s go on t o p o i n t o u t t h a t , 
i n one o f t h e i r e a r l i e r s t u d i e s a t t h e same s i t e u n d e r 
s i m i l a r c o n d i t i o n s , t h e y found " t h e b r e a k e r l i n e t o be an 
e q u a l l y e f f i c i e n t b a r r i e r t o s u r f a c e drogues r e l e a s e d w i t h i n 
t he s u r f zone." 

The confinement o f t h e s u r f d i a tom t o t h e s u r f zone i s 
not a b s o l u t e . Changes i n wind and wave c o n d i t i o n s can cause 
exchange o f water across t h e b r e a k e r l i n e , and a t l e a s t some 
o f t h e d a y t i m e i m p e r m e a b i l i t y i s due t o t h e s u r f d i a t o m 
c o l l e c t i n g a t t h e w a t e r s u r f a c e ( T a l b o t and Bate, 1988a). 
The a u t h o r s s u g g e s t t h a t s u r f a c e w a t e r i s l e s s e a s i l y 
exchanged across the b r e a k e r l i n e than water a t lower d e p t h 
i n t he s u r f zone. 

A Non-Mixing H y p o t h e s i s . Longshore c u r r e n t v e l o c i t i e s 
are t y p i c a l l y q u i t e low. For example, a h i s t o g r a m o f 5591 
o b s e r v a t i o n s from the P a c i f i c coast o f C a l i f o r n i a showed t h a t 
about 82 p e r c e n t o f t h e o b s e r v a t i o n s had v e l o c i t i e s l e s s t h a n 
30 cm/sec (Shore P r o t e c t i o n Manual, 1977 ed., p. 4-47). The 
ocean s u r f zone i s on t h e o r d e r o f 100 m wide, and i t s d e p t h 
i s on the o r d e r o f 1 or 2 meters. Given t h i s wide, s h a l l o w 
channel and such low v e l o c i t i e s , t h e magnitude o f t h e shear 
b e t w e e n t h e s u r f zone and t h e n e a r s h o r e w a t e r must be 
i n t r i n s i c a l l y l o w . The s h e a r c o u l d be accommodated i n a 
s h o r t d i s t a n c e , and not much m i x i n g i s r e q u i r e d . 

P o i n t measurements o f l o n g s h o r e c u r r e n t v e l o c i t y a r e 
used t o d e t e r m i n e t h e c r o s s - s h o r e v e l o c i t y p r o f i l e o f t h e 
l o n g s h o r e shore c u r r e n t . The i n s t r u m e n t s w h i c h make t h e s e 
measurements a r e f i x e d i n space w h i l e the wave t r a n s l a t e s 
back and f o r t h . The l o n g s h o r e c u r r e n t i s advected w i t h the 
w a v e - i n d u c e d o r b i t a l v e l o c i t y i n t h e wave. Thus, t h e 
i n s t r u m e n t s are a v e r a g i n g l o n g s h o r e f l o w s from a s t r i p o f t h e 
s u r f zone h a v i n g a w i d t h on t h e o r d e r o f a few wave h e i g h t s 
( t h e b r e a k e r t r a v e l d i s t a n c e ) . Such a d i s t a n c e c o u l d 
accommodate t h e shear. 

For those r a r e r c u r r e n t s w i t h unusual longshore v e l o c i 
t i e s (say 1 or 2 m/sec), t h e r e a p p e a r s t o be a w a v e - l i k e 
s h e a r i n s t a b i l i t y b e t w e e n t h e s u r f zone and the nearshore 
(Bowen and Holman, 1989; Oltman-Shay, Kurd, and B i r k e m e i e r , 
1 9 8 9 ) . Such an i n s t a b i l i t y p r o v i d e s f u r t h e r means o f 
smearing o u t t h e v e l o c i t y sensed a t f i x e d i n s t r u m e n t s w i t h o u t 
n e c e s s i t a t i n g m i x i n g . 

C o n c l u s i o n . The c o n c l u s i o n o f t h i s b r i e f note i s as 
f o l l o w s : s i g n i f i c a n t m i x i n g between the s u r f zone and t h e 
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nearshore water i s u s u a l l y n o t r e q u i r e d by t h e d a t a . Cross-
shore v e l o c i t y p r o f i l e s o f t h e longshore c u r r e n t have been 
measured i n such a way as t o smear out the v e l o c i t y p r o f i l e , 
e x a g g e r a t i n g t h e apparent m i x i n g . I t appears p r o b a b l e t h a t 
n o t much m i x i n g occurs on the t i m e s c a l e o f t h e wave p e r i o d . 
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ABSTRACT 

At the beginning of the decade of the 1950's, DEAN M. P. 

O'Brien and h i s co l l e a g u e s (1950 & 1952) introduced a formula 

c o n s i s t i n g of two f o r c e components f o r e s t i m a t i n g the wave-induced 

p r e s s u r e f o r c e on small v e r t i c a l c y l i n d e r s given by 

clF,(t) = clF„(t) + dF,(t) 

= C ^ p ^ i ^ d V + ^C,pu(t)!u(t)|dA 

The i n e r t i a l f o r c e component dFm(t) and the drag f o r c e component 

dFd(t) r e q u i r e d two e m p i r i c a l f o r c e c o e f f i c i e n t s C-^ & C^, 

r e s p e c t i v e l y . T h i s formula and i t s many v a r i a t i o n s would l a t e r 

become known as the "Morison equation". For simple harmonic 

kinematics they found t h a t the maximum value of the fo r c e could 

be estimated from 

dF, 

dF, 

dF,|[l + ( 2 l / ) - ' ] ; 9^3, = ARCSIN 

where the dimensionless O'Brien fo r c e r a t i o i s I-/= | dF^ 1 / j dF ̂  |. The 

dimensionless O'Brien parameter [-/ introduced a t the beginning 

of the decade of the 1950's would appear repeatedly i n a n a l y s e s 
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throughout the next four decades along with another dimensionless 

parameter t h a t would be introduced towards the end of the same 

decade; v i z , the "Keulegan-Carpenter" parameter A: = U^T/D. 

I n 1958, G. H. Keulegan and L. H. Carpenter published a report 

f o r the National Bureau of Standards on the wave-induced pressure 

f o r c e s on c y l i n d e r s and p l a t e s . T h i s report was des t i n e d to 

become a c l a s s i c t r e a t i s e and a must on the reading l i s t f o r 

anyone about to enter the la b o r a t o r y or to i n i t i a t e a f i e l d 

experiment on t h i s t o p i c . Keulegan and Carpenter i n i t i a t e d the 

era of c o r r e l a t i n g the two e m p i r i c a l force c o e f f i c i e n t s C^i & C^ 

"with any appropriate parameter". Only the f o l l o w i n g two 

o b j e c t i v e s were s t a t e d f o r t h e i r seminal t r e a t i s e : 

1) to introduce a F o u r i e r r e s i d u a l f u n c t i o n AR t h a t would 

provide a t r u e r r e p r e s e n t a t i o n of the wave-induced f o r c e 

estimated by the Morison equation when c o n s i d e r i n g constant 

v a l u e s f o r the e m p i r i c a l f o r c e c o e f f i c i e n t s C^ & C^; and 

2) to c o r r e l a t e the average v a l u e s of the two f o r c e coef

f i c i e n t s C™ & Cjq with the "period" parameter K = U^T/Y) t h a t 

would l a t e r become known as the "Keulegan-Carpenter" 

parameter. 

I n f a c t , they did much morel They l a i d the foundation f o r 

a l l f u t u r e e f f o r t s d i r e c t e d toward anal y z i n g the wave-induced 

p r e s s u r e f o r c e s on small bodies. Motivated, i n p a r t , by the 

e x p l o r a t i o n f o r petroleum r e s e r v e s offshore, s e v e r a l decades of 

in t e n s e r e s e a r c h on wave-induced pressure f o r c e s on small bodies 

would f i n d the path i l l u m i n a t e d by G. H. Keulegan. Because of 

the complete and thorough treatment of the t o p i c and because of 

the meticulous a t t e n t i o n to d e t a i l given i n the d e s c r i p t i o n of 

the experiments ( p a r t i c u l a r l y the c a l i b r a t i o n methods), t h i s 
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t r e a t i s e became a t r u e c l a s s i c and the standard by which a l l 

subsequent t r e a t i s e s on the t o p i c of wave-induced pressure f o r c e s 

on small bodies would be measured. 

The main c o n t r i b u t i o n s from each of the ten s e c t i o n s of t h i s 

c l a s s i c t r e a t i s e are b r i e f l y summarized. These c o n t r i b u t i o n s 

would be e l a b o r a t e d during the next three decades; and although 

the s i g n i f i c a n c e of the Keulegan-Carpenter parameter K=U^T/D 

has permeated many areas of p h y s i c s and engineering during the 

p a s t t h r e e decades, only the following four a r e a s are d i s c u s s e d 

i n d e t a i l : 

1) the s c a l i n g of the momentum t r a n s p o r t theorem where K 

provides a measure of the r a t i o between the convective f l u i d 

a c c e l e r a t i o n (or drag fo r c e component) and the l o c a l f l u i d 

a c c e l e r a t i o n (or i n e r t i a l force component) (Dean and Harleman 

(1966) and Wilson (1984), i n t e r a l i o s ) ; 

2) the connection between the c r i t i c a l v a l u e s of K i n the 

i n t e r v a l 11.40 < K < 13.16 and the c o n d i t i o n of the data when 

the i n e r t i a and drag fo r c e components i n the Morison Equation 

are equal (Dean, 1976 and Hudspeth and Nath, 1990) ; 

3) the p u b l i c a t i o n of a d d i t i o n a l experimental data f u r t h e r 

confirming the s t a b i l i t y of the t r a n s v e r s e l i f t f o r c e near 

the c r i t i c a l v a l u e s of K between 11.40 < K < 13.16 when the 

r a t i o of eddy shedding period Ts to wave period 7 i s e x a c t l y 

equal to 2.0 f o r v a l u e s of the Stouhal parameter .18 < S < 

.20 (Hayashi and Takenouchi (1979) and Maull and M i l l i n e r 

( 1 9 7 9 ) ) ; and 

4) the c o r r e l a t i o n of a r e l a t i v e amplitude parameter t h a t i s 

p r o p o r t i o n a l to K with wake e f f e c t s as an e x p l a n a t i o n f o r 

the e l e v a t i o n of the drag c o e f f i c i e n t C^ i n the s u p e r c r i t i c a l 

region f o r R > 10^ ( G a r r i s o n , 1980). 
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The need to continue to explore the s e n s i t i v e region around 

the c r i t i c a l v a l u e s between 11.40 < K< 13.16 with corresponding 

v a l u e s of the Reynolds parameter R > 10^ i s made r e l e v a n t by 

co n s i d e r i n g the design s p e c i f i c a t i o n for a t y p i c a l j a c k e t - t y p e 

offshore s t r u c t u r e . 

Over three decades ago, G. H. Keulegan i d e n t i f i e d the area 

around v a l u e s of 11.40 < K < 13.16 as being a c r i t i c a l c o n d i t i o n 

where "obviously, the process of eddy shedding has a very s i g 

n i f i c a n t bearing on the v a r i a t i o n s of the s o - c a l l e d c o e f f i c i e n t s 

of mass and drag, and account needs to be taken of t h i s i n the 

t h e o r e t i c a l formulation of the b a s i c process". A f t e r t h r e e 

decades of r e s e a r c h , there are s t i l l no data a v a i l a b l e f o r 

v e r i f y i n g our t h e o r e t i c a l models between the c r i t i c a l v a l u e s of 

11.40 < K < 13.16 f o r va l u e s of the Reynolds parameter R > 10^. 
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Summary 

A long-standing problem in the theory of inviscid surface gravity waves is that of 

replacing the classical 3-D boundary value problem (an elliptic governing equation, 

having a predictive free surface condition) wi th an approximate 2-D hyperboUc wave 

equation, by stipulating a rational vertical structure of the dependent variables. 

Boussinesq's 1872 pioneering model of this nature, while restricted to weakly 

dispersive long waves in uni form depth, has proven to be a powerful one in the study 

of solitary and cnoidal waves {e.g., Keulegan and Patterson, 1940). Extensions of the 

Boussinesq type model to variable depth were made by Peregrine in 1967 and more 

recently by K i m , Reid and Whitaker (hereafter K R W ) in 1988. The generaUzation 

to waves of any relative wave length in variable depth requires the restriction to 

time-periodic (or slowly modulated) waves; the 1984 development of Ki rby is a good 

example. An alternative generalization is given in the present paper, in which i t is 

recognized that over variable depth two mathematically distinct classes of solutions 

must co-exist. Class I are governed by a hyperboHc wave equation, whose free 

solutions can propagate energy; while class I I are governed by an elliptic equation 

forced by the class I mode acting on the sloping sea bed. As such, the class I I mode 

can exist only in the presence of class I and represents a parasitic, bot tom-trapped 

effect whose strength depends on the bot tom slope. 

One of the contributions of the present paper is the recognition that the problem 

of seeking an op t imum 2-D hyperbolic wave equation is equivalent to that of 

performing a Galerkin integral transform of the classical wave equations, employing 

only the class I vertical structure functions (those commonly encountered in the 

classical constant depth theory). I f this is done properly, the error incurred by 

neglecting the bottom-trapped class I I mode wi l l be of order proportional to the 
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bottom slope squared. An equivalent procedure is to employ the Luke variational 

principle (using only the class I structure) as was done by Kirby in his 1984 paper; 

however special care must be taken in dealing wi th the terms containing the bo t tom 

slope. In any event, the quantification of the error incurred by neglecting the class I I 

contribution requires a separate analysis, and indicates that the opt imum hyperbolic 

wave equation is justif ied for bot tom slopes as large as | , even for long waves. This 

is important , since it implies that wave reflection as well as refraction and diffract ion 

can be addressed wi th in the context of the op t imum hyperbolic equation. 

The existing wave models of Peregrine, K R W , and Ki rby are compared wdth 

the present model in the context of linearized, monochromatic waves of constant 

frequency (OJ), in the absence of mean ambient flow and Earth rotation effect. The 

comparison is facili tated by converting all models to a common hyperbolic fo rm , 

governing the (class I approximation of) water level anomaly (rj): 

r - " ^ v • ( c ' r " ^ - ' v (r ' r?))+0^277 = 0, ( i ) 

where V is the horizontal gradient operator, C is the phase speed for given w and 

local depth (h), while F is the ratio of group speed to phase speed (dependent on 

the relative depth oj^h/g). Nominally the models have common C and F for given 

UJ and /i, wdthin the range of relative depth for which they are intended; they are 

distinguished pr imari ly by the values of the exponents / and m as follows: 

Model 
1 
L m / 4- m I — m 

Peregrine, 1967 1 
2 0 1 

2 
1 
2 

K R W , 1988 1 0 1 - 1 

Kirby, 1984 0 1 1 1 

Present paper 1 
2 

1 
2 1 0 

In the l imi t of very long waves (uj'^h/g < 1), F approaches unity, C approaches 

{gh)^ and Eq (1) reduces to the shallow water Helmholtz equation 

V-{ghVri)+Lo^r] =0 (2) 

for all four models. Moreover, for constant depth, all models are consistent for 

common C{u>,h). For general co and variable depth, under conditions of small 
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diffract ion, the waves are refracted by Snell's law with phase speed C, regardless of 

the parameters / and m . The two primary properties which are dependent on the 

model parameters / and m are the speed (Cg) at which energy propagates and the 

wave admittance {Cr) which governs reflection for the model concerned. It can be 

shown f rom the generic governing relation (1) that: 

(3) 
Cr = c r ^ - ' 

where F in general lies in the range | to 1. For all but the Peregrine model, Ce = C F 

which is the group speed, as expected. The Peregrine model is probably anomalous 

in this regard because it employs a mixture of class I and I I structure for vertical 

velocity. 

A l l the models have different wave admittance Cr for general UJ and h. Only in 

the long wave l imi t {uj'^h/g < 1) does Cr (as well as Ce) approach a common 

value, namely {gh) 2 . This fundamental difference among the models has not 

been recognized previously because no critical studies comparing their reflective 

properties seems to have been made, except in the long wave l imi t (where no 

difference is to be expected). The question of whether reflection is governed by 

phase speed (present model), group speed (Kirby model), or neither (Peregrine and 

K R W models) remains an important issue; it is an issue which could be resolved 

via critical laboratory experiments. However, based on an analysis of the expected 

error introduced in each model by neglecting the fu l l effect of the class I I mode, 

it is found that all but the present model have errors proportional to | Vh |. I n 

contrast, the present model has an error proportional to | Vh \ , as anticipated for 

the opt imal version of Eq (1). 

In order to resolve the difference between the Kirby model and the present 

model, are-examination of his 1981 derivation u.sing the Luke variational principle 

discloses a very subtle error concerning terms involving the bot tom slope. W^hen 

this is corrected, the result becomes identical to that of the present model. In the 

case of the Peregrine and K R W models, both can be derived f r o m the Hamil tonian 

variational principle; however they require an extra constraint (not needed in the 

Luke principle). One source of error in these Boussinesq type models is in the 
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adopted constraint; another source of error is in the adopted approximation for the 

vertical structure of velocity. Corrected linearized versions of these Boussinesq type 

models are derived by inference f rom the present model. 

Thus f rom the standpoint of the mathematical theory, all the models wi th suit

able corrections are made compatible in their linear representation. Nevertheless, 

it remains to confirm the prediction stemming f rom the present model that wave 

reflection is governed by phase speed for general uj'^h/g, at least in the l imi t of small 

amphtude waves. It ynW require an experimentahst wi th the care and inovativeness 

of the late Garbis Keulegan to provide the necessary laboratory data to confirm or 

refute the present theoretical findings. 
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SIMULTANEOUS, MULTIPLE-LEVEL SELECTIVE WITHDRAWAL 
WITH A SINGLE FLOW-CONTROL POINT 

by Stacy E . Howington and J e f f e r y P. Holland 
USAE Waterways Experiment Stat ion 

Vicksburg, MS 39180-6199 USA 

Abstract 

Simultaneous, mul t ip l e - l eve l s e l ec t ive withdrawal from thermally 
s t r a t i f i e d reservo irs i s common in the management of i n - r e s e r v o i r and 
r e s e r v o i r - r e l e a s e water qua l i ty . This type of withdrawal poses a 
problem when employed with a s ingle point of flow control such as a 
hydroturbine at a power-producing dam. Density s t r a t i f i c a t i o n 
inf luences the flow d i s t r i b u t i o n among the uncontrolled open ports , 
thereby inf luencing the release water qual i ty c h a r a c t e r i s t i c s . To 
describe the inf luences of density, a simple algorithm has been 
developed that, when coupled with a descr ipt ion of s e l ec t ive withdrawal, 
can pred ic t the composite re lease water qua l i ty . 

The flow d i s t r i b u t i o n algorithm was used with an ex i s t ing one-
dimensional, steady-flow se l ec t ive withdrawal model. Comparisons were 
made with laboratory and f i e l d information. These comparisons included 
three diverse prototype re servo ir intake s tructures and four intake 
s tructure phys i ca l models of various s ca l e . Comparisons are favorable 
over most of the range tested. S i g n i f i c a n t d i f ferences between the 
algorithm predict ions and the model and prototype observations are 
confined to an un l ike ly range of intake s tructure operations. 
Therefore, although the algorithm represents a s i m p l i f i c a t i o n of the 
phys i ca l processes, i t acceptably approximates the e f f ec t s of density 
s t r a t i f i c a t i o n on the flow d i s t r i b u t i o n among the ports . This 
c a p a b i l i t y w i l l permit the e f f ec t i ve operation of m u l t i - l e v e l , s i n g l e -
f low-control intake s tructures i n a d e n s i t y - s t r a t i f i e d environment. 

Introduct ion 

Aside from flow cons tra ints , reservo ir re leases are often subject 
to water qual i ty constraints on such parameters as temperature, 
dissolved oxygen, i ron , and manganese. Operating a re servo ir intake 
s tructure to s a t i s f y these requirements and to maintain acceptable i n -
pool conditions i s not a t r i v i a l exerc ise . During the s t r a t i f i c a t i o n 
season, the water column i n the reservo ir may contain a wide assortment 
of water q u a l i t i e s . These d i f f e r e n t q u a l i t i e s may be accessed by 
s e l e c t i v e l y withdrawing water from d i f f eren t e levat ions . Often one 
l e v e l of withdrawal i s not s u f f i c i e n t to s a t i s f y the system's qua l i ty or 
quantity constra ints and multiple l eve l s of withdrawal are needed. So 
long as ind iv idua l controls are maintained at each of the withdrawal 
locat ions , i t i s a r e l a t i v e l y straightforward task to approximate the 
re lease qua l i ty through each locat ion and ca lcu la te the necessary flow 
d i s t r i b u t i o n to approximately achieve the release object ive . However, 
when one attempts to withdraw water from multiple e levations in a 
s t r a t i f i e d water body with a s ingle control device, the density 
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s t r a t i f i c a t i o n can s i g n i f i c a n t l y a f f e c t the d i s t r i b u t i o n of flow among 
these withdrawal locations and, thereby, a f f e c t release water qual i ty . 

Simultaneous mul t ip l e - l eve l s e l ec t ive withdrawal with a s ingle flow 
control device i s increas ingly common in reservo ir operation for two 
primary reasons: ( a . ) Hydroturbines are being added to ex i s t ing dams, 
often causing the intake s t ruc ture ' s point of flow control to be 
relocated from the service gates to the hydroturbine, And, (b . ) s ing le -
rather than dual-wet-well intake structures are being b u i l t to reduce 
construction costs . T r i a l - a n d - e r r o r operation of these s tructures i s 
normally unacceptable because of the s t res s incurred by the downstream 
environment. Therefore, the reservo ir operator must be able to predict 
the release c h a r a c t e r i s t i c s of a proposed operational strategy pr ior to 
i t s implementation. I f the operator can predict the flows through each 
intake locat ion, ex i s t ing se l ec t ive withdrawal technology can be used to 
reasonably approximate the release qual i ty . 

Exact ly predict ing the n e a r - f i e l d flow d i s t r i b u t i o n among multiple 
intake ports i s a geometry-dependent, three-dimensional, turbulent, 
s t r a t i f i e d , e x t e r n a l / i n t e r n a l flow problem that can only be performed by 
c a r e f u l s i t e - s p e c i f i c scaled phys ica l modeling. At present, numerical 
methods are inadequate to character ize the flow and, i f a v a i l a b l e , would 
probably not o f f er s i g n i f i c a n t cost savings over phys i ca l models. Thus, 
the object ive of th i s work was not to predict the exact flow patterns i n 
or near hydraul ic s tructures e i ther through numerical or phys ica l 
modeling, but rather to produce an accurate, general, easy-to-use, 
portable technique of approximating the e f f ec t s of density on the flow 
d i s t r i b u t i o n among the ports . An algorithm to s u i t these c r i t e r i a for 
re servo ir re lease qual i ty management was proposed by Howington (1990) . 

Algorithm Development 

The technique presented by Howington (1990) has been named the 
s t r a t i f i e d flow d i s t r i b u t i o n , or SFD algorithm. The equations used are 
based on the Euler equation and can be given, in general form, by 

n (1) 

(2) 

where QT 
i 

t o t a l s tructure discharge, m^/sec, 
port index beginning with the uppermost port , 
number of open ports , 
grav i ta t iona l acce lerat ion , m/sec^, 
area of port 1 , m ,̂ 
dimensionless (Darcy-Weisbach) loss c o e f f i c i e n t for port i 
buoyancy head for port i (ca lculated as i n Eq. 2 ) , m. 

n 
g 
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p-j_ = water density entering port i , kg/m-', 
AH - water surface d i f f e r e n t i a l between the pool and wet w e l l , m, 

p ( z ) = water density v a r i a t i o n with depth i n the r e s e r v o i r , kg/m'', 
= water density i n wet wel l between ports i and i - I , kg/m-'. 

Each of the r a d i c a l s in the summation i n Equation 1 represents an 
intake port flow. I n essence, the SFD algorithm defines the smallest 
water surface d i f f e r e n t i a l that w i l l produce the desired t o t a l 
discharge, subject to a potent ia l energy contribution by the density. 
Buoyancy head i n Equation 2 i s computed beginning with the uppermost 
port for s tructures such as that in Figure 1, where the wet we l l out let 
i s located at or beneath the lowest intake port . Working toward the 
wet-well out let permits estimation of by summing the contributions 
from each port . Above the uppermost port ( 1 = 1 ) there i s assumed to be 
no density d i f ference between the pool and the wet w e l l . Therefore, 
buoyancy head for the uppermost port i s 0.0. Between i - I and i=2, i s 
simply the average density of the water entering the top port . I n the 
f igure , the unprimed numbers are associated with port center l ines and 
the primed numbers, with streamlines through the average dens i t ies 
entering each port. 

i n an a r b i t r a r i l y s t r a t i f i e d re servo i r . 

For non-zero values of buoyancy head, there ex i s t s a threshold head 
loss (equal to the buoyancy head) at which the upper port flow goes to 
zero. For smaller discharges the algorithm i s i n v a l i d . The discharge 
associated with th i s head loss i s termed critical discharge. For 
smaller discharges, the r e s t r i c t e d port (the upper port i n F i g . 1) w i l l 
contribute no flow to the t o t a l discharge and no water surface 
d i f f e r e n t i a l w i l l e x i s t between the pool and the wet w e l l . This 
condition i s re ferred to as buoyancy blockage. The given form of the 
equations requires the assumptions that ( a . ) f r i c t i o n losses wi th in the 
wet wel l between port e levations are neg l ig ib le , and (b . ) water in the 
wet wel l between the port elevations i s homogeneous. 

As the flow rate increases beyond c r i t i c a l discharge, some 
contribution from the upper port i s r e a l i z e d . However, the po tent ia l 
energy associated with the buoyancy head can s t i l l dramatical ly a f f e c t 
the flow d i s t r i b u t i o n among the intake ports , thus a f f ec t ing the re lease 
qual i ty from the pool. I t i s not u n t i l the port entrance losses become 
large that the constant buoyancy head potent ia l becomes negl ig ib le 
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compared to the head loss terms. The algorithm may be applied whether 
the wet we l l out let i s located above, below, or among the intake ports , 
as long as the c a l c u l a t i o n of i s made properly. Solution of the SFD 
algorithm i s based on i t e r a t i o n of LH using a Newton-Raphsen scheme. 

Coupling with a Se lect ive Withdrawal Model 

The SFD algorithm has been coupled with SELECT (Davis et a l 1987), 
a one-dimensional, steady-state model of s e l ec t ive withdrawal from a 
d e n s i t y - s t r a t i f i e d impoundment. This model already had the capab i l i t y 
to pred ic t , assuming indiv idual flow controls , the intake s tructure 
operations required to achieve a release object ive . The modified 
vers ion can now predict these operations with a s ingle flow control 
device. 

Since the amount of flow into each of the intake ports i s needed to 
make a s e l ec t ive withdrawal c a l c u l a t i o n for temperature (and density) 
entering each port, and the temperature entering each port i s needed to 
compute the port f lows, the solut ion i s neces sar i l y i t e r a t i v e . The 
f i r s t pass through the SFD algorithm ca lcu la tes intake port flows with 
no density e f f e c t s . These flows are applied to the s e l ec t ive withdrawal 
ca lcu la t ions to predict the temperature (and density) entering each of 
the ports . The SFD algorithm then uses these dens i t i es to recompute the 
f lows. These flows are then used i n a s e l ec t ive withdrawal c a l c u l a t i o n . 
A f i n a l pass i s then made through both the SFD and s e l e c t i v e withdrawal 
components of the model. 

Results of Comparison to Observed Data 

SFD algorithm predict ions have been compared to observations from 
three prototype s tructures and four scale phys ica l models. Only a few 
of the phys i ca l model comparisons are presented here in . Addit ional 
comparisons can be found in Howington (1990). From experience, we know 
that , in a Froude-scaled phys ica l model, the in-pool s e l ec t ive 
withdrawal aspects of the flow can be reasonably we l l produced, even at 
1:50 or 1:100 scale for t y p i c a l intake s tructure flow ranges. Also 
based upon experience, we f e l t that by maintaining turbulent flow i n the 
model, (Reynolds numbers above 4000), we could adequately reproduce the 
in terna l mixing aspects at such small s ca l e s . 

Figure 2 gives a comparison of SFD algorithm predict ions 
(represented by the s o l i d l i n e ) and 1:50 scale phys ica l model t e s t 
observations (represented by the f i l l e d c i r c l e s ) . Figure 3 provides 
s i m i l a r information with the same conventions for a 1:20 scale model 
t e s t . Although representing only a small portion of the data from each 
of these s tructures the re su l t s indicate that a good, but not great, 
agreement e x i s t s . S imi lar r e su l t s were obtained from other comparisons, 
I n these f i g u r e s , QU i s the upper port flow, QH i s the upper port flow 
that would occur with the same operating conditions i n a homogeneous 
density pool, QT i s the t o t a l s tructure discharge, and QC i s the 
c r i t i c a l discharge. The shape of the curves reveals much about the 
response of the flow d i s t r i b u t i o n to density s t r a t i f i c a t i o n and 
discharge. For QT/QC l e s s than 1.0, buoyancy blockage ex i s t s and no 
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flow i s predicted through the upper port. For large values of QT/QC, 

the flow through the upper port approaches that for homogeneous pool 
density. Obviously, for weak density s t r a t i f i c a t i o n s , QC i s small and 
QT/QC i s large; the converse i s true of strong s t r a t i f i c a t i o n s . 
Although not read i ly demonstrated by these l imited examples, d i f ferences 
between the predict ions and observations were most common and extreme 
between QT/QC values of about 0.5 and 1.5. 

QT / QC QT / QC 

Figure 2. A 1:50 sca le model. Figure 3. A 1:20 sca le model. 

Summary and Conclusions 

An algorithm i s proposed to approximate the e f f ec t s of density 
s t r a t i f i c a t i o n on an intake manifold such as a m u l t i - l e v e l re servo ir 
intake s tructure with a s ingle flow control device. This algorithm 
predicts the re su l t ing flows through each of the intake ports , i n c l u s i v e 
of density e f f e c t s . From t h i s , ex i s t ing se l ec t ive withdrawal technology 
can estimate the ensuing re lease water qual i ty c h a r a c t e r i s t i c s . This 
algorithm does not aspire to predict the i n t r i c a c i e s of the 3-D, 
geometry-dependent, turbulent flow. For reservo ir intake s tructure 
design and operations, however, i t i s a useful tool . 

The algorithm was compared to several phys ica l models and 
prototypes of reservo ir intake s tructures . These s tructures var i ed from 
small s tructures with r e l a t i v e l y small flows to large s tructures with 
much larger flow c a p a c i t i e s . The phys ica l models tested v a r i e d i n sca le 
from 1:20 to 1:80. Some discrepancies between the algorithm predict ions 
were i d e n t i f i e d . The most s i g n i f i c a n t of these discrepancies occurs 
within an un l ike ly range of operating conditions. Operation very near 
c r i t i c a l discharge i s u n l i k e l y in pract ice since very l i t t l e flow i s 
being contributed by the r e s t r i c t e d intake port. 

Potent ia l sources of the discrepancies between the algorithm 
predict ions and the model and prototype observations include the 
assumptions that a s ing le , empirical equation and c o e f f i c i e n t (such as a 
Darcy-Weisbach fc) can approximate the head loss for various v e l o c i t i e s 
(and corresponding flow ra tes ) and that the loss c o e f f i c i e n t i s constant 
regardless of flow i n the wet w e l l . As demonstrated by M i l l e r (1978), 
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flow into an intake manifold in an u n s t r a t i f i e d environment requires an 
i t e r a t i v e so lut ion s ince a re la t ionship ex i s t s between the intake port 
loss c o e f f i c i e n t (k^.j in Figure 4) and the flow-by wi th in the manifold. 
These subt l e t i e s are ignored in the proposed algorithm. However, i f i t 
becomes necessary to include these var ia t ions in k, the ex i s t ing 
i t e r a t i o n procedure would r e a d i l y accommodate an addi t ional parameter. 

Figure 4. 

«3 

Combining flow 
i n a tee. 

Another potent ia l source of error a r i s e s 
from neglecting the submerged j e t entering the 
ports . The algorithm assumes that the density 
within the wet wel l i s homogeneous between port 
center l ine e levat ions . Def lec t ion of the j e t 
against the back wa l l of the wet wel l and 
v e r t i c a l spreading detracts from the v a l i d i t y of 
th is assumption. We cannot ascr ibe any s p e c i f i c 
error to the phys ica l modeling process as 
s i m i l a r errors ( i n d i r e c t i o n and magnitude) were 
observed in prototype comparisons. 

Issues of general i ty , p o r t a b i l i t y , and 
ease-of-use suggested that we accept these 
discrepancies and to lerate the errors in 
predic t ion . Otherwise, we would be required to 
evaluate the e f f ec t s of the geometry on the 
r e s u l t s and include the geometric descr ipt ion of 
each structure in any pred ic t ive analyses . 

The purpose of the study, to reasonably we l l approximate, a p r i o r i , the 
re lease qua l i ty into the downstream environs, was achieved. This success was 
due p a r t l y to the forg iv ing nature of the problem concerned which masked some 
of the inadequacies in the descr ipt ion of the phys ica l problem. 
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HYDRAULIC MODEL STUDIES FOR SELECTIVE WITHDRAWAL 

THROUGH HOOD INLET 

by 

V.V. Vaze P.P. Vaidyaraman Z.S. Tarapore 
C e n t r a l Water and Power Research S t a t i o n 

Pune, I n d i a 

SYNOPSIS 

Though a number of c r i t e r i a are a v a i l a b l e f o r the design 
of s e l e c t i v e withdrawal mechanisms such as skimmer w a l l , 
experience has shown t h a t these are u s e f u l i n the p r e l i m i n a r y 
design but the f i n a l design would need to be based on p h y s i c a l 
model s t u d i e s . T h i s i s explained i n the paper based on the 
s t u d i e s c a r r i e d out a t the C e n t r a l Water and Power Research 
S t a t i o n , Pune ( I n d i a ) . The performance of a hood type of 
i n l e t s t r u c t u r e which was s a t i s f a c t o r y i n the beginning was 
found to be in f l u e n c e d by the s i l t a t i o n t a k i n g p l a c e i n f r o n t 
of the intake , p e r i o d i c a l dredging of the area was r e q u i r e d to 
r e s t o r e the s a t i s f a c t o r y performance of the hood i n l e t . 

INTRODUCTION 

S e v e r a l a l t e r n a t i v e methods could be considered to ensure 
guaranteed supply of co l d water f o r condensor c o o l i n g of the 
power s t a t i o n s . When the inta k e and o u t f a l l s t r u c t u r e s cannot 
be separated s u f f i c i e n t l y apart, the use of ^ S e l e c t i v e 
withdrawal' technique i s quiute advantageous. 

PROBLEM STUDIED 

A Thermal Power S t a t i o n e x i s t s a t Trombay, Bombay ( F i g . l ) 
having an i n s t a l l e d c a p a c i t y of 4 u n i t s of 337.5 MW. I n 
connection with the a d d i t i o n of the 5th u n i t of 500 MW, 
s t u d i e s are c a r r i e d out a t the C e n t r a l Water and Power 
Research S t a t i o n , Pune ( I n d i a ) i n regard to the design of the 
int a k e f o r drawing c o l d water f o r condensor c o o l i n g . The 
co o l i n g water for the e x i s t i n g s t a t i o n i s drawn from the Thane 
creek through a c a i s s o n with i t s bottom opening a t -5.55 m 
( r e f e r r e d to ch a r t datum). A s i m i l a r intake was proposed f o r 
the 5th u n i t c o n s i s t i n g of 4 pump chambers having a skimmer 
w a l l w i t h 3 s l i t openings each 3.9 m wide and 1.3 m high ( F i g 
2) with the l i p e l e v a t i o n a t -0.01 m. With the operation of 
u n i t s 1 to 4 the t h i c k n e s s of warm water l a y e r was observed to 
be between 1.5 and 2 m near the in t a k e . 

The design of the proposed skimmer w a l l opening was 
v e r i f i e d using the c r i t e r i a i n d i c a t e d by Harleman ( 1 ) , 
Debler ( 2 ) , Wada ( 3 ) , S i l v e s t e r (4) and J i r k a ( 5 ) . Table 1 
would i n d i c a t e the f i n d i n g s . I t would be apparent from Table 1 
th a t the proposal i s found e f f e c t i v e according to Harleman, 
S i l v e s t e r and J i r k a , only a t HHWL. 
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Table 1 

Water 
Le v e l 

E f f e c t i v e n e s s according to 
Water 
Le v e l Harleman & 

El d e r 
Debler Wada S i l v e s t e r J i r k a 

MLWL NE NE NE NE NE 

MSL NE NE NE NE PE 

MHWL NE NE NE NE PE 

HHWL E NE PE E E 

NE = Not e f f e c t i v e PE = P a r t i a l l y e f f e c t i v e E = e f f e c t i v e 

The following m o d i f i c a t i o n s were considered : 

i ) I n s t e a d of 3 openings of 1.3 m, a s i n g l e opening of 
3 m height, with l i p e l e v a t i o n a t -0.01 m. 

i i ) The width of skimmer w a l l opening be in c r e a s e d to 
4.2 m or 5.0m. 

The e f f e c t i v e n e s s of these m o d i f i c a t i o n s are given i n Table 2. 

Table 2 

E f f e c t i v e n e s s of skimmer w a l l : s i z e (A)4.2m x 3m,(B) 5.0m x 3m 

Water 
J_IO V C L 

E f f e c t i v e n e s s according to 
Water 
J_IO V C L Harleman & 

E l d e r 
Debler J i r k a 

A B A B A B A B A B 

MLWL NE NE NE NE NE NE NE NE NE NE 

MSL NE NE NE NE NE NE NE PE PE PE 

MHWL NE E NE NE E E E E PE PE 

HHWL E E NE E E E E E E E 

The above m o d i f i c a t i o n s i n d i c a t e d only a marginal impro
vement. Experimental s t u d i e s were f u r t h e r c a r r i e d out. 

DENSITY FLUME STUDIES 

The s t u d i e s f o r the performance of the skimmer w a l l were 
c a r r i e d out i n a d e n s i t y flume made of perspex having c r o s s 
s e c t i o n 20.5 cm x 20.5 cm and length 4.75 m ( F i g . 3 ) . The 
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denser c o l d l a y e r was reproduced by s a l i n e water and the warm 
water l a y e r was reproduced by coloured f r e s h water using 
Rhodamine B as the c o l o u r i n g agent. Experiments f o r hot water 
r e c i r c u l a t i o n had i n d i c a t e d t h a t the temperature r i s e a t the 
inta k e due to flow from o u t f a l l of the u n i t 5 would be of the 
order of 3 degrees C and accor d i n g l y , the d e n s i t y d i f f e r e n c e 
between two l a y e r s was reproduced. The s a l i n i t y was measured 
continuously with the help of lab o r a t o r y salinometer. A water 
l e v e l monitor was used to c o n t r o l the water l e v e l during each 
t e s t . The discharge through skimmer w a l l opening was 
c o n t r o l l e d by a va l v e and i t was measured by pa s s i n g the flow 
over a 45 degree V notch. The r e s u l t s of the model s t u d i e s 
( s c a l e s 1:100 and 1:50) are summarised i n Table 3. 

Table 3 

Percentage of hot water entrainment observed on d e n s i t y flume 

Water 
L e v e l 

S i z e of skimme 

3.9mx3 s l i t s of 1.3 
m ( o r i g i n a l design) 
l i p e l e v a t i o n -O.Oli 

ir w a l l Of 

3.9m X 3m 

n -1.89m 

5ening 

4.2 m X 3m 

-1.89 m 

5.0m X3m 

-1.89m 

MLWL 100 66 50 33 

MSL 

MHWL 

80 50 35 20 MSL 

MHWL 50 33 15 5 

The r e s u l t s were not found to be f u l l y s a t i s f a c t o r y . Due 
to the r e s t r a i n t s a t s i t e , i t was not p o s s i b l e to have an 
opening g r e a t e r than 5m. I n order to prevent the occurrence 
of s w i r l s and v o r t i c e s a t low water l e v e l , i t was not p o s s i b l e 
to provide the s l i t opening beyond 3 m . As such, the 
p o s s i b i l i t y of providing a hood over the i n l e t to prevent 
r e c i r c u l a t i o n was considered. 

SKIMMER WALL WITH HOOD 

The exact length of the hood would be dependent on ( i ) 
r a t e of drawal Q ( i i ) the d i s t a n c e between the bed and bottom 
l e v e l of skimmer w a l l opening ( i i i ) the water cover above the 
l i p of skimmer w a l l . 

The e f f e c t i v e n s s of d i f f e r e n t lengths of hood was examined 
based on Senshu's c r i t e r i o n and i s shown i n Table 4 ( f o r MLWL 
o n l y ) , s i n c e a t higher water e l e v a t i o n s , the s i t u a t i o n would 
be b e t t e r . 

Though Table 4 i n d i c a t e s a hood length of 2 m w i t h an 
opening of 3.9 x 3 m to be s a t i s f a c t o r y , experiments i n d i c a t e d 
t h a t i t i s not the case. The c o e f f i c i e n t C adopted by Senshu 
has been evolved based on the v e l o c i t y d i s t r i b u t i o n of the 

- 8 A . 9 -



Table 4 
E f f e c t of hood lengths 

S i z e of 
opening 

L i p 
e l e v a t i o n 

Length of hood S i z e of 
opening 

L i p 
e l e v a t i o n 

0 m 1 m 2 m 3 m 

3.9m X 3.9m -0.01 m NE NE NE NE 

3.9m X 3m -1.89 m NE PE E E 

4.2m X 3m -1.89 m NE PE E E 

5.0m X 3m -1.89 m PE E E E 

approach flow f o r a r e c t a n g u l a r opening with a width to height 
r a t i o (n) of 4:1. Furt h e r i t has been i n d i c a t e d t h a t 
withdrawal c h a r a c t e r i s t i c s (C) i s not dominant f o r a range of 
n between 2 and 4 and with higher v a l u e s of n, the val u e of C 
reduces slowly. I n the case of int a k e f o r Trombay, the r a t i o 
n i s 1.7:1 which i s much s m a l l e r than the v a l u e mentioned 
above. S i m i l a r l y other s i t e s p e c i f i c parameters such as 
approach .. of the flow, the surrounding bathymetry, the e f f e c t 
of a d j a c e n t s t r u c t u r e s e t c . need to be considered. I n the 
l i g h t of the above, p h y s i c a l model s t u d i e s a r e ne c e s s a r y . 

DENSITY FLUME STUDIES 

S t u d i e s were c a r r i e d out i n the d e n s i t y flume f o r hood 
leng t h s of Im, 1.5m and 3m f o r d i f f e r e n t s i z e of skimmer w a l l 
openings. The skimmer w a l l s i z e of 3.9m x 3m wi t h l i p 
e l e v a t i o n a t -0.01 m was not found to be e f f e c t i v e . The 
r e s u l t s f o r skimmer w a l l opening s i z e of 4.2m x 3m w i t h l i p 
e l e v a t i o n a t -1.89m are given i n Table 5. 

Table 5 

Percentage r e c i r c u l a t i o n observed f o r d i f f e r e n t hood length 
with skimmer w a l l 4.2m x 3m with l i p e l e v a t i o n -1.89 m 

Water 
L e v e l 

Hood length Water 
L e v e l 

1 m 1.5 m 3 m 

MLWL 50 30 5 

MSL 20 20 0 

MHWL 5 5 0 

Based on the experimental r e s u l t s , skimmer w a l l opening 
of • 4.2 m X 3 m, with a minimum hood length of 3m was 
recommended. 
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FIELD EXPERIENCE 

The proposal was f u r t h e r implemented a t s i t e and the power 
s t a t i o n came i n t o operation i n 1984. Since then t i l l 1987, 
almost f o r 2.5 yea r s , the in t a k e s t r u c t u r e was found t o be 
working s a t i s f a c t o r i l y . During the month of August 1987, warm 
water r e c i r c u l a t i o n was experienced only during the low water 
stage. The temperatures were observed along the c e n t r e l i n e of 
the plume, and a l s o i n f r o n t of the in t a k e . The temperature 
p r o f i l e d i d not show any r a d i c a l change from t h a t p r e d i c t e d . 
However, the bathymetry i n f r o n t of the i n t a k e showed 
c o n s i d e r a b l e change. The measurements taken j u s t i n f r o n t of 
the i n t a k e chambers are shown i n f i g . 4. I t was observed t h a t 
over a period of time, sedimentation i n f r o n t of the i n t a k e 
opening had taken p l a c e which reduced the e f f e c t i v e a r e a of 
opening to the extent of 10 to 50 %, as a r e s u l t of which, the 
v e l o c i t y of drawal has i n c r e a s e d c o n s i d e r a b l y . During the 
high water stage, water cover being 5.75 m, t h e r e was no draw 
down of warm water l a y e r . However, a t low water as the water 
cover was reduced to about 3.2 m, the i n c r e a s e i n the v e l o c i t y 
of drawal has r e s u l t e d i n the draw down of the warm water 
l a y e r c a u s i ng r e c i r c u l a t i o n . 

The p r o j e c t a u t h o r i t i e s were advised to remove the 
accumulated s i l t from the area i n f r o n t of the i n t a k e c a i s s o n s . 
A f t e r the dredging was c a r r i e d out, there has been no r e p o r t 
of hot water r e c i r c u l a t i o n f o r more than 2 y e a r s . 

CONCLUSIONS 

1. The v a r i o u s c r i t e r i a a v a i l a b l e i n l i t e r a t u r e are h e l p f u l 
only f o r a p r e l i m i n a r y design of the skimmer w a l l opening. 
However, the f i n a l design would need to be based on p h y s i c a l 
model t e s t s , i n a d e n s i t y flume, s i n c e c o n d i t i o n s vary 
c o n s i d e r a b l y from s i t e to s i t e . 

2. I t i s apparent t h a t the change i n bathymetry i n f r o n t of 
the i n t a k e would a f f e c t the performance of i n t a k e . As such, 
i t i s e s s e n t i a l to maintain the depths i n f r o n t of i n t a k e by 
p e r i o d i c a l maintenance dredging. 
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F I G . 3 D E N S I T Y F L U M E M O D E L SET-UP 

HOOO OVER 
I N L E T OPENING 

P L 7-77 CD. 

SILTATION L E V E L 

AS ON 7TH AND 

8_TH_0CT. I S e T j 

OR IG INAL G . L . T 

R L 7.-77 W 

UNITS 1,1 

a ta t=i C3 
3 " r r a tn 

c3 CD C3 cn 

- 5-39 HHWL 
- 3^6 MHWL 
- 2-52 M S L 
- V32 M L W L 

( W.RT.C.D.) 

UNIT S 
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I N E X C H A N G E F L O W T H R O U G H A C O N T R A C T I O N 

Gregory A. Lawrence and E m i l y A . Cheung 

Department of Civil Engineering 

University of British Columbia 

Vancouver, B.C. V6T1W5 

CANADA 

The gravitational exchange of f lu id through a convergent-divergent contraction 

connecting two reservoirs of slightly different density is investigated both theoretically and 

experimentally. The importance of the velocity shear between the layers is reflected in the 

value of the stability Froude number, defined as the ratio of the square of the velocity shear 

to the product of the reduced gravitational acceleration and the depth of f low. Frictionless 

internal hydraulic theory reveals that the stability Froude number may attain values greater 

than unity. This is a significant result since, i f the stability Froude number is greater than 

unity, then the theory predicts imaginary phase speeds fo r long internal waves 

corresponding to the instability of these waves and the breakdown of the theory. 

Internal hydraulic theory has to be extended to recognize that a crucial feature of the 

f low is the growth of short wave (Kelvin-Helmholtz) instabilities on the interface. The 

Kelvin-Helmholtz instabilities are of great practical significance since they lead to 

considerable interfacial mixing. This mixing affects the water quality in the reservoirs on 

either side of the contraction. The presence of interfacial mixing stabilises the f l ow with 

respect to long wave instabilities. The amount of mixing at the interface increases with 

increasing stability Froude number, but the rate of increase is constrained by the presence 

of the bed of the channel and the free surface. 

The effect of friction is to reduce the magnitude of the f low velocities, and therefore 

the stability Froude number and the amount of mixing. 

The modified theory has been validated in a 3.7 m x 1.1 m x 0.3 m tank, divided 

into two reservoirs wi th a narrow contraction connecting them. The f l o w has been 

visualised by dissolving a fluorescent dye into one layer and illuminating it with a thin sheet 

of light. Flow velocities have been determined by tracking neutrally buoyant beads. The 

results are applied to the exchange f low between Hamilton Harbour and Lake Ontario. 
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visualization of tvro-layered flow over 2-D obstacles 

by Lai, Chan J i 
Fan, Shiu Lun 

Dept. Ocean & Hyd. Engng. Cheng-Kung Univ., 
Tainan, Taiwan, RDC. 

ABSTRACT 

This paper presents flow fields of two layered flow syston in a two 
dimensional channel obtained by flow visualization and image processing 
techniques. Flow patterns of the hcanogeneous and layered flows over rec
tangular block and half circles are oarpared. Velocity profiles and in
t e r f i c a l stress of nearly horizontal tvro layered flows are also 
obtained. 

For a l l the ej^riments, the Reynolds number for the bottcm layer 
are kept between 2000-4800. the interfical Froude number are between 
0.881 - 1.753. Non-dimensional velocity profiles of tvro layer flows for 
these ejq)eriments are shown to have similar pattem for a l l experiments. 
The in t e r f i c a l shear stress obtained from these profiles have the same 
trend to those of Lofquist (1959). This study suggests that autcanatic 
measure should be used in image processing procedure to achieve more ef
ficient produces. 

Introduction 

A two layered flow system i s a system in vAiich a interface exists 
between two fluids of different densities. In many practical cases, bar
riers may be built in sane part of channel in v^ich two layered flow 
presents. An understanding of flow structure near the barrier i s needed 
for the purpose of flow control. 

In this study, i t i s intended to directly distinguish flow patterns 
for honogeneous and two layer fluids as they passing through obstacles, 
the flow visualization technique i s enployed. Since hydrogen bul±)le 
technique have been used to observe two layer flows, e.g., Hino, (1980), 
thus i t i s adopted in this study. In addition, the image processing 
method i s applied to the flow image recorded to test the possibility of 
quantifying velocity profile from the image. The approach methods and 
conparisons for flow patterns are shown in the following sections. 

Equipment and methods of analysis 

1. Equipment. 
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Two sets of equipnient are used in the study. One i s the tvro layer 
flow channel and the second i s the flow visualization and image process
ing system. The two layered flow channel i s supplied with cool water 
from botton of the channel by a circulating puirp system. The warm water 
i s supplied from top of the channel from a head tank in vMch the water 
temperature i s controlled by autonatic heating system. An overflow weir 
at the entrance and a control gate at the end of the channel are used to 
keep a constant cool water flow rate thus an underflow two layer flow 
can be maintained. 

The flow visualization system i s corposed of a hydrogen bul±)le 
generator, a TV camera, a 500 W l i ^ t and a PC based image grabber. The 
image grai±)er i s capable of capturing flow image at a speed of 1/30 per 
frame and the digitized image can be stored in cotputer storage for fur
ther analysis. 

2. rfethod of image processing. 

As shown in Fig. 1, by overlapping two flow images, which were taken 
at a very short time inten/al, e.g., 6/30 sees apart, the successive 
hydrogen but±)le lines are used to estimate velocities. At one location 
the distance between the bubble lines has a distance of Ax vMch 
satisfies that, 

Ax(x,z) = u(x,z) At M (1) 

Since each frame i s coirposed of 512 x 512 pixels, the horizontal and 
vertical distances can be obtained by counting the locations of the 
pixel where the bubble located. The horizontal velocity thus can be 
estimated. 

The interfical friction factor, f^, can also be estimated using the 
velocity profiles. I t i s assumed that fj^ can be represented as 

f i = V{ 9U/9Z) / (2) 

These interfical friction factor can further be correlated with Reynolds 
and densimetric Froude numbers which are defined as: 

R = (Ü h)/-, ; F = Wjigp'h) (3) 

For conparison of flow patterns of hcsix)geneous and layered flow, 
the flow images are captured and stored in separated f i l e s . These image 
f i l e s are ccmbined and processed by a software to transfer them into 
vectorized f i l e s . They are further analyzed by other software, such as 

-8A.16-



AutoCAD, to correct the uneven scaling in the image. Fig. 1 i s one of 
the typical exanple output. 

Results and discussion 

The ejqjeriments conducted in this study and their test conditions 
are listed in Table 1, v^ich includes experiments of (a) parallel two 
layered flows, and (b) flow over circles and block. 

Figs. 2, 3 show the non-dimensional velocity profiles and i n t e r f i 
cal friction factors for the 6 parallel flow cases. I t can be observed 
that the velocity profiles for cases I I to VI are very close. The devia
tion of the profile case I i s probably because i t i s in a smaller 
Reynolds number range. The interfical friction factor, f^, in Fig. 3 i s 
found to be h i ^ e r , althou^ similar trend i s found in the varixitions, 
than those obtained from lofquist's experiments at the same RF^. This 
m i ^ t be due to the different flioids used in experiments. In Lofquist's 
tests, the salty water was used at the lower layer with a density dif
ference between 1% - 8%. While in the present study, the warm water i s 
used in the s t i l l upper layer with a density difference of 0.2% - 0.3%. 

Figs. 4 - 7 show the caiparisons of flow over obstacles for both of 
the hcmogeneous and two layer fluids. The experimental conditions are 
also given in Table. 1. In each diagram, graphs (a) and (b) ar^ for the 
honogeneous and two layer flow respectively. The interfaces are indi
cated in graphs (b) by the symbol " I ". For some diagrams, e.g.. Fig. 
5(b), paths of tracers are also shown by " X " . The time interval 
between each point "X" i s 1/6 sec. I t can be observed that the two layer 
flows tend to be unstable v^en they passing through the obstacles. Large 

Table 1. Experimental conditions 

(a) Parallel two layered flows 

Case No. I I I I I I IV V VI 

Re. No. 2198 4440 4359 4816 2550 3956 

(b) flow over circles and block. 

Fig.No. 4a 4b 5a 5b 6a 6b 7a 7b 

Re. No. 3305 2966 3186 3344 3331 3471 3266 3329 
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scale vortices are found to occur along the interfaces downstream of the 
obstacles, and then mixing process occurs. The internal Froude numbers 
for the four cases are between 1.28 - 1,75. I t i s also observed that the 
lengths of reattachment for a l l the (b) cases are much shorter than 
those of (a)s'and with a value of around twice the h e i ^ t of the 
obstacles. 

Conclusion 

Two layered flow passing over obstacles are shown to be unstable 
and may be accoipanied with downstream mixing process. The length of 
reattachment i s shorter than those in hcnogeneous fluid flows and i s 
twice of the h e i ^ t of the obstacle. The flow visualization and image 
processing technique used are proved to be capable of quantifying 
velocity fields and i s recormended for similar applications. 
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Notations 

u(x,z) 
A t 

Ü 
h 
g 
F 

Af 

R 
F 

M 

Lagrangian velocity at position (x,z) 
Time interval of bul±)le bursts. 
Image magnifying factor. 
Interfical friction factor. 
Averaged kinematic viscosity at interface. 
Mean velocity of the low layer. 
Depth of the lower layer. 
Acceleration of gravity. 
Density of lower layer 
Density difference between the lower and upper layers. 
Reynolds number of the lower layer. 
Internal Froude number. 
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P h y s i c a l M o d e l i n g o f H e a t e d E f f l u e n t T r a n s p o r t 

A State of Art of Thermo-Hydraulic Modeling Practice in China 

Chen Huiquan 
Institute of Water Conservancy and Hydroelectric Power Research 

(IWHR), Beijing, China 

Abstract 

The paper is a summary of the theory and practice of physical modeling of heated water cir
culation in China. Emphasis is put on the following aspects: (1) classification of thermo—hydrau
lic models and their similarity criteria; (2) some recent explorations in modeling; and (3) compar
isons between model and prototype observations. 

It is recommended to establish the idea that the true sense of physical modeling technique 
depends largely on the correct choice of governing parameters of the physical phenomena to be 
simulated and on the proper balancing between the feasibility of modeling and the necessary re
laxation of the similarity criteria required. 

Introduction 

The electric power industry of China has kept a steady development. Up to 1989, the total 
installed generation capacity amounts to 1.1 x lO^MW in which 3 / 4 attributed to thermal pow
er. Extensive studies of pollutant transport due to cooling water have been carried out. Early in 
1958, model law taking into consideration the simulation of cooling process above free water 
surface and heat balance of a confined aquatic surrounding was established, and since then, 
about 150 thermo—hydraulic models designed accordingly have been performed. Basic research 
on modeling additional physical phenomena and study of scale effect of geometric distortion etc 
have been conducted. A general resume of the work done in this respect and some ways followed 
for years in dealing with modeling are presented herewith. 

Classification of Thermo-Hydraulic Models 

It is a common practice to classify the thermo-hydraulic models in two categories: 
undistorted model for near field of the heat effluent receiving water region and distorted model 
for far field. The actual situation, however, is not so simple for the classification of water region 
and thereby the classification of models to be made definite due to the fact: (1) the intake and 
outlet of the cooling water system are usually studied as a whole and modelled in the same mod
el; (2) the far and near fields are inseparated and corelated with, the thermo-hydraulic data of 
the one field forms some boundary conditions of the other; (3) the concept of "far" and "near" is 
but a fuzzy one, and it seems impossible to model the in-between water region where similarity 
requirements of both fields should be satisfied. 

The classification which in great extent makes clear the adequate choice of the similarity 
criteria should be determined therefore in a more broad sense. It should be in close relevance to 
the main objective to be studied in the model, the accuracy of modeling required and the provi
sions lab provided etc. The classification recommended is tabulated in Table 1. The length and 
depth scales of the models conducted in this country signified with the said classification are il
lustrated in Fig.l. Figures beside the dot indicates the number of models using the same scale. 
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Table I The Classification & Similarity Criteria of Modeling of 

Cooling Water Circulation 

Model Type 
Main Objectives to 

be Studied 

Similitude Criteria 

Model Type 
Main Objectives to 

be Studied Lab Condition Necessary 
Requirement 

Requirement could 
be Relaxed 

(A) 
GD T-Hy 

Model 

l.T-Hy features of flow pat
tern in water region 

2.optim of I&O 
3. cooling capacity 
4. envir assessment 

large lab space availa
ble 

F = U^) =1 p 

L ' 
«, = ^ . Q„>Qa 

r 

L 
^<3-5 

outfall pattern near O. 
similar to GuD Model 

(B) 
GuDT-Hy 

Model 

1. T-Hy features & optim of 
l&O locally 

2. Hy optim of I&O with near 
envir flow well modeled 

3. Hy optim of I&O with heat 
dissipation neglected 

4. 1-D thermo-density flow 

no large lab space re
quired; complicated 
topography near O; 
sensible for GD Mod
el envir flow pattern 
easy to be simulated 

L 

1000, 
'i;„>A™„̂ 5cm 

(^) , = 1 
P 

1 / 6 

or /Z^ 
Model water region 
possibly large 

(C) 
pilot T-Hy 

Model 
same as (A): 1, 2, 3, 4. 

limited lab space; large 
water region to be 
simulated; no high ac
curacy required; short 
test period 

Q„,>Qcr. 
h„>l'„,l„, 

(^1 = 1, 
P 

1 / 2 , ^ 1 • 3 

(D) 
HuD Hy 
Model 

1. optim of I&O for intensive 
upstream flow 

2. I& 0 optim for shallow 
non- stratified water region 

3. sand prevent for I. 

lab with large water 
supply 

F,= l,Re„,>Re„ model inclu. I, 
sand dia. ip, 
(p,= Z/Ap' 

(E) 
GD T-Hy-Sal 

Model 

same as (A): 1, 2. 3, 4, with 
sal intrusion 

sufficient lab space 
with sal circulating & 
measuring equip p, p 

Q„,>Qcr. h„>h„,„ 

Z^^Kyt]" 
L 
^<3-5 

(F) 
GD T-Hy-Ftr 

Model 

1. r, varied with tidal flow 
when project optim taken 

2. comparison of Hy project 
3. water envir varied along 

with tidal flow 

lab with sufficient 
length 

as (A), 
L 

Y- larger than (A) is 

acceptable 

cooperate with GuD 
Model 

(G) 
GD T-Hy-Sal 

-Ftr Model 

Same as (F): 1, 2, 3 with sal 
intrusion 

same as in (E) and (F). 
as(F),(^), = l 

P 

P 

L 

cooperate with GuD 
Model 

Abbreviation: 
GD—geometric distorted; GuD—geometric undistorted; HY—hydraulic; T-Hy—thermo-hydraulic; Ftr—full tidal 

range; Sal—saline; I—intake; O—outlet; I&O—intake and outlet; optim—optimization planning; envir-enviroment; M— 
model. 

Modeling of Surface Cooling 

The similarity criterion of the cooling process through free surface is 

Q = K L ' (1) 
^ r r r 

where K is the coefficient of heat dissipation at water surface, defined as 
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K = + ka^ + (2) 

Q is the effluent discharge, a, ajare 
coefficients of convection loss, evaporation 
loss and radiation loss respectively and k 

is the slope of temperature T and sat-• 0 
cT 

urated vapor pressure curve. 

Since a, is linearly correlated with 
a: throgh Bowen ratio B; aj shares not the 
major part of K and can be obtained with rea
sonable accuracy by calculation, the adequate 
determination of K and thereupon the deter
mination of and relies highly on the reli
ability and accuracy of a,. 

On the basis of systematic study on evap
oration of heated water body in a 
temperature- moisture controlled wind tunnel, 
a formula has been suggested as''': 

a, = 10[19.6+ 1.6(Ar„)+ 12.5wl' ' 

(vv • m 'kpa ) (3) 

where PF= wind velocity at 2m above water surface. 

Ar,.= 1^7,J,-('r„;, = virtual surface water temp.-virtual air temp. 

The formula, simple in form, taking care of mechanism of free and forced convection in a 
single expression, reflect more closely the real picture of mass and heat transfer at air-water in
terface and has been well verified by many field measurements. 

fromEq. (2). K = (k + b)a,_ + 4Ea{T^ + 273)' (4) 

where CT = Stefan-Bolzman Constant, b = B/ (AT/ Aej, e = coeff. of emission. 

K, and Q, can be obtained from Eq. (3) (4), and (1) with an improved accuracy. 

Modeling of Icing 

Simplified similarity criteria has been presented for modeUng icing phenomena in cooling 
pond. Model should be operated under the similar negative air temperature condition as in the 
prototype, a condition which is usually difficult to realize. 

In predicting the possibiHty of preserving non-icing water region by inducing in the heated 
effluent, some similarity approach with more relexation has been used in feasibihty study for 
turning Yingkou Bay into a non-icing port in cold winter by using the cooling water from a 
power plant situated near the port.' " The model was designed just as for an ordinary 
thermo-hydraulic distorted model but with strict observance to the similarity criterion; 

( r - r „ ) ^ = i (5) 

T, , To are the ambient water and air temperature respectively. 

Temperature obtained from model T,„ is transfered to prototype temperature Tp by 
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(6) 

water region with negative value tiius obtained is recognized as the icy zone. If the icy zone is 
so large to effect the general flow pattem of the relevant water region, it could be modeled as 
land, and the new restricted model made is operated with corrected boundary as before. Test 
measures run on repeatedly until no negative temperature is predicted in the model. The final 
land margin so reached is expected to be the assumed true icy boundary. 

Modeling of Wind Drift 

Wind impact to cooling water circulation involves in two folds, enhancing heat and mass 
exchange at water surface and inducing wind drift with relevant secondary flow. The former 
could be assessed by some well-verified formulas.The latter effect, however, could be simulated 
directly in the model. A low velocity wind tunnel has been specially designed for this purpose 
with dimensicn of 18 x 9 x 1.2m as shown in Fig 2. Model with large length scale is set in the test 
secüon and is run after densimetric Froude Law. Wind velocity in the model is controlled by f'*' 

u\ = V^^{Ap/ p)\''z';'' (7) 

with wind velocity above the water surface w' = const • V. 

The wind tunnel has been used for predicting wind impact to cooUng water circulation for 
several engineering projects with good results. Take Zhangze coohng reservoir as an example ; 
under the unfavorable wind and the original outlet condifion,the intake temp access AT.was 
3.6°C with outfall Q = 3.6mVs; however when the suggested outlet scheme was taken and 
Q increased to 36mV s, 10 times of the original discharge, ATj was not increased thereupon 
but reduced to 2.8t; under the same unfavorable wind condition. See Fig.3. 

I • t i E Ö O 

180" - - (a), original scheme (b). suggested scheme 

Fig.2 Wind Tunnel with Enclose T-H Model Fig.3 Wind Impact to Thermal Flow in Zhangze 

Reservoir Model 

Verification of Similarity 

The prototype-model comparison for more than 10 projects have been conducted.A com
mon conclusion is that the overall flow pattern can be well predicted; but the thermal diffusion 
is somewhat larger horizontally and thinner vertically in models than those in field data. Two of 
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these are illustrated herein: 

1) The overall flow pattern in an enclosed water region: 

The area of Taiyuan coohng reservoir is about 5 km" with average water depth of 4m, 
Q = 4.2m / s. There was no wind during field measurement. The flow patterns of both the upper 
and the bottom layers of a model with L , = 250, Z, = 40 were carefully invesfigated and com
pared with the field data. The model-prototype comparison shown in Fig.4 reveals their pro
nounced agreement. 

Fig.4 Comparison of Flow Pattern in Model and Prototype of Talyiian Reservoir 

2) The longitudinal temp field in river: 

Huainan plant discharges its thermal surface outfall into Huai River and draws the cooling 
water back from the river through 2 submerged intakes. A model with, L , = 500, Z ,= 100 have 
been carried out. Temperature distributions along the longitudinal river cross section were sur
veyed both in the model and in the prototype. Their comparison shown in Fig.5 leads to the 
conclusion that the overall thermal patterns can be predicted with certain degree of accuracy 
through thermo-hydraulis modehng. 

Fig.5 Comparison of Longitudinal Temp Pattern in Model and Prototype of Huai River 
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Conclusions and Discussion 

1) A feature of thermo-hydraulic models is the entering of the temperature variable. Cor
rect modehng is made difficult by the presence of anisotropy of the fluid and the heat exchange 
at water surface. In order to render the modeling feasible, some compromising similarity criteria 
are presented with various simphficadons and assumptions. Strictly speaking, no thermo-hy
draulic model is an undistorted one without inavoidable scale effects. The degree of similarity 
of the model required depends on both the reahzabihty and accuracy of the original data the 
model based on and the accuracy of the experimental results actually expected. 

2) Different types of thermo-hydraulic models possess respective characteristics. The quali
ty of model investigation does not lie on whether the model is large or small, distorted or 
undistorted, but on its adaptabihty to what the model simulated; a simple physical model built 
on some resonable assumptions with field material whose precision is conformable to that re
quired by the current design stage is always in a real sense better than models built on false as
sumption without verificauon. It is in this context that a pilot model with large geometric distor-
fion is also preferable at certain condition, while a large sophisticated model whh simulation of 
tidal and wind effect is extremely necessary at other condition. 

3) Based on more than 30 years' experience on thermo-hydraulic modehng, all the experi
mental studies finished and engineering projects constructed accordingly have not encountered 
the contradictory examples concerning operation results and test predictions. The overall proto
type investigations have proved the reahzabihty of their going through model studies. With the 
rapid development of numerical simulation, physical modehng stiU shows its own usefulness and 
vitahty. 
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CORRECT SURFACE TEMPERATURE MEASUREMENTS FROM DISTORTION 

DUE TO ATMOSPHERIC HEAT EXCHANGE 

by 

D . Fritsch (1), M . Darras (1), B. Manoha (1), X u Zhengmei (2), Su Weidong (2) 

(1) Laboratoire National d'Hydraulique - Electricité de France - 78400 Chatou - France 
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Abstract 

Experimental studies of thermal impact in the near f ield have been realized in a physical 
model o f surface buoyant plume for a Chinese nuclear power plant [1]. Atmospheric heat 
exchange in the model was strictly investigated and distortion between model and 
prototype, due to the lack o f control of the heat exchange speed scale, was applied to 
surface temperature measurements after validation on a 3D numerical model. 

Introduction 

In a small-scale physical model, the similitude laws cannot be respected alltogether. For 
free-surface models, the most important non-dimensional number is the densimetric 
Froude number which represents the ratio of inertia to buoyant propagation forces. The 
respect of this number implies distortion relatively to other phenomena such as turbulence 
(Reynolds number) or atmospheric heat exchange. 

The paper presents a method to correct temperature measurements f r o m distortion due to 
the impossibility to control the atmospheric heat exchange in a small-scale physical model. 
The proposed method is based on experimental measurement of atmospheric exchange 
made in a small tank near the physical model. In parallel to the tests of temperature 
recirculation in the physical model of surface buoyant plume, the value of the model 
atmospheric exchange coefficient can then be recorded. This value, given at prototype 
scale, Am, is compared to the actual value of the atmospheric exchange coefficient on 
prototype, Ap ; the difference between those two values is introduced in an exponential 
corrective factor which is applied to the time-derivative of the surface temperatures 
measured in the model. 
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1. Presentation of the physical model 

The physical model of thermal impact in the near field was built in a tank of 50 m x 30 m 
at a length scale of 1:100. Figure 1 presents the instrumentation set used in the model: at 
three limits of the tank, variable f l ow pumps enable to reproduce constant or tidal 
currents; surface currents and plume spreading were measured by means of black-and-
white or colour cameras; temperatures were recorded at f ixed points or by means of a 
travelling bridge. Atmospheric heat exchange for the model was recorded in a small tank 
of 2.5 m x 1.7 m in die vicinity of the basin. 

2. Laboratory values of the heat exchange coefficient 

Analysis of the temperature time evolution in the small tank, under heat exchange influence 
only, yields : 

(1) T = Toe^ 

. . . pCh 
with a time constant X = —r— 

where : 

p = density of water (kg/m^), 

C = 4 185 J/kg/°C ; specific heat of water, 

h = thickness of the plume (m), 

A = Atmospheric heat exchange coefficient (W/nfi.°C). 

Figure 2 presents an experimental detenmnation of the A coefficient for a twelve hours test 
duration. Results for different tests are all around 20 W/m2.°C, the biggest one being 
21.6 W/m2 and the lowest one 15.2 W/m2.°C, for equivalent ambient conditions in the 
laboratory (mean ak temperature f rom 19.2°C to 24.0°C, no wind). 

The time scale for heat exchange is fixed by the Froude similitude ; as die density and the 
specific heat are the same for the model and the nature, the scale for the heat exchange 
coefficient should be 1/10. This is not feasible because on the model the heat exchange 
coefficient is similar to the heat exchange in nature ; an observed value of 20 W/m2.°C in 
the model is equivalent to 200 W/m2.°C at prototype scale which corresponds to irreahstic 
natural conditions. Therefore, in order to compensate the distortion between the nature and 
the model, a correction on the plume observation is needed. 
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3. Principle of the correction 

This correction has been determined taking into account the evolution of the temperature at 
a fixed location in the plume. First, the temperature increases rapidly when the plume front 
reaches the given location. Further increase of temperature elevation is much slower and 
after some time can reach a steady state value in a permanent current context; during this 
period, the increase is due to the mixing of the jet in a water aheady heated by the previous 
releases. The time of transfer, t, since the beginning of the test indicates the "age" of the 
hot water body, i.e. the time during which atmospheric heat exchange has been effective. 
Therefore, a corrective factor fol lowing a time exponential law, deduced f rom the one 
presented above, is applied to each elementary time evolution of the temperature elevation ; 
thus, the correction is efficient only in case of temperature evolution, and a permanent 
temperature state is not corrected. 

Then, at a given point, i f T represents the temperature elevation measured in the modeled 
^lume above the ambient water temperature, the correction is done on the time derivative 

and the corrected temperature at die considered point is : 

The difference between the atmospheric heat exchange coefficient as observed in nature, 
Ap, and the coefficient issued f rom model and given at prototype scale, Am', is introduced 

in the correction through the time constant Xc-

4. Validation by means of numerical tests 

To get a global approach of the thermal impact, a far f ie ld thermal study was previously 
achieved on a larger area by means of a 3D numerical model of current and temperature 
[2]. This model was run for different values of the atmospheric heat exchange coefficient, 
which was introduced in the boundary conditions at the free water surface level. The idea 
was then to take two rime dependent computed data sets of temperature for two different 
values o f this atmospheric heat exchange coefficient and to apply the above correction to 
one of this data set in order to get the other one back. 

In practice, two numerical data sets were available for A i = 45 W/m2.°C and A2 = 20 
W/m2.°C and we intended to correct the first one to obtain something similar to the second 
one. The above corrective formula was used in a cumulative way, time step after time step, 
and we wrote: 

(2) 

with : tc = 
pCh 

-8B.9-



(3) 
- ( A 2 - A i ) t 

ATc (t) = AT(t) . e pCh 

The plume thickness in the far field was evaluated to h = 1.0 m. 

Figure 3 shows surface temperature fields at high tide for A2 (above) and A i before and 
after correction (below): the corrected one obtained f rom A i is quite similar to the first one 
got with A2. This is confirmed by die time dependent temperature curves at points P2 and 
P3 (figure 4). Those good comparisons fu l ly justify our corrective approach. 

5. Application to model temperature measurements and limits of the 
method 

In the physical model we got Am = 20 W/m^°C which corresponds at prototype scale to 
A m ' = A l = 200 W/m2.°C, when we would have l iked a prototype value of 
A2 = 45 W/m2.°C. The above correction has then been systematically applied to surface 
temperature measurements at fixed points. An average value of die plume thickness for this 
near field study was deduced f r o m vertical measurements and f ixed to h = 1.5 m. As 
information, with those figures, the time corrective factor after ten hours is e-^'^'^ = 2.43. 

Because of the increasing of the corrective factor with time, this kind of correction is 
limited by the accuracy of the measurements: thus, in our model, after t = 15 hrs, an error 
of 0.1 °C in temperature recording would induce an error of about 0.4°C for the corrected 
value. 

6. References 

[1] Guangdong Nuclear Project - Report n° 23 - The near field thermal study on 
physical model - EDF/LNH HE/42-87.33, Apr i l 88. 

[2] Guangdong Nuclear Project - Report n° 15 - The far f ie ld thermal study -
E D F / L N H - HE/42-87.02, March 87. 
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PHYSICAL MODEL 
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Fig 1 - Panoramic view of instrumentation 
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Fig 2 - Exponential decreasing of temperature in the small tank 
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Fig 3 - Surface temperature fields for A 2 , Ai and Ai corrected 

' / A 

J > 
1 i 
1 

A' 

I 

1.0 1 J 
0 1 

I 
i 

M 1 0 1 0 t .0 Ll J> 1 .0 I .0 1 

—• CTuxiJTni rorcwmic rro »-» ici ouujTiajprcmTUiC rw fr-ts tci 

S0IÏPACE TEUPHRATUM C0RRBCT10» (POINT P2) 

0.0 1.0 \ja ut u I M li.* »j Tift IHtwiS) • • • tnxoJTTED iDTOwnic rm. (t-ao ici *—•* ouauntu iDrtwmw: rot JMS ICI 
* • txnrcm rammMt ici 

SORFACE TEUPERATURB CORRECTION (POtWT P3) 

Fig 4 • Time temperature evolutions at points P 2 and P 3 (see fig 3 ) 
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FIELD VERIFICATION OF A 
PHYSICAL MODEL OF A THERMAL DISCHARGE 

by P. J. Ryan (D and 8. W. Tu (2) 

The cooling water outfall for the Diablo Canyon Nuclear Plant has been 

extensively tested, both in the field and in a 1:75 scale physical model. 

Overall, over fifty field tests and more than 100 model tests have been 

performed, resulting in an unprecedented comparison of model and field 

data. 

From 1984 - 1986, during the power ascension tests for the Diablo Canyon 

Power Plant, an extensive series of field tests was performed to collect 

data on the temperature structure in the vicinity of the cooling water 

outfall. Horizontal and vertical temperature profiles and surface 

temperature isotherms were obtained for a wide range of plant load and 

receiving water conditions, including extreme low to high tides, calm seas 

to strong wind and high wave conditions, and stagnant to strong upcoast 

and downcoast current conditions. In addition to the temperature profiles, 

data were also collected on currents, waves, wind, tide and plant 

discharge and temperature. These data were used to calibrate and verify a 

1:75 scale hydraulic model of the discharge structure and vicinity. QA 

procedures were developed for the model operation to ensure that the 

model data were collected, analyzed and stored in a consistent, reliable 

manner. Statistical procedures were developed to compare model and 

field data to ensure an objective approach to model calibration and 

verification. 

Comparison of model and fieid data indicates that a number of parameters, 

which receive little or no attention in typical outfall models, can have a 

considerable impact on the near-field temperature distribution. These 

parameters include wave height, period and direction, details of the 

bottom topography, and bottom roughness. An overview of the model 

testing program will be given, and the significance of the above 

parameters will be discussed. 

(1) Chief Hydrologie Engineer, Bechtel Corporation, San Francisco, CA 

(2) Research Engineer, Pacific Gas and Electric Co., San Ramon, CA 
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A Model-Prototype Caiparlscn of Cooling Water 
Cixculation in Tidal Bay 

Chen Kaiqi 

Institute of Water Conservancy and Hydroelectric Power Research 

Abstract 
The paper presents a case study which gives a vivid ccrnparison of 

results obtained fron physical modelling, numerical simulation and f i e l d 
observations. 

Liaodong Bay i s used as heat receiving water body with large anount 
of waste thermal energy effluented frcm the 1,400 MW Ying-kou Power Plant. 
Extensive fie l d observations of the water region near the plant were con
ducted and both mathariatical and physical modelling of the heated effluent 
circulation in the bay were performed. In numerical simulation, method 
of fractional step with I^-stability was applied with due consideration 
of the local topographic characteristics in boundary treatment. A model 
with Lj- = 300 and Z]^ = 6 was then operated in conformity with the boundary 
tidal conditions given by fiel d tests. The very good agreement of the 
corparisons indicates the adaptability of the distorted model with even 
rather high geonetric distortion ratio provided the model i s carefully 
designed and well calibrated. 

Introduction 

Since 1970s', much of the work carried out by hydraulic laboratories 
has been directed to the development of mathematical models which appar
ently need not suffer scale effects. However, experience of years' pra
ctice in this fi e l d has also shown the significant deviation of the re
sults predicted by the numerical sinnulation in certain cases due to the 
over simplification in deriving the governing equations, the inadequate 
treatment of the boundary conditions or the inadequate choice of the 
parameters used. I t i s therefore ccnmonly reconized that hydraulic 
modelling i s sonetimes indispensible yet especially for the near f i e l d , 
and the verification of results either frcm physical or numerical model 
seans to be ever more important for ccmplicated physical phencmena. 

The paper gives a typical case study of Ying-kou cooling water 
project for which both the mathematical and physical modelling were made. 

Ying-kou Power Plant, situated adjacent to the Ying-kou Port, i s 
planned to have a total installed generation capacity of 1,400MW. The 
cooling water of Q = 47 m̂ /s in Summer i s drawn fron Liaodong Bay and dis
charged back to the Bay with an temp, incranent ̂ T = 9°C. The Bay i s 
subjected to irregular tides with an average tidal range AH = 3.34m for 
high tide and .AH = 1.70m for low tide. Fig.l and Fig.2 show the locat
ion of the plant site and the water region near the site being simulated 
and studied i n the models. Average water depth of the region i s ëDout 
6-7m. The intake and outlet of the cooling water were also sketched in 
the figure. 
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Fig. 1 Plant Site Fig.2 Boundaries of Models 

Physical Model 1 ing 

A scale model was undertaken with the objective of (1) studying 
the thermo-hydraulic behavior of the water region and optimizing there
upon the general layout of intake and outlet works; and (2) collecting 
quantitive data for undertaking direct conparisons with those frcm mathe
matical model investigations and fi e l d measurement. The model scales 
were so selected so as to meet the requirements of both the similarity 
c r i t e r i a for simulating the main physical phencmena to be studied and 
the limitation of laboratory f a c i l i t i e s . As the flow directions of the 
tidal current seme distance away fron the shore have proved to be nearly 
in a 180° difference in tide and ebb, the current boundary could be cor
rectly simulated by a solid model boundary. Fig. 3 illustrates the 
general planning of the model with scale ratios: 

Length scale 
Depth scale 
Density-diff scale 
Velocity scale 

Time scale 

L^ = 300 
Zr- = 60 

Vj- = (Zr)^2 = 7.07 

t ^ = L r / Z j 42.4 
Temperature scale Tj-

after (Ti-T«)r = (T - T 
where Tj_ = effluent temp at outlet 

Too = ambient temp. 

00/ ]7 

a t a l w a t e r 
t : e s e i \ ' o i r 

Fig 3 General layout of model 



Heated water was furnished by an electric heater system with the 
prescribed feeding water tanperature. The sliding gates at the two 
ends of the model were controled by a ccmputer to simulate the given 
time variation of water level at the relevant stations. The model was 
calibrated with bed roughness and verified finally by the velocity dis
tribution obtained frcm field observations. The good agreanent of data 
frcm modeLmth those fron fie l d are demostrated in Fig. 4. 

Fig.4 Model Verification 

(a) tidal elevation 
(b) velocity 

1 : I "• 

i ' ' ƒ \ \ ' ' ' yi 
\ \ - p r o t o t y p e / j j\ 1 i 1/ 

i 1 ^ - t ^ ^ - H ^ 1 i ' 

L2 16 t (hrl 

(b) 

A total of 265 temperature probes were mounted on 5 monitoring 
frames which were set up and down synchronizelly with the tidal variation. 
The tenperature at water surface and at the intake and outlet were mea
sured at definite time interval and a l l the data were collected and ana
lyzed by a data logger sustan with an accuracy of 0.1°C [1]. 

Mathematical Modelling 

An hybrid method of fractional steps with leg-stability for numeri
cal modelling of tide-generated circulation and thermal/nuclear pollution 
have been developed and used successfully in temperature prediction of 
the t i d a l water region in Lionin Province[2]. The method proves to be 
superior to previous in: (l)neither linearization nor interpolation i s 
introduced for treatment of hyperbolic terms, so the numerical danping 
is minimized, and (2)numerical solutions frcm parasitic oscillations can 
be prevented and stability and convergence can be guaranted. In the 
numerical modelling of cooling water circulation of Ying-kou power plant 
where the water region interested i s just a small part of much large 
Liaodong Bay, the conditions at the open and moving boundary were treat
ed theoretically. Moreover, due to the ccmplexity of the local topo
graphic condition near the plant site, special treatment of the said 
boundary condition with the consideration of the l o c a l topo
graphic characteristics was taken [3]. The dcmain simulated i s shown 
in Fig.5. The model was well calibrated with the f i e l d data in- low tide 
and verified with the relevant f i e l d data at the high tide [3]. 

Ccnparlscxis between the Physical-Mathanatical Modelling 

A typical ccrnparison of these modellings at different ti d a l stage 
i s shown in Fig.6 with the same engineering layout under the same hydro-
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Fig .5 The Boundary and 
F i n i t e Elements Grid used in 
the Simulation 

0 1 4 0 0 2 S 0 0 n i 

- l o g i c a l and operational condi t ions[3] . The agreanent seems satisfactory. 

P h y s i c a l Model Numerical Simulation 
F ig .6 Ccrnparison of Surface Temperature Di s tr ibut ion 
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The predicted intake temperature T 2 of the cooling water also 
well checked with the results obtained frctn the numerical simulation 
as shown in the following table. 

Case 
T 2 ("C) 

Case 
Physical Modelling Mathariatical Modelling 

1 28.7 28.9 
2 29.0 29.0 
3 28.4 28.3 
4 28.6 28.4 

A lot of simplications and assumptions have been introduced in 
physical and mathariatical modelling. The relaxation thus made w i l l 
more or less leads to the deviation of the results frcm the real case. 
The excellent agreement between the two kinds of modelling i s by no 
means in a sense of indicating the true accuracy of the modelling, how
ever, the agreement does prove the adequacy of using such models to 
solve the problem. 

Corparisons of Model Calculation with Field Measuremait 

The plant i s being under construction and no operation data could 
be offered yet to ccmpare with those predicted in the model. Howie ver, 
the f i e l d data measured under tidal action with no heated effluent 
have been carefully aialyzed and conpared with the relevant data ob
tained fron mathanatical modelling. The conparison i s illustrated in 
Fig.7 and Fig.8. Very good agreanent i s danonstrated. The fact in 
turn verifies the agreanent of the results fron the physical modelling 
with the prototype investigations. 

V (m/s\ 1 ] 1 I I I I ; I I I I I 
80 

40 

0 

- 4 0 

- 8 0 

240 

180 

120 

61) 

0 

2 0 : 0 0 0 : 0 0 4 : 0 0 8 : 0 0 1 2 : 0 0 1 6 : 0 0 2 0 : 0 0 

Fig.7 Conparisons of Velocity (magnitude & direction) 
measured verus calculated 1985.5.25-1985.5 26 
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Conclusicgi 

Either physical modelling or numerical simulation has i t s own 
merits and limitations. Mutual conplanent and hybrid integration of 
the two means i s necessary for many cases and arphasis should be laid on 
the calibration and verification of the models. A physical model with 
delibrate consideration fpr choosing Lr and Zy- 3s well as sane other im
portant scale ratios can solve a lot of rather ccmplicated problems with 
acceptable accuracy. The ccmparisons of physical-mathematical modelling 
-field data of the case study of Ying-kou Project does show the r e l i a b i 
l i t y of the physical modelling. Not only the theoretical analysis but 
also the engineering and laboratory experiences are important, however, 
in correctly simulating fron prototype and predicting back to prototype 
the physical phencmena interested. 
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P R A a i C E IN HYDRAULIC MODELING 
AND PROTOTYPE OBSERVATION 

by Liu Darning, Ding Zhuoyi 

Yangtze River S c i e n t i f i c Research I n s t i t u t e 

Wuhan, Hubei 430010 China 

ABSTRACT 

On the basis of plenty of data in model t e s t and prototype observation 

f o r many hydro-projects, t h i s paper discusses two subjectsi 

(1) The influence of Reynolds number on flow capacity and the 

condition of i t s s i m i l a r i t y between model and prototype when hydraulic 

models f o r o u t l e t works are designed according to Froude c r i t e r i o n of 

si m i l i t u d e ; 

(2) Simulation and discrimination method of c a v i t a t i o n flow i n 

hydraulic structures. 

As the re s u l t s i n t h i s paper are based on the comparison between 

model and prototype, they are valuable f o r hydraulic model experiment i n 

solving engineering problems. 

1. INTRODUCTION 

The hydraulics d i v i s i o n of Yangtze River S c i e n t i f i c Research I n s t i t u t e 

(YRSRI) i s wellknown among the nation's hydraulic research agencies both 

in scope and i n equipments. Since 1951, i t has conducted hydraulic 

in v e s t i g a t i o n f o r 52 projects including Gezhoaba and Three Gorge pr o j e c t 

on the main stream of Yangtze River. Thousands of f i e l d observation 

instruments were f i t t e d on constructing or completed projects t o make 

prototype observations or sustained monitoring, plenty of valuable data 

from f i e l d t e sts had been obtained, on the basis of which, a monography 

named " F i e l d Hydraulic Investigation Practice" was published i n 

cooperation with another i n s t i t u t e ^ i ^ . 

Using part of data from some engineering cases. t h i s paper only 

discusses the modeling of flow capacity passing through several o u t l e t 

works and c a v i t a t i o n flow occured on some hydraulic structures. 

2.INFLUENCE OF REYNOLDS NUMBER ON FLOW CAPACITY THROUGH OUTLET WORKS 

2.1 Flow Capacity Over Spillway 

In general, discharge c o e f f i c i e n t i s used t o express flow capacity. 

The discharge c o e f f i c i e n t f o r spillway i s defined as: 

(1) 
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where m—discharge c o e f f i c i e n t ; Q—discharge; h—head above spillway crest; 

b ^ p i l l w a y width; g — g r a v i t y acceleration. 

Here m shown i n Eq. (1) i s a function of many factors. According t o 

B e r n o u i l l i equation, the following expression can be derived. 
2 

a oVo 
m= ijjke s / F T ( l + ) (2) 

2gh 

,^jjgre v e l o c i t y c o e f f i c i e n t ; k, e — f l o w contraction c o e f f i c i e n t i n 

v e r t i c a l and horizontal d i r e c t i o n , respectively; ^ — p r o p o r t i o n a l f a c t o r 

of pressure head at spillway face t o h; a oVo/2g—approaching v e l o c i t y . 

I t can be seen from Eq.2 that besides i|) which i s influenced by Reynolds 

number, a l l other factors are mainly related t o head h. That i s why the 

discharge c o e f f i c i e n t m i n some experience formula was usually expressed 

as the function of r e l a t i v e head h/p (p i s spillway height)C2i. from our 

model tests with d i f f e r e n t scale and prototype observations on some 

spillways, i t i s obtained that gravity i s the main fac t o r f o r modeling of 

spillway discharge and the e f f e c t of Reynolds number on i t i s r e l a t i v e l y 

small. Generally, when model Reynolds number corresponding to design 

discharge (R6)»=(vh/v )„> 1.5X 105(v = Q/bh), the discharge c o e f f i c i e n t , 

m measured from models can be used as t h a t of prototype. 

The r e l a t i o n of m and h/hd measured from three models with scale of 

1/57, 1/110 and 1/120 and from f i e l d observation (1 : 1) f o r Dang.jiangkou 

spillway i s plott e d i n F i g . l "3. I t can be seen from F i g . l t h a t m from 

prototype i s in agreement with that from models of 1/57 and 1/110. But on 

model 1/120, m i s smaller than that of others. As the (Re)» of 1/110 model 

equals 1. SXlO». i t i s suggested that the discharge c o e f f i c i e n t , m 

measured from model tests under the condition of (Re)»> 1.5X 10» w i l l be 

s a t i s f a c t o r y i n accuracy t o estimate t h a t i n prototype. 

2.2 Flow Capacity Through Discharge Gallery of Ship Lock 

As the t a i n t e r gate in the discharge gallery i s opened continuously 

during f i l l i n g or emptying of ship lock, the discharge through g a l l e r y i s 

usually expressed byj 

Q=^Ay2g(H ) 
gA dt 

where Q-^ischarge: n-discharge c o e f f i c i e n t ; A area of flow section; 

H—water head: Ln-computed length of g a l l e r y ; (Ln/gA)dQ/dt—inertia head. 

Owing to considerable length and complex configuration of g a l l e r y , the 

accurate s i m i l i t u d e of resistance f o r every part of model gallery i s of 
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s i g n i f i c a n t importance f o r flow capacity experiment. On models of 1 : 40 

and 1 : 25 and i n prototype,the flow capacity through the g a l l e r i e s of ship 

locks NO.1,NO.2 and NO.3 of Gezhouba project have been studied.The results 

indicate that the difference of | i between models and prototype i s n e g l i g i 

ble at small gate opening n, but increases obviously with increasing of n. 

Fig.2 gives the r e l a t i o n of discharge c o e f f i c i e n t \i and gate opening 

n measured from 1/25 model and in prototype of Gezhouba ship lock NO. 3 

under f i l l i n g process"!. I t can be seen from Fig.2 that the difference 

of M.(An) between model and prototype i s small when n<0.6, then, 

A increases with increasing of n, and f i n a l l y A H = 15.8^ when n = l . 

The reason can be explained by the v a r i a t i o n of t o t a l resistance. During 

small gate opening, the form drag i s dominant, which has l i t t l e d i f f e r e r c e 

between model and prototype. But with the increase of n, the f r i c t i o n a l 

drag becomes superior i n magnitude, which i s d i s s i m i l a r t o prototype at 

small model scale. I f i t i s d i f f i c u l t to make the model scale s t i l l 

larger than 1/25, i t i s the only way to manage to reduce the f r i c t i o n of 

model boundary. 

2.3 Flow Capacity Through Short Pressure Conduit 

On nine types of bottom o u t l e t model f o r Three Gorge and Geheyan 

projects, t h e i r flow capacity were studied^'^. Three of the r e l a t i o n 

curves of discharge c o e f f i e c i e n t , ii and Reynolds number i n model, (Re) a 

are plotte d i n Fig.3. \i i s expressed by-. 

H=Q/BDv^2ih~ (4) 

where Q—discharge; B—width of sluiceway; other symbols are shown i n 

Fig. 3; (Re)»=(VD/ v ),; v = Q/BD. I t can be seen from Fig.3 that [i f o r 

three types varies with (Re)» and trends toward constant, respective-ly. 

Let (Re)k be Reynolds number corresponding t o constant value of p. . I t 

shows that \x from model cnn be used as that of prototype only under the 

condition of ( Re) • > ( Re)k, i . e . model scale must s a t i s f y c e r t a i n 

requirement. According t o Froud c r i t e r i o n , the r e l a t i o n of Renolds number 

of model, (Re)» and prototype, (Re)p and length scale Lr = Lp/L« i s 

(Re)p/(Re)»=Lj'^ (5) 

Because of (Re)s!XRe)k, Lr have to be 

Lr<[(Re)p/(Re)J2/3 (6) 

The studied r e s u l t s f o r nine types of short pressure conduit indicate t h a t 

(Re)k«7X 105-106. 

Fig. 4 gives the r e l a t i o n of \x and Re of Dangjiangkou bottom o u t l e t , 

including data from 1/36 model and prototype^^'. i t can be seen from 

Fig.4 that model [i varies with Re and trends t o a constant 0.934, when Re 

^6. 7X105, i.e (Re)k~6.7X 105. ^ from prototype i s approximately 
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constant because of ReMO» having mean value of 0.936, very close to t h a t 

from the model. Meanwhile, the r e s u l t s i n Fig.4 i s also an important 

c e r t i f i c a t i o n of the idea in Fig.3. 

3.SIMULATION AND DISCRIMINATION OF CAVITATION FLOW 

In Hydraulics d i v i s i o n of YRSRI,there i s a vacuum tank of 16m long,3.5m 

high and 0.8m wide with necessary instrument f o r studing c a v i t a t i o n flow. 

Cavitation problems f o r some projects, such as Lushui, Dangjiangkou, 

Gezhouba, Geheyan, and Wan'an etc, had been tested i n the vacuum tank and 

i n - s i t u . For model experiment in vacuum tank, atmospheric pressure i n i t 

should be reduced by scale except that based on Froude c r i t e r i o n . The 

i d e n t i t y of c a v i t a t i o n number in model and prototype gives necessary 

ambient pressure in vacuum tank as follows: 

Po=P» + (Po-Pv)/Lr (7) 

where po—the necessary ambient pressure in vacuum tank; p», P»—saturated 

vapour pressure of water in model and prototype. respectively; 

Po—atmospheric pressure at dam s i t e ; Lr = Lp/La—model length scale. 

Acoustic sounding method i s used to detect flow c a v i t a t i o n i n model or 

i n - s i t u . Hydrophones are set near c a v i t a t i o n noise source. Magnetic tape 

recorder and FFT analysis system are used, herefrom the noise-spectral 

d i s t r i b u t i o n i s obtained. 

There are various discriminating c r i t e r i a to determine whether 

ca v i t a t i o n occurs in flow by acoustic c h a r a c t e r i s t i c s . In t h i s paper, 

only the v a r i a t i o n of noise pressure level i n noise-spectral d i s t r i b u t i o n 

curves i s adopted. I t i s considered that the noise pressure level r i s e s 

( 10-20) dB at the very moment when c a v i t a t i o n occured. Our experience 

shows that t h i s c r i t e r i o n i s more accurate than others and has a be t t e r 

r e p r o d u c i b i l i t y . 

Fig.5, Fig.6 shows the spectral d i s t r i b u t i o n curve of c a v i t a t i o n noise 

measured from model and prototype at gate region of Gezhouba ship lock 

g a l l e r y , r e s p e c t i v e l y " " ^ ^ I t can be seen from Fig.5 that the noise 

pressure level rises evidently from background noise when head H = 27m, 

23m, 17m and gate opening n = 0.3, 0.4. But, there i s none when H = 8m. 

Although the t e s t i n g conditions in Fig.6 are not f u l l y corresponding with 

that i n Fig.5, the noise pressure level i n Fig.6 also rises evidently when 

H=23m, 17m, 14m and n = 0.2, 0.4 but none when H = 9m. A l l these show th a t 

the r e s u l t i n model i s in agreement with that i n prototype. Besides, the 

c a v i t a t i o n sound could be heard in prototype during lock operating at 

H>14m and c a v i t a t i o n damage had discovered on gate skin and at g a l l e r y top 

when i t was dewatered f o r inspection^^^ 

In a d d i t i o n , resemble researches were made with b a f f l e piers i n 
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s t i l l i n g basin of Lushai project which were damaged by ca v i t a t i o n at f i r s t , 

then i t was tested i n vaccum tank. After seeking out the cause and 

working out suitable remedying scheme, the s t i l l i n g basin was reconstru

cted and had been operated f o r years without any trouble tio]. 

CONCLUSIONS 

( 1) Reynolds number in model under which the discharge c o e f f i c i e n t 

measured from model can be used as that in prototype i s 

(Re).= (vh/v ),> 1.5X105 f o r spillway, and (Re).= (vD/v ) „>7X 105-106 f o r 

short pressure conduits. 

(2) In general, owing t o the t o t a l resistance i n model f o r discharge 

gal l e r y of ship lock i s not s i m i l a r t o that i n prototype, the discharge 

c o e f f i c i e n t measured from prototype i s usually greater than that from 

model. Try t o reduce the f r i c t i o n of model boundary i s a way to a l l e v i a t e 

the scale e f f e c t i n flow capacity. 

(3) Conducting model t e s t i n vacuum tank i s an e f f e c t i v e way to detect 

c a v i t a t i o n behavior i n solving engineering problems. 
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DYNAMIC BEHAVIOURS OF SAND CLOUD IN WATER 

by K. N a k a t s u j i , M. Tamai and A. Murota 
Department of C i v i l Engineering, Osaka U n i v e r s i t y 

Suita C i t y , Osaka 565, Japan 

Abstract 

The behaviour of sand cloud i n water released from bottom-dump 
barges and the r e s u l t a n t deposition p a t t e r n are examined experimentally. 
The sand cloud i s found to be l i k e heavy thermals produced i n a f l u i d 
by buoyancy force according to the p a r t i c l e size and volume of sand. 
The experimental r e s u l t s are discussed on the basis of the thermal theory 
and the governing equation of the f a l l i n g motion of d i s c r e t e p a r t i c l e s 
suspended i n water. 

I n t r o d u c t i o n 

I n Japan, large-scale l a n d - f i l l operations and plans have r e c e n t l y 
increased i n urban coastal areas. I t i s proved by experience i n the 
reclamation such as Kobe Port I s l a n d and New Kansai I n t e r n a t i o n a l A i r 
p o r t to be true t h a t the bottom-dump barges capable of loading 7500 m̂  
and more are economically sa l u t a r y f o r t r a n s p o r t i n g a l a r g e amount of 
sand and s o i l . 

There are, however, various t e c h n o l o g i c a l and environmental problems 
relev a n t to such reclamation p r o j e c t s . The p r e l i m i n a r y problem to be 
solved i s the dynamic behaviours of sand cloud released from the barges 
i n water. I t s dynamics may be i n t i m a t e l y r e l a t e d w i t h d e p o s i t i o n p a t t e r n s 
and impulse pressure on the sea bed, and d i s p e r s i o n of f i n e sediments 
and t u r b i d i t y . S i m i l a r phenomena were reported on the convection of 
i s o l a t e d masses of buoyant f l u i d i n a water tank by Scorer(1957) et a l . . 
Measurem.ents of Mutoh et al.(1974) have shox-m the i n t e r e s t i n g f a c t t h a t 
the d e p o s i t i o n p a t t e r n of sand released from the bottom-dump barge model 
changes from a t r i a n g l e to a double-peaked shape, and to a trapozoid 
w i t h an increase i n water depth. 

The purpose of t h i s research i s to show how ideas may be used to 
i n v e s t i g a t e the dynamics of sand cloud i n water, and i n p a r t i c u l a r to 
e x p l a i n the mechanism which produces the d i f f e r e n c e i n d e p o s i t i o n p a t t e r n 
on the sea bed. Buoyancy i s understood to be i t s fundamental e f f e c t . 

Experiment I - F a l l i n g Behaviour 

For s i m p l i c i t y i n the experiment, glass beads were stored i n t o a 
bottom-dump barge model placed at the top of a 130cm h i g h , 90cm wide 
and 15cm-deep tank of water. The l i d of a 5cm wide and 15cm deep barge 
model was q u i c k l y i n v e r t e d by hand, a l l o w i n g the glass beads to drop 
down from r e s t through the water. Their growth was observed photograph
i c a l l y . The mean diameter of glass beads, d^Q, was 0.8, 1.3, 3.0 and 
5.0 mm; and the corresponding Reynolds number were 90, 180, 1040 and 
2320 r e s p e c t i v e l y . The Reynolds number can be from the f a l l i n g v e l o c i t y 

and the p a r t i c l e diameter d^Q. The volume at release i s so s u f f i 
c i e n t l y small compared w i t h i t s subsequent volume that the subsequent 
growth i s expected to be independent of the i n i t i a l c o n f i g u r a t i o n of 
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F i g . 1 Ty p i c a l p a t t e r n of f a l l i n g motion of bead cloud taken a 
photograph at 1.2 second a f t e r release. Exposure time i s 1/125 | 
second. (a) s e t t l i n g of d i s c r e t e p a r t i c l e s (d5Q=5mm, QQ=75cm^); ' 
(b) thermal w i t h buoyancy force (d5Q=1.3mm, QQ=300cm^); and (c) 
intermediate motion (d5g=3.0mm, QQ=300cm^). 

glass beads. The volume was set to be 75, 150 and 300 cm^. 
Figure 1 shows a t y p i c a l p a t t e r n of f a l l i n g motion of glass beads < 

released i n water. Figure 1(a) i s a case of a small q u a n t i t y of r e l a 
t i v e l y l a r g e r size of glass beads. Their behaviours seem to be dominated 
by the f a l l i n g motion of d i s c r e t e p a r t i c l e s . The glass beads independ
e n t l y s e t t l e w h i l e spreading the w i d t h of bead cloud w i t h small i r r e g u l a r 
motion. No mutual i n t e r f e r e n c e between them can be recognized. The 
la r g e r the size of p a r t i c l e i s , the f a s t e r the p a r t i c l e drops down. 
Hence, the separation of glass beads takes place i n the f a l l i n g process. ( 

Figure 1(b) i s a case of a la r g e q u a n t i t y of smaller size of glass j 
beads. I t shows a mashroom cloud of i s o l a t e d mass. A p a i r of c i r c u l a 
t i o n occurs i n s i d e the i s o l a t e d cloud to produce the entrainment of an ^ 
e x t e r i o r f l u i d at the rear and mixing w i t h the f l u i d takes place. As 
a r e s u l t , the i s o l a t e d cloud makes up a s o l i d - f l u i d two-phase lump. I t 
continuously grows w i t h a downward distance while keeping s i m i l a r i n 
shape. Such a behaviour i s s i m i l a r to t u r b u l e n t thermal, which can be 
observed i n a warm a i r r i s i n g i n the atmosphere or a heavier f l u i d 
descending i n c o a s t a l waters. Following the resemblance, the growing 
cloud i n F i g . 1(b) i s c a l l e d ' t h e r m a l - l i k e motion' herein. l 

The t h i r d p a t t e r n as shown i n F i g . 1(c) i s a t r a n s i t i o n a r y s t a t e / 
from t h e r m a l - l i k e motion to s e t t l i n g motion of d i s c r e t e glass beads. 
Just a f t e r release symmetrical c i r c u l a t i o n s d i s t i n c t l y appear so as t o 
all o w the i s o l a t e d cloud to grow i n the l a t e r a l and v e r t i c a l d i r e c t i o n s . j 
As a downward distance increases, the g r a v i t a t i o n has d i r e c t e f f e c t s 
upon each c o n s t i t u e n t of the cloud, namely a glass bead. 

Figure 2 shows the v a r i a t i o n of f a l l i n g v e l o c i t y of the bead cloud 
normalized by the s e t t l i n g v e l o c i t y of i t s c o n s t i t u e n t as a f u n c t i o n 
of a distance from the- release p o i n t normalized by the volume f l u x per 
u n i t depth, I " case of r e l a t i v e l y l a r g e r sizes of d̂ Q = 5.0mm, j 
the f a l l i n g v e l o c i t y of the cloud i s almost the same as the s e t t l i n g 
v e l o c i t y , U^j. On the other hand, the case of d^. = 0.8mm i n d i c a t e s the 
p e c u l i a r t r a n s i t i o n t h a t j u s t a f t e r release the f l u i d accerelates to . 
the maximum v e l o c i t y at x//q^ = 5 and de c e l e r a t i o n begins. I t i s worthy ,) 
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Fig. 2 V a r i a t i o n of f a l l i n g v e l o c i t y of cloud normalized by 
s e t t l i n g v e l o c i t y of i t s c o n s t i t u e n t against downward distance: 
(a) s e t t l i n g ; and (b) thermal corresponding to F i g . 1. 

noti n g t h a t the maximum f a l l i n g v e l o c i t y a t t a i n s to three to f i v e times 
as much as the s e t t l i n g v e l o c i t y . I t suggests that the f a l l i n g motion 
of smaller p a r t i c l e s as demonstrated i n F i g . 1(b) could be dominated 
by the q u i t e d i f f e r e n t p h y s i c a l mechanism from the s e t t l i n g motion of 
d i s c r e t e beads. 

A p p l i c a t i o n of Thermal Theory to F a l l i n g Behaviour 

Assuming th a t the suspended s o l i d p a r t i c l e f u n c t i o n s as an increase 
of density i n the f l u i d , the v e r t i c a l momentum of released mass i s 
expected to so s t e a d i l y increase through a c t i o n of buoyancy f o r c e t h a t 
a heavy thermal appers. Bains and Hopfinger(1984) has already extended 
a two-dimensional thermal theory f o r the heavy thermal w i t h l a r g e density 
d i f f e r e n c e . The o u t l i n e i s as f o l l o w s : 

For s i m p l i c i t y i t i s assumed t h a t the thermal i s an e l l i p s e of i t s 
width and heig h t , W and H. The rates of change of mass and momentum 
v i a entrainment are given by 

,1/2 pa 
—-- = aM —-

dt \m 

at 

(1) 

(2) 

where m = p6WH, M = pBWHU and = k^p^/p M represent the mass of the 
thermal, the momentum of the f l u i d of the thermal and the momentum of 
the f l u i d comprising the added mass of the thermal, p and are the 
i n t e r i o r and e x t e r i o r d e n s i t i e s , a i s an entrainment c o e f f i c i e n t , 6 = 
TT/4 i s a shape f a c t o r , and K = W/H. 

A f t e r conversion of the v a r i a b l e of i n t e g r a t i o n from time to distance 
from release p o i n t using Ü = dx/dt, the i n t e g r a t e d form of Eq. ( l ) i s 
as f o l l o w s . 

2a n dpo W,' W = WW 1-
4a* Pa xi 

(3) 

where x. x + ( T T/2a)- ( p / p „ ) 
1 / 2 

Ap - Pg and the s u f f i x i n d i 
cates the o r i g i n : x = 0. 

The above equation shows t h a t the thermal grows l i n e a r l y i n shape 
w i t h a downward distance. This i s consistent w i t h the experimantal 
r e s u l t shown i n F i g . 1 ( b ) . 
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F i g . 3 V a r i a t i o n of f a l l i n g v e l o c i t y of cloud normalized by 
c h a r a c t e r i s t i c v e l o c i t y scale against downward distance: 
(a) s e t t l i n g ; and (b) thermal corresponding to Figs. 1 and 2. 

I n the s i m i l a r way, the thermal v e l o c i t y can be derived from Eq.(2) 

where Un = 0 at x. = 0. 

2 5 

where 

A=-

-3A 
-Xtj {xi-Ay-

(4) 

Oo, g pt, •Wo 

Figure 3 presents the comparison of the thermal theory w i t h the 
measurements f o r the f a l l i n g v e l o c i t y of released cloud corresponding 
to Figs. 1 and 2. I n t h i s f i g u r e the f a l l i n g v e l o c i t y i s normalized 
by the c h a r a c t e r i s t i c v e l o c i t y scale based on buoyancy f l u x /eg/q^ = 
Ap/p. g/q~. The dotted l i n e i n d i c a t e s the thermal theory obtained using 

a = 0 .4 , K = 1.3 and k_ 1.0, whose values are determined based on 
experimental data. The s o l i d l i n e s i n d i c a t e the s e t t l i n g v e l o c i t y of 
glass bead f o r each experiment, U^. As i s evident from the f i g u r e , the 
f a l l i n g v e l o c i t y i n the case of d5o = 0.8mm agrees p r e c i s e l y w i t h t h a t 

tne t-hf l l fhf That i s , the released cloud tends to 
i n i t i a l l y accerelate through a c t i o n of buoyancy force but a f t e r t r a v e l l 
ing to x/Zq^ = 6 to decrease to the s e t t l i n g v e l o c i t y , U, Such a tend

ency and the consistency w i t h the thermal theory are also recognized 
i n the case of d̂ Q = 1.3mm. I n the case of d̂ Q = 5mm, however, the 
experimental data show to be l a r g e r than the thermal v e l o c i t y and almost 
equal to the s e t t l i n g v e l o c i t y . 

Judging from these r e s u l t s , the f a l l i n g p a t t e r n of the cloud depends 
on whether the thermal v e l o c i t y accounting f o r the buoyancy f l u x exceeds 
the s e t t l i n g v e l o c i t y of each bead p a r t i c l e or not. 

Experiment I I - Deposition Pattern 

Another experiments were performed using sand to determine the 
f a l l i n g motion and the r e s u l t a n t d e p o s i t i o n p a t t e r n on the bed. Since 
a h o r i z o n t a l f l o w along the bed becomes predominant a f t e r impinging, 
i n p a r t i c u l a r , i n t r a n s p o r t i n g f i n e sediments, i t i s necessary to use 
a broad flume. Hence, sand was released i n a flume of 50cm hig h , 600cm 
wide and 15cm deep i n the s i m i l a r manner as Experiment I . The mean 
diameter of sand was 3.4mm and the Reynolds number was 895. I n t h i s 
s e r i e s , the volume f l u x of sand released, v a r i e d from 75 - 300 cm?, 
and the height of released p o i n t from the bed, D from 5 - 3 0 cm. 
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F i g . 4 Series of p i c t u r e s i l l u s t r a t i n g growth of sand cloud i n 
water flume and r e s u l t a n t d e p o s i t i o n p a t t e r n i n case of d5o = 
3.38mm, Q Q = 300cm^ and released height from bed, D = 30cm. 

Figure 4 demonstrates an example of series of p i c t u r e s taken from 
a c i n e - f i l m every 0.3 second showing the growth of sand cloud i n water. 
I t i s a case of a r e l a t i v e l y l a r g e volume of sand. The sand cloud drops 
w i t h a c c e l e r a t i n g j u s t a f t e r release. The width and height of cloud 
increase w i t h a downward distance. At 0.9 second a f t e r release, a p a i r 
of c o u n t e r - r o t a t i n g c i r c u l a t i o n manifests i t s e l f i n s i d e the sand cloud. 
I t can be seen t h a t the cloud e n t r a i n s an e x t e r i o r f l u i d a t the re a r . 
When impinging on the bed, the sand cloud i s t o r n away to two symmetrical 
p a r t s . The induced f l o w causes f i n e sediments contained i n the sand 
to sweep along the bed and to form a double-peaked d e p o s i t i o n p a t t e r n . 
Such a t h e r m a l - l i k e motion does not always occur i n a l l the experiments. 

Figure 5 shows the deposi t i o n p a t t e r n as a f u n c t i o n of the volume 
f l u x , 0^ and the height of released p o i n t , D. I t can be e a s i l y d i v i d e d 
i n t o two catagories. I n cases of l a r g e volume of = 300cm^, a double-
peaked p a t t e r n appears prominently except f o r th a t of D = 5cm. I n cases 
of Qo ~ 150cm^ the de p o s i t i o n p a t t e r n changes from a double-peaked shape 
to a trapozoid w i t h an increase i n D. And, i n cases of = 75cm^ a l l 
the p a t t e r n s show to be a trapozoid. These are in.agreement w i t h the 

(b) Qo=150cm^ 

2 (a) Qo = 300cm^ 
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F i g . 5 Deposition p a t t e r n of sand cloud as a f u n c t i o n of 0 and D. 
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F i g . 7 V a r i a t i o n of f a l l i n g v e l o 
c i t y of sand cloud normalized by 
s e t t l i n g v e l o c i t y against distance. 

experiment of Mutoh et a l . ( 1 9 7 4 ) . 
Then, the r a t i o of the w i d t h of de p o s i t i o n p a t t e r n to the w i d t h 

of the sand cloud i n f a l l i n g motion at the height equivalent to D, Y/W, 
i s p l o t t e d against the normalized height of released p o i n t from the bed, 
D//q^ i n F i g . 6. The cloud w i d t h , W was measured using sand of d̂ Q = 
3.38mm and the water tank of Experiment I i n the same manner as E x p e r i 
ment I . Open and closed symbols i n d i c a t e a trapozoid and a double-peaked 
p a t t e r n , r e s p e c t i v e l y . The d i s c r i m i n a t i o n of the d e p o s i t i o n p a t t e r n 
i s judged depending on whether the r a t i o of height at the peak to t h a t 
at the mass c e n t e r l i n e exceeds 3.0 or not. I t i s cle a r from the f i g u r e 
t h a t the r a t i o of Y/W decreases w i t h i n c r e a s i n g D_and w i t h decreasing 

and that i t s r a t i o d r a s t i c a l l y changes at D/Zq^ =4.5. 
As i s obvious from F i g . 7 showing the v a r i a t i o n of the f a l l i n g 

v e l o c i t y of sand cloud normalized by the s e t t l i n g v e l o c i t y , the f a l l i n g 
behaviour of sand cloud changes from t h e r m a l - l i k e motion to s e t t l i n g 
motion of d i s c r e t e p a r t i c l s at x//q^ = 4.5 as above mentioned. I t 
i n d i c a t e s t h a t the e f f e c t s of f a l l i n g motion of sand cloud appears 
c l e a r l y on the d e p o s i t i o n p a t t e r n on the bed. 

Conclusion 

The behaviour of sand cloud released from bottom-dump barges i s 
examined experimentally i n r e l a t i o n to land reclamation works. The sand 
cloud i s found to be described by the hydrodynamically same equation 
of thermal phenomena according to the p a r t i c l e size and volume of sand 
released. The knowledge of thermals enable us to reasonably understand 
the h i t h e r t o i n d i c a t e d d i f f e r e n c e i n dep o s i t i o n p a t t e r n of sand on the 
bed. 
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SOLIDS SUSPENSION IN SIDE ENTERING MIXING TANK - EXPERIMENTAL RESULTS 
by Hanna G l a d k i , PH.D. , lAHR, AICHE Member 

ITT F l y g t C o r p o r a t i o n , Norwalk , CT USA 

A b s t r a c t 

Tlie s ide e n t e r i n g t h r ee -b l ade p r o p e l l e r mixer was considered to 
a g i t a t e s o l i d - l i q u i d m i x t u r e i n l i m i t e d c i r c u l a r tank c o n d i t i o n s . 
Experimental data are p rov ided f o r s o l i d s i n complete suspension and 
c r i t i c a l h y d r a u l i c c o n d i t i o n s were e s t a b l i s h e d . 

I n t r o d u c t i o n 

So l ids suspension s t u d i e s were run by many a u t h o r s , ma in ly f o r top 
e n t e r i n g m i x e r s . G e n e r a l l y , s ide e n t e r i n g mixers have not been i n v e s t i 
gated as s o l i d l i q u i d a g i t a t o r s . In t h i s case, ac tua l j e t v e l o c i t y 
f rom p r o p e l l e r i s t r a n s f e r r i n g hydrodynamic power to c o n f i n e d water 
volume, and imposing c i r c u l a r h o r i z o n t a l f l o w i n t ank . Our goal i s to 
answer the q u e s t i o n o f how much s p e c i f i c energy i s needed f o r complete 
suspension o f t e s t e d s l u r r y , w i t h d i f f e r e n t c o n c e n t r a t i o n s . The t e s t ed 
s l u r r y has been s o l i d p a r t i c l e s i n water up to 6% volume. F o l l o w i n g 
p a r t i c l e f l u i d p r o p e r t i e s were cons ide red : p a r t i c l e 1 i q u i d d e n s i t y 
d i f f e r e n c e , f l u i d v i s c o s i t y , p a r t i c l e s i z e , and s t i l l f l u i d t e r m i n a l 
v e l o c i t y and c o n c e n t r a t i o n . Tank geometry has been desc r ibed by i t s 
h y d r a u l i c r a d i u s . 

Power p r o v i d e d to induce a mot ion i n the tank can be expressed as: 

the product o f t h r u s t and j e t v e l o c i t y . When the t h r u s t i s : 

T ="to5p and ' VJ ^ NB 

Hence, s p e c i f i c energy can be express as: 

6 = ( p i / - 9 y '^^ 

then: t - ^ ^ ^ 

Complete suspension e x i s t s when a l l p a r t i c l e s are i n motion and no 
p a r t i c l e remains on tank bottom f o r more than two seconds. To 
achieve t h i s c o n d i t i o n , minimum shear s t ress 7 ^ and s p e c i f i c 
energy ^ i s r e q u i r e d . 

A p a r t i c l e l i f t e d f rom the bottom o f the vessel has a tendency to 
r e t u r n there due to excess o f g r a v i t y over buoyancy, or s o - c a l l e d 
downward drag f o r c e s : -

D , = ' / 2 ? C j , A 
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which cause a p a r t i c l e to f a l l . To o f f s e t the downward p a r t i c l e 
drag f o r c e i n mix ing t ank , one has to i n c u r r e l a t i v e fo rces created 
by t u r b u l e n c e , which can be expressed i n two-dimensional f l o w as 
l o c a l sheer s t r e s s 'V 

To balance the drag fo rce s and keep p a r t i c l e s i n suspension, one 
can employ , hence: ^ 

assuming t h a t l o c a l T =Vo and 

when T o / P = It^ 

then | / ö ^ (Z) 

The t u r b u l e n c e c o e e f i c i e n t C-̂  has been unknown as w e l l as the r a t i o 
CJ/CQ, but a f t e r Simons, e t é l i t i s known t h a t v / v . , as the Rey
nolds number f u n c t i o n f o r dynamic v e l o c i t y shows I c r i t i c a l r e l a 
t i o n s h i p between mot ion and no movement c o n d i t i o n s . Laursen used 
Vw/v, as the parameter r e s p o n s i b l e f o r mean c o n c e n t r a c t i o n i n the 
cnaniiel cross s e c t i o n . Accord ing to G r a f , i t "expresses the 
e f f e c t i v e n e s s o f t f ie m i x i n g a c t i o n o f the t u r b u l e n c e " . Fundamental 
work f o r channel f l o w has been done by Rouse and Vanoni and l a t e r 
by o t h e r s , and shows the i n c r e a s i n g v e r t i c a l d i s t r i b u t i o n o f the 
r e l a t i v e c o n c e n t r a t i o n wlien v . / v i s decreas ing to ze ro . In the 
mix ing t ank , v ^ / v ^ i s the c r i t i c a l r a t i o f o r complete suspension 
and i s r e l a t e d to the s l u r r y p r o p e r t i e s as: 

n , ? , , d p , / A I 

or dynamic f o r c e s i n t l ie tank desc r ibed by the Kol i i iogorof f scale A i / . 
and the tank geometry desc r ibed by i t s h y d r a u l i c r a d i u s , R. 
Using the Buckingham theorem, a r e l a t i o n s h i p can be w r i t t e n i n *T 
terms i n general f o r m : 

V t d p ? ^ d p ' ' d p 

The t e s t has been a l l owed to f i n d r e l a t i o n between d imensionless 
numbers. 

Experimental 

Experiments were c a r r i e d out i n c y l i n d r i c a l glass vessels w i t h 
f l a t bot toms. The depth o f f l u i d to diameter r a t i o d u r i n g experiment 
va r i e s f rom 0 .41 to 1. 

A g i t a t i o n was p rov ided by 3 blades s ide e n t e r i n g p r o p e l l e r 
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dr iven by 0.3KW motor w i t h v a r i a b l e speed c o n t r o l w i t h i n range 50 to 
3000 RPM. The power i n p u t t o the i m p e l l e r was determined by measured 
to rque . 

Complete o f f - b o t t o m suspension, so cal l e d " o n e - s e c o n d - c r i t e r i o n " was 
based on the v i s u a l obse rva t ion i n a w e l l - i l l u m i n a t e d t r ansparen t 
tank. At complete suspension there was a decrease i n c o n c e n t r a t i o n 
w i t h tank he igh t but a c l e a r l i q u i d zone was not observed at the 
t op . 

Water and glass beads and p l a s t i c beads were used as s l u r r y i n the 
t e s t . 

To es t imate f r e e s e t t l i n g v e l o c i t y i n the s t i l l f l u i d , McCabe and 
Smith method was used. They have proposed a convenient c r i t e r i o n 
f o r the e s t i m a t i o n o f the t e r m i n a l v e l o c i t y i n the s t i l l f l u i d 

Results and Discuss ion 

In the present s tudy 18 runs were done f o r three d i f f e r e n t 
p a r t i c l e diameters and f o r two d i f f e r e n t d e n s i t i e s . The h ighes t 
c o n c e n t r a t i o n per weight C^for presented t e s t i s 5.7%. 

Kolmogorof f mic rosca le o f tu rbu lence /^ /< does not vary very 
much f o r t e s t f o r the same d e n s i t y s o l i d s and i s f rom 0.019 to 
0.030mm f o r s o l i d s o f s p e c i f i c g r a v i t y 1.5. V a l u e / ^ x i s h igher and 
ranges f rom 0.037 to 0.051mm f o r p a r t i c l e s o f s p e c i f i c g r a v i t y 
0 .03 . The r e s u l t s show t h a t A ^ ' i s r e l a t e d to the d e n s i t y and d i a 
meter o f beads as we l l as t o s l u r r y c o n c e n t r a t i o n . F i g . 1 shows 
three r e l a t i o n s between / t f ^ and a(^/ / i^for three d i f f e r e n t 
p a r t i c l e d iameters . One i n c l i n e d 1 ine shows t h i s r e l a t i o n f o r one 
diameter and one s p e c i f i c g r a v i t y but f o r d i f f e r e n t concent ra 
t i o n s . The h igher the c o n c e n t r a t i o n the smal le r Vt[y]^ va lue . 
The general equat ion o f l i n e s i n F i g . 1 i n terms o f dpIXK^'^^ 

'ZT^/^^can be w r i t t e n as: j y . ^ ^ ^ ('^/'//i/<) 

The slope o f the i n c l i n e d l i n e s can be determined g r a p h i c a l l y as 
tangent o f an angle , hence ^ = -/.3 • Def ined f a c t o r e d i s shown i n 
F i g . 1 above each l i n e . 

Factor was p l o t t e d aga ins t dimensionless h y d r a u l i c rad ius 
( F i g . 2 ) . The po in t s i n F i g . 2 i n d i c a t e the i n f l u e n c e o f r e l a t i v e 
radius on the microsca le o f tu rbu lence f o r complete suspension. 

The t e s t ed s l u r r y regard ing i t s diameters , s e t t l i n g v e l o c i t y 
as w e l l as c o n c e n t r a t i o n belong to the coarse s o l i d s w i t h Reynolds 
number i n the t r a n s i t i o n zone. The increase o f c o n c e n t r a t i o n 
requ i res l a r g e r energy which should con ta in tu rbu lence scale Kk 
t h a t i s r e spons ib le f o r keeping the p a r t i c l e s i n suspension. In 
t h i s case c r i t i c a l energy necessary i n the vessel i s expressed 
as shear v e l o c i t y . 

Terminal v e l o c i t y to shear v e l o c i t y r a t i o t ^A^ p l o t t e d 
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aga ins t c o n c e n t r a t i o n by we igh t i n F i g . 3. From the presented 
rosu lLs i l may he concluded t h a t v e l o c i t y r a t i o .decreases 
when c o n c e n t r a t i o n increases . Tlie r e s u l t s i n d i c a t e Reynolds 
number l o r s e t t l i n g v e l o c i t y impacts on the v e l o c i t y r a t i o Vt/l^^-
This r a t i o i s complex f u n c t i o n o f p a r t i c l e p r o p e r t i e s and the 
i n t e n s i t y o f f l u i d energy i n the t ank . I f the t e r m i n a l v e l o c i t y 

I f f is expressed i n general as: v 

n u ( q d , f : t , y ^ and u . ^ h ' ) ' 

then / ( A 9 s / T O C ^ ) ^ ^ (3) 

R e l a t i o n (3 ) e x p l a i n s behaviour o f the suspended p a r t i c l e s i n 
F i g . 3. The sma l l e r the drag c o e f f i c i e n t and the h ighe r the 
Reynolds number then the h ighe r i s the r a t i o . Upper r e l a t i o n 
i n F i g . 3 has h ighe r Reynolds number than the l o w e r . In the re la
t i o n (when the drag c o e f f i c i e n t i s excluded) e x p r e s s i o n Q ^ y ^ T ^ / ^ is 
s o - c a l l e d Shie lds parameter f o r i n c i p i e n t m o t i o n . For the t e s t ed 
range w i t h c o n c e n t r a t i o n less than 10% and f o r Reynolds number 
Vert i n to r i i iGi l i a t e zone, Sh ie lds parameter i s i n c lose r e l a t i o n 
w i t h c o n c e n t r a t i o n ( F i g . 4 ) . Hence, i t can be concluded t h a t 
c r i t i c a l Shields parameter can desc r ibe complete o f f - b o t t o m sus
pension in the vessel i n the most general way. 

The t e s t r e s u l t s p ' rövë The c"rTtTc¥l~v¥lïïe of the v e l o c i t y r a t i o 
Ift/VkCR f o r complete suspension i s r e l a t e d in general form to: 

W / % a = B f d f / A H ) ' ' ( ^ e ^ ^ ( C w f ( - R l d p J ( A 9 . / ? } " ' (4) 

The term o f the shear v e l o c i t y represents a measure o f i n t e n s i t y 
of t u r b u l e n t f l u c t u a t i o n and can be e a s i l y r e l a t e d t o the shear 
s t r e s s . The shear s t r e s s expressed i n d imens ionless way was 
r epor ted hy Sh ie lds (1936) as c r i t e r i o n f o r i n c i p i e n t mot ion and 
i s an e x c e l l e n t c r i t e r i o n f o r complete suspension f o r t e s t ed range 
f o r exper imenta l da ta . 

NOTATION 
A - Surface area o f f a l l i n g p a r t i c l e ; 
Cj. - Drag f o r c e c o e f f i c i e n t ; 

- Turbulence c o e f f i c i e n t ; 
C - Weight c o n c e n t r a t i o n o f s o l i d phase; 
D''̂  - n ixed d iameter ; 
d - Diameter o f p a r t i c l e ; 
NP - Speed o f mixe r ; 
R - Reynolds number f o r s e t t l i n g v e l o c i t y ; 
S^^ - Wetted sur face area o f the tank ; 
TP - Thrus t f o r c e ; 
V - Tank volume; 
v j , - Jet v e l o c i t y f rom mixe r ; 
v ^ - Terminal s e t t l i n g v e l o c i t y ; 
V - Dynamic (shear) v e l o c i t y . 

x 
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PHYSICAL AND MATHEMATICAL M O D E L COMPARISONS 
F O R W I N D E R M E R E BASIN 

I.K. Tsanis 1, M. Blaisdell 1, Y. Kres ten lüs^ .V.H.Chu^ and P.Engel^ 

^ Department of Civil Engineering, McMaster University. Hamilton, Ontario, Canada 
Department of Civü Engineering, McGill University, Montreal.Quebec, Canada 

^Department of Civü Engineering, Aristotle University, Thessaloniki, Greece 
'̂ National Water Research Institute, Burlington, Ontario, Canada 

Abstract 

A two-dimensional depth-averaged model is used to simulate the 
hydraulic circulation in a distorted model of Windermere basin. The results 
from this model are compared with the experimental results . In the 
distorted model the bed friction influence is underestimated with respect to 
the convective Influence resulting in overprediction of the size of the 
recirculation regions. 

Introduction 

The Windermere bas in lies at the south east corner of Hamilton 
Harbour, Ontario, Canada. The inflow consists primarily of runoff from the 
Red Hil l Creek watershed and outflow from the Hamilton sewage plant. 

Mean dally flows are about 3.5 m^/s and the 100 year average storm flow is 

about 64 m ^ / s . The flows from the bas in pass into Hamilton Harbour 
through a constriction spanned by a small railway bridge. A cleanup of the 
W^indermere Bas in is to be undertaken, accompanied by dredging a portion 
of the basin. The dredged material, containing toxic substances, will be 
stored in a confined area behind impermeable berms, within the perimeter 
of the present basin, effectively creating a new but smaller basin. A physical 
model study was conducted to study the flow patterns of the proposed basin 
design, and a mathematical model was used for verification. 

Phvsical Bas in Model 

The physical model was designed as a fixed bed model. Available floor 
space and accuracy of measuring water depths, dictated a horizontal scale 
ratio of 1:60 and a vertical scale ratio of 1:15 resulting in a model with a 4:1 
distortion. As a result the model was restricted to simulating prototjrpe 

flows greater than about 17 m*^/s in order to ensure that viscous scale 
effects were minimized. 

The model was constructed inside a water tight enclosure consisting 
of concrete blocks built on the laboratory floor. Standard procedures, using 
plywood templates, sand and mortar, were used to construct the model bed. 
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The surface was then spray-painted with a light blue latex paint to provide a 
good background for overhead photographs and video tape recordings. A 
I m X I m black grid was painted on the model bed to faciUtate the 
determination of flow velocities and rates of change of flow patterns. The 
berms were built of wood framing covered with sheet metal which was then 
covered with coarse sand or gravel to simulate the design rip rap. The 
railway bridge at the basin outlet was built from plywood, with particular 
attention being paid to the proportioning of the piers and abutments to 
ensure proper development of local flow patterns. 

The depth in the model was 175 mm with a central trap of 350 mm. 
According to Froudian similitude, the flow rate was 11.4 1/s representing a 

prototype flow of 40 m^/s . The discharge was measured to an accuracy of 

about 2% with a 9 0 ° V notch weir in a headbox upstream of the model basin. 
All water levels were measured using stilling wells fitted with Mitutoyo point 
gauges, having a resolution of 0.05 mm. The gauges were set to a common 
reference level, equivalent to the prototype project datum of 74.0 m chart 
datum. Flow patterns were visualized by using Potassium Permangenate. In 
addition to the dye, 22 weighted ping-pong balls were released at the 
entrance of the basin at various times as an additional aid to visualize flow 
paths and to calculate the surface velocities in the model basin. The model 
is given in Figure 1, where the vectors drawn indicate the magnitude in 
c m / s and direction of the velocities in different locations in the basin. 

Mathematical Bas in Model 

A two-dimensional horizontal (large width to depth ratio) flow model 
is used to simulate the hydraulic circulation in the Windermere Bas in Model. 
The equations of motion in the x and y directions and mass continuity are 
simplified under the assumptions (a) the water is incompressible and 
homogeneous, (b) Coriolis forces are negligible for the size of the Model 
Bas in (c) the flow is quasi-hydrostatic. The resulting equations are given as 

I ^ U H ) + I t V H ) + I = q (3) 

where U and V are the depth-averaged velocities, g is the acceleration due 

to gravity, C, is the free surface elevation relative to the still water level h, H 

is the total water depth, q(x,y,t) ( [q]=L3/L2/T) is the specific discharge of a 
source or a sink and C]^ is a dimensionless bed friction coefficient defined as 

Cu - ^ (4) 
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where n is the Manning's coefficient. A smoothing factor tjj in the form 

is used in the calculation of the time derivative of the velocities U and V in a 

horizontal rectangular grid with mesh size Ax (Krestenitis, 1988) where At 

is the time step of the calculation and vj^ is the numerical horizontal eddy 

viscosity. The system of equations (1) to (3) are solved numerically using an 
explicit finite difference scheme (Koutitas, 1988). 

Using an inflow Q = 0.0114 m'^/s and a Manning's coefficient n=0.011 
in the distorted model of Windermere basin, equations (1) to (5) are solved 
for a space step of Ax=0.20 m, a time step of At=0.04 sec and a value of 
smoothing factor th=0.995 (vh=0.00125 m ^ / s ) . The resulting hydraulic 

circulation of the above simulation is shown in Fig. 2. The magnitude and 
the direction of the velocity vectors and the size of the recirculation zones 
are similar to those determined experimentally. 

Discussion 

F r o u d i a n models have been used for some years to s tudy the 
dispersion of waste by Lagrangian techniques. Laboratory space limitations 
dictate the use of vertically distorted phys ica l models that alter the 
characteristics of turbulent mixing and advection of pollutants. Th i s results 
in model behavior which varies from the prototype behavior depending on 
the distortion used. For example failure to maintain the jet characteristics, 
i.e., Reynolds number ( R j = U j h / v , Uj is the jet velocity), while retaining the 

same jet Froude number (Fr j=Uj/Vg h) leads to a different hydrodynamic 

pattern in the basin. The resulting velocity pattem in the basin based on the 
1:1 undistorted model given in Fig. 3 is difl'erent than the one of Fig. 2. The 
advection of the distorted model is larger, resulting in smaller spreading of 
the inflow Jet, which is consistent with the results of Roberts and Street, 
1982, Table 1 shows the different parameters for the three numerica l 
model applications and their corresponding Peclet numbers (Pej=UjAx/vh). 

By equating the horizontal turbulent Peclet number in the 1:1 model and the 
prototype the mathematical model was able to predict the circulation in the 
prototype basin. Comparison between the velocity patterns in the prototype 
bas in (shown in Fig. 4) and the 1:1 model reveal good agreement. The 
validity of this assumption wiU be tested by field studies in the prototype 
after construction of the Windermere basin is complete. 

-8C.15-



Conclugiong 

A distorted physical model was used to study the circulation and flow 
patterns of the Windermere basin and compared with results from a two-
dimens ional horizontal flow model. The mathemat ica l model was 
successfully used to predict the hydrodynamic pattem of a distorted model 
of the Windermere basin. The distorted model overpredicts the size of the 
recirculation regions by reducing the spreading of the inflow Jet due to 
imbalance of bed friction influence versus convective influence. 

Koutitas, C . 1988. Mathematical Models in Coastal Engineering, Pentech 
Press, London. 

Krestenitis, Y . N . , 1988. Numerical Study of the Wind-induced circulation 
and examination of the open-sea boundary conditions. C a s e study of 
Thermaikos Gulf. Tech. Chron. - A, Greece, Vol. 8, No. 4. 

B .R . Roberts and R . L . Street. 1982. Mixing in Surface Jets Under Distorted 
Conditions, Proceedings of the Conference Applying Research to Hydraulic 
Practice, A S C E , pp. 206-215. 

References 

T A B L E 1 

4 i l 111 g ^ t o t y p e 

Inflow Q (m*^/s) 
Inlet Depth h (m) 
Inlet Velocity Uj (m/s) 

Manning's n 
Length Scale L (m) 

Time Scale x = L / U j (sec) 

Space Step Ax (m) 
Time Step At (sec) 
Smoothing Factor tj^ 

0 .011400 
0.1750 
0.0814 

0.0115 
10 

123 

0.20 

0.04 
0.995 

0 .00125 

0 .001425 
0 .04375 
0.0407 

0.0045 
10 

246 

0.20 

0.04 
0.995 

Eddy Viscosity (m-^/s) 

Inlet Froude Number Frj 6.21 X 10-2 

1.415 X 10^ 

13.024 

6.21 X 10-2 

1.768 X 10^ 

6.512 

0 .00125 

Inlet Reynolds Number Rj 

Inlet Peclet Number Pej 
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Figure 1 

Vector equal to one grid distance represents a velocity of 1.6 cm/s 

Figure 2 



Vector equal to one grid distance represents a velocity of 1.6 cm/s 

Figure 3 

Vector equal to one grid distance represents a velocity of 4.5 cm/s 

Figure 4 



Model and Prototype Studies for Reservoir Des i l tat ion 
by Chi an Min Wu 

Water Resources Planning Commission 
T a i p e i , Taiwan, ROC 

Abstract 

Experience on hydrau l i c f l u s h i n g o f sediment deposi ts through low-
leve l s l u i c e s to c l ea r r e s e r v o i r sedimentat ion i n Taiwan i s described 
f o r s tudies conducted both i n models and i n p r o t o t y p e s , I t i s found t ha t 
the t r a n s p o r t behavior of f i n e and coarse sediments which are f l u s h e d 
through the r e s e r v o i r s are qu i t e d i f f e r e n t . I n t h i s regard, two groups o f 
equations , one each represent ing f i n e and coarse sediment d e s i l t i n g 
capac i ty are fo rmula ted using the hydrau l i c model data and supplemented 
w i t h the p ro to type data . 

Introduction 

Reservoir sedimentat ion creates major problems i n the p lanning 
,design and opera t ion of water resources systems. The convent ional 
design o f a dam and r e s e r v o i r u sua l l y only takes i n t o account the r e t en 
t i o n o f sediment-laden i n f l o w . One s o l u t i o n to t h i s problem,which i n 
the l a s t th ree decades has been s u c c e s s f u l l y app l i ed i n Taiwan, i s the 
hydrau l i c f l u s h i n g o f sediment deposi ts through low- l eve l s l u i c e s . 
U n f o r t u n a t e l y ,no equation desc r ib ing sediment d e s i l t i n g capac i ty has 
so f a r been e s t a b l i s h e d . Laboratory and pro to type s tudies found t h a t the 
hydrau l i c p r o p e r t i e s of the sediment f l u s h i n g behave qu i t e d i f f e r e n t l y 
f o r r e s e r v o i r s w i t h f i n e and coarse sediments. Hence two groups o f 
equation represen t ing sediment d e s i l t i n g capac i ty are formulated . 

Sediment Flushing Technique 

Towards the end o f the water supply season or before the beginning 
of the high f l o w season, a r e s e r v o i r normal ly r e t a i n s some w a t e r ; t h i s 
can be used to d e s i l t the sediment deposi ts f r o m the previous years . 
When the d e s i l t i n g s lu i ces are opened ( F i g . l ) , t h e water l e v e l i n the 
r e s e r v o i r begins to f a l l , and f l o w towards the s l u i c e s i s generated . 
The r e s e r v o i r can be f lushed by e i t h e r pressur ized c o n d i t i o n or f r e e 
f l o w c o n d i t i o n . Both prototype and model opera t ions showed tha t f l u s h i n g 
under f r e e f l o w i s capable of t r a n s p o r t i n g a much grea te r sediment load 
than when f l u s h i n g occurs under pressur ized c o n d i t i o n s . Tests showed 
tha t the d e s i l t i n g f l o w s f o r f i n e sediment u s u a l l y behave d i f f e r e n t l y as 
compared to the coarse one .For f i n e sediment, the f l o w s sometime behave 
as a hyper-concentrated f l o w , whereas f o r coarse sediment 
p a r t i c l e s , u s u a l l y per form as a f l u v i a l f l o w . In the f o l l o w i n g , the 
r e s u l t s o f these two sets of s tudies are g iven . 

Reservoir Des i l t ing with Fine Sediments 

In the southern par t of Taiwan there are many v/atersheds which are 
cha rac t e r i zed by t h e i r e a s i l y erodable mudstone fo rma t ion where the 
sediments are f i n e i n s i z e , u n i f o r m i n g rada t ion and are e a s i l y eroded 
a f t e r s a t u r a t i o n . Gen-Shan-pei r e s e r v o i r i s one of the r e se rvo i r s l o c a t 
ed w i t h i n t h i s area.Completed i n 1 9 3 8 , i t i s an ea r th dam 30.0 meters 
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high and 256 meters long w i t h an i n i t i a l storage capaci ty of 6.98 x 10° 
m .However since i t s i n i t i a l impounding i t has su f f e r ed f rom severe 
sedimentat ion problems. In 1951, the owner,the Taiwan Sugar Company 
conducted a c a r e f u l observa t ion o f the sediment movement near the s e d i 
ment deposited in take area, and found there might be a p o s s i b i l i t y o f 
d e s i l t i n g the sediment through a newly constructed s lu ice t u n n e l . P r i o r 
to the c o n s t r u c t i o n o f the d e s i l t i n g t unne l , a 1:50 scale n o n - d i s t o r t e d 
model of the main pocket area was constructed and the most e f f e c t i v e 
means of d e s i l t i n g the r e s e r v o i r sediments was s tud ied . Froude law was 
adopted to determine the model sca le , and coal powders were used as 
movable mate r i a l s .The movable m a t e r i a l was scaled down using the p a r t i 
c le f a l l v e l o c i t y . l t was found t ha t the q u a l i t a t i v e behavior of sediment 
movement near the e x i s t i n g in t ake area was i n good agreement w i t h the 
p r o t o t y p e . A f t e r the proposed d e s i l t i n g s lu ice was i n s t a l l e d i n the model 
d i f f e r e n t a l t e r n a t i v e s were compared and i t was concluded tha t sediment 
withdrawal i s the g rea tes t under an empty r e s e r v o i r c o n d i t i o n s . As a 
r e s u l t s of the model s tudies the d e s i l t i n g tunnel was designed to be 203 
meters i n l eng th and 1.5 m i n diameter and has a maximum f l o w capac i t y 
of 9.82 cms. 

-erosion zone 

original 
riverbed 

dam 

desilting 
sluices 

deposits before flushing 

deposits after flushing 

final water level 

Fig.l. Hydraulic flushing of reservoir sediment 

Model-Prototype Conformity 

From the model data a r a t i n g curve f o r the d e s i l t i n g capac i t y o f 
the s l u i c i n g tunnel was obtained.The f l o w du ra t i on curve and the 
sediment r a t i n g curve were combined to obta in an annual d e s i l t i n g capac
i t y of 616,700 m-̂  o f sediment .However,past 33 years of pro to type opera
t i o n showed the average annual sediment withdrawal i s 329,000 m'̂  .The 
discrepancy between the es t imated and the h i s t o r i c a l average i s ma in ly 
due to the ac tual d e s i l t i n g per iod a v a i l a b l e i n the p r o t o t y p e 
operation.However , i n order t o provide design data a ser ies o f p ro to type 
experiment was performed and i t was found tha t the e f f i c i e n c y o f the 
s l u i c i n g opera t ion i s p r i m a r i l y determined by (1) the d e s i l t i n g c a p a c i t y 
of the s l u i c e t u n n e l , and (2) by the resuspension, headcut and t r a n s 
por t p o t e n t i a l of the deposi ted ma te r i a l s i n the r e s e r v o i r . 

(1) D e s i l t i n g Capaci ty of S lu ice Tunnel 

Numerous sediment t r a n s p o r t equations have been proposed f o r the 
p r e d i c t i o n of sediment load or concent ra t ion i n r i v e r s . Using the 
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pro to type d e s i l t i n g data, the a p p l i c a b i l i t y of d i f f e r e n t sediment- t rans
por t parameters was studied.Among them two parameters ,Vs/w and 7gdw 
were proven to be s i g n i f i c a n t . For opera t ion o f the d e s i l t i n g tunnel 
under p res su r i zed c o n d i t i o n s , t h e y can be described by 

or 
'w 

where C 
V 
s 
d 
w 
r 

64 .9( V'' /gdw) -0.45 r =-0.34 

= 51.4(Vs/w)"'^-^'^ r =-0.43 

(1) 

(2) 

,w the sediment concen t ra t ion , i n kg/m 
the f l o w v e l o c i t y i n the t u n n e l , i n m/sec 
the energy gradient of f l o w i n the tunnel 
the depth of f l o w i n the t u n n e l , i n m 
the f a l l i n g v e l o c i t y of the p a r t i c l e s , i n m/sec 

= the c o r r e l a t i o n c o e f f i c i e n t . 

or 

Under f r e e f l o w c o n d i t i o n s , the r e l a t i o n s h i p i s 

= 847.1 ( /gdw)"'^-^^ r = -0.82 

= 369.3(Vs/w)- '^-^^ r = -0.93 

(3) 

(4) 

I n both se r i e s of equat ions , the parameter Vs/w gives a b e t t e r c o r r e l a 
t i o n . The c o r r e l a t i o n c o e f f i c i e n t s f o r other parameters such as the 
t r a c t i v e f o r c e , shear v e l o c i t y , f l o w v e l o c i t y , f l o w discharge and slope 
are m i n i m a l . 

(2) Resuspension Capacity of Reservoir 

As the r e s e r v o i r bed was so muddy t ha t i t was impossible to 
approach the sampling s i t e ; thus prototype measurements of headcut 
scour and resuspension were imposs ib le . Hence,the p ro to type sediments 
were t e s t ed i n the l abo ra to ry flume to ob ta in the e m p i r i c a l equat ion 
f o r the resuspension capac i ty of the r e s e r v o i r dur ing the d e s i l t i n g 
process. The genera l ized equation was 

C^ = 0.02 ( /gdw)l -73 (5) 

= 147.4 ( V s / w ) ^ - ° 5 (6) 

(3) P r o p e r t i e s o f D e s i l t i n g Flow 

C a p i l l a r y v i scos imete r s tudies of the deposi ted m a t e r i a l s 
( F i g . 2 ) showed the d e s i l t i n g f l u i d i s i n a hyper-concentra ted s t a te .As 
were found by Naik and Roberson (1984) , the f l o w p roper ty o f a sediment 
laden f l u i d i s a dependent of the f l o w c o n d i t i o n . As f l o w v e l o c i t y 
increases the f l u i d w i l l t r a n s i t i o n f rom tha t of Bingham p l a s t i c i n t o 
t ha t o f Newtonian.The t r a n s i t i o n occurs at 

§ = 1/2 o^y^/Tp > 1,000 • (7) 

where § i s a dimensionless number, o^^ i s the dens i t y o f the s i l t y 
water , and TQ i s the Bingham shear s t r e s s . I t can be seen f rom the 
sed imen t - ca r ry ing capac i ty c u r v e ( F i g . 3 ) , t h a t the t u r n i n g p o i n t i s c o r r e 
sponding t o the t r a n s i t i o n stage of the f l o w regime change . 
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Reservoir Des i l t ing with Coarse Sediments 

I n the c e n t r a l pa r t of Taiwan there are many r i v e r s charac te r i zed 
by another extreme composit ion of coarse sediments ranging f rom gravel 
to cobble . Tachia r i v e r i s one of the t y p i c a l examples,where a ser ies of 
dams , f r o m upstream to downstream,Te-chi, Chin-shan, Kukuan and T i e n - l u n 
were b u i l t . I n t h i s ser ies of dams and r e s e r v o i r s , hydrau l i c f l u s h i n g 
through l o w - l e v e l sluices-was appl ied at Kukuan and T i e n - l u n Dam.The 
problems r e l a t e d to t h e i r operat ion are u n c e r t a i n t y o f d e s i l t i n g capac i 
t y of the s l u i c e s , blockage of the gates by sediments and 
ab ras ion /e ros ion o f concrete s t r u c t u r e s . I n order to solve these problems 
, s ince t h e i r ope ra t ion , two hydrau l ic models were b u i l t at d i f f e r e n t 
stages f o r Kukuan, and three f o r T i en - lun Dam. Common to these models 
are the adopt ion o f Froude law to determine the model scales, and a 
l i n e a r s c a l i n g o f the prototype sediments. A 1:40 scale n o n - d i s t o r t e d 
model of the main pocket area was constructed .Experiments were condu-
cated f o r s l u i c e s w i t h d i f f e r e n t shapes and sizes to determine t h e i r 
d e s i l t i n g capac i ty and optimal l ayou t s . 

(1) D e s i l t i n g Capaci ty o f Sluices 

From the model data the d e s i l t i n g capac i ty of the s l u i c e may be 
expressed i n the fo rm of 

C^ = 0.024 ( V3 /gdw )2-66 (g) 
or 

C^ = 181.4 ( V s / w (g) 

In a d d i t i o n to being a f u n c t i o n of the s l u i ce geometry, the d e s i l t 
ing capac i ty o f a s l u i c e also depends upon the f l u s h i n g discharge and 
the scour l eng th of the sediment deposi ts .The f o l l o w i n g e m p i r i c a l formu
l a i s developed to inc lude these parameters. 

B2/5L2/5 

C^ = 1170 ^ 7 ^ ( 0 . 5 6 s u ^ / 2 _ 0.0003) (10) 

where C^ = the d e s i l t i n g sediment concent ra t ion i n kg/m 
B = w i d t h of d e s i l t i n g f l o w , i n m 
L = l eng th o f d e s i l t i n g reach, i n m 
S|j = A H/L = slope between the l o c a t i o n where 

d e s i l t i n g begins and the s i l l of the bottom o u t l e t , s e e F i g . 4 . 

The gorge under s tudied are r e l a t i v e l y narrow and f l o w i s r e l a 
t i v e l y two-dimensional ,hence , the sediments are deposited i n a concen
t r a t e d fo rm and can be f lu shed r e l a t i v e l y e f f e c t i v e l y . 

(2) Shape o f S lu ices 

As the sediment concen t ra t ion i s high i n the s l u i c e , h y d r a u l i c 
s t r u c t u r e s are u s u a l l y subjected to the abras ion /e ros ion of the sediment 
laden f l o w . Hence , the shape of s l u i c e s , e s p e c i a l l y the energy d i s s i p a -
t o r , i s c r i t i c a l i n the hydrau l ic design of the s t r u c t u r e . For 
example,the downstream par t of the T i e n - l u n s l u i c e was Ogee 
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shaped.However,operation of the o r i g i n a l s l u i c e induced tremendous 
t r o u b l e i n ma in t a in ing the s l u i c e i n v e r t i n shape. As a r e s u l t s o f the 
1:40 scale model, the Ogee shape was changed i n t o a superelevated chute 
type s t r u c t u r e w i t h a side w a l l whose height decreases g radua l ly f rom 
the upstream to the downstream end so t h a t some f l o w can f a l l f rom the 
side o f the chute .Flow i n the s l u i c e acted as a s p a t i a l l y var ied f l o w 
decreasing i t s momentum f rom upstream to downstream,thus reducing the 
impact fo rces at the downstream end of the s p i l l w a y apron where tremen
dous eros ion had been recorded i n the o r i g i n a l l a y o u t . 

Conclusions 

The d e s i l t i n g experience i n pro to type and model r e se rvo i r s i n d i 
cates t h a t hyd rau l i c f l u s h i n g i s an e f f i c i e n t technique f o r the removal 
of sediment deposi ts ,however , the d e s i l t i n g capac i ty formula i s d i f f e r 
ent f o r f i n e and coarse sediment. The suggested d e s i l t i n g capac i ty 
equations can provide means f o r p r e l i m i n a r y e s t ima te s . In the f i n a l 
des ign, h y d r a u l i c model t e s t s are recommended . 
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L A B O R A T O R Y S T U D Y O F T H E S E T T L I N G O F W A S T E W A T E R 
P A R T I C L E S I N A N O U T F A L L P L U M E I N S E A W A T E R 

by Theresa R. F . Wang^ Robert C. Y . K o h , and Norman H . Brooks 

Environmental Quali ty Laboratory 
California Inst i tute of Technology 
Pasadena, California 91125 USA 

Abstract 

A holographic camera system was applied to study the sett l ing characteristics 
of sewage and sludge particles in seawater after they were coagulated inside a labo
ratory reactor, which was designed to approximately simulate the mix ing conditions 
inside a discharge plume. Experimental results show that the sludge and effluent 
particles have very similar settling characteristics (velocity versus size), and that 
particle coagulation is small under the simulated plume mix ing conditions. The 
median fa l l velocity is 0.0004 cml sec for the digested primary sludge and less than 
0.0001 cm/sec for the effluent. In general, the holographic technique indicates 
slower sett l ing velocities than all the previous investigations by other procedures. 
In t roduc t ion 

Ocean discharge of treated sewage and digested sludge has been a common 
practice for the disposal of municipal and industrial wastewaters for years. Since 
particles i n the discharge are one of the main causes of adverse effects on the marine 
environment (Jackson, 1982), the transport processes and the f inal destinations of 
particles and the associated pollutants must be studied in order to evaluate the 
environmental impact and the feasibility of the disposal processes. The settl ing 
velocity of sewage and sludge particles is among the most impor tan t factors in 
control l ing the transport and deposition pattern of particles ( K o h , 1982). The 
settling velocity of wastewater particles may be altered by particle coagulation in 
the discharging plume. 

Experimental Design 

The purpose of this research was to make direct measurements of the fa l l velocity 
of wastewater particles in seawater by means of holography, w i t h controlled pre-
coagulation. The conventional settling column has been found deficient because 
coagulation is uncontrolled and changes the test results (Wang, K o h , and Brooks, 
1990). For our tests, the coagulat ion/dilut ion t ime history was simulated to be like 
that which occurs in a typical wastewater plume. 

The mix ing and coagulation of sewage particles in a buoyant je t in the ocean 
are d i f f i cu l t to simulate properly in the laboratory. In our study, we controlled 
the most impor tan t parameters—duration of mix ing , rate of d i lu t i on , and energy 
dissipation ra te—in the laboratory simulation of coagulation. A laboratory scale 
plume cannot be used in this case because the mix ing time is much shorter. Instead, 
a continuous-flow-stirrer-tank reactor (CFSTR) was designed to approximate the 
mix ing conditions inside a buoyant plume by varying the particle concentration 
by progressive d i lu t ion w i t h ar t i f ic ial seawater (Riley and Skirrow, 1965) and the 
turbulent shear rate by means of variable speed paddle, according to predetermined 

t Present Address: Environmental ic Ocean Technology, 150 N. Santa Anita Ave., Suite 885, 
Arcadia, CA 91006 
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scenarios based on plume dynamics (Fischer et al., 1979). As the coagulating exper
iment progressed, samples were wi thdrawn f r o m the reactor at different times and 
di luted immediately w i t h filtered art i f icial seawater to suppress fur ther coagulation. 
The settling velocities and the size distributions of particles were then measured for 
these diluted samples (concentration < 2 mg/l) using an in-line holographic camera 
system. Since sewage particles have very small settling velocities (of the order of 
IO""* to 10~2 cm/sec), a special settling cell was designed to eliminate the influence 
of convection currents during measurements. 

Four sets of experiments were conducted using digested sludge and effluent. 
Detailed experimental procedures and results are found in the Ph.D. Thesis by 
Wang (1988). Our discussion here w i l l focus on the physical modeling of the settl ing 
behavior and the possible coagulation of wastewater particles in seawater. 
Experimental Apparatus 

(1) T h e coagulat ing reactor: To simulate the coagulation inside a rising plume, 
the time history of the d i lu t ion and the energy dissipation rate were calculated first 
based on the plume mixing theory and averaging across the plume. A CFSTR w i t h 
a two-blade paddle was designed to generate the desired d i lu t ion and mixing history 
(Fig. 1). The dimensions of the reactor and the impeller are T=H=3D=6 in (15.24 
cm), where T is the diameter of the tank, H the water depth inside the tank, and D 
the diameter of the paddle. The di lu t ion ratio or the particle concentration inside 
the reactor was controlled by adjusting the flow rate of the d i lu t ion water into and 
out of the reactor. Clean seawater entered the reactor f r o m the bo t tom through a 
diffuser to minimize disturbance and to ensure a un i fo rm inf low. Af te r mixing w i t h 
the sewage suspension inside the reactor, the excess mixture left the container over 
the circular weir around the top of the reactor. 

(2) T h e sett l ing cell: The settling cell consists of two parts: a rectangular lucite 

box (6.35 cmX 7.62 c m x 10.16 cm high, 492 ml) w i t h two parallel windows made of 

high quality optical glass, and a funnel on the top. For suppression of convection, 

ambient density strat if icat ion was established by carefully feeding solutions w i t h 

different densities ranging f r o m 1.021 to 1.028 g/cm^ into the cell. The density-

strat if ied cell was left undisturbed to stablize for at least 8 hours, resulting in a 

density gradient of about 0.07 m~^ in the vertical direction. Caut ion was exercised 

when introducing sludge samples into the funnel , i.e., samples were transferred onto 

a floating plate instead of into the water directly. The temperature of the samples 

was raised by about 2''C to compensate for the density difference and to prevent 

convective overturning in the funnel. Settling measurements using this settling cell 

were calibrated w i t h standard PSL particles of known density (p = 1.05 g/cm^) and 

size (10, 20, 50, and 100 fim). Our calibration results indicated that the convection 

current was effectively eliminated and settling velocities in the range f r o m 1 x 10"'* 

to 1 X 10~^ cm/sec can be obtained w i t h accuracy w i t h i n ± 6 % . For recording a 

size dis t r ibut ion using a single hologram, the suspension was poured directly into 

the cell and photographed immediately. 

(3) T h e holographic c a m e r a system: The settling velocities of individual par
ticles in a sample and the size distr ibution of the whole sample were measured 
separately w i t h the holographic camera system (Fig. 2). Holography, a two-step 
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Figure 1 Schematic diagram of the cylindrical coagulation reactor 

photographic process, includes the recording and reconstruction of holograms (e.g. 
Collier ti al., 1971). A 5 mW He-Ne laser was used as a coherent light source 
to record the three-dimensional (3D) sampling volume inside the settl ing cell on 
holograms. Later, the same laser beam was used to reconstruct the 3D images 
of the sampling volume f r o m recorded holograms for data analysis. The size dis
t r ibut ions were obtained f r o m singly-exposed holograms by measuring the sizes 
of particles w i t h i n a certain volume. The settling velocities were measured f r o m 
doubly-exposured holograms by measuring the distance between pairs of images of 
the same particle at two time instances. A video camera and a three-dimensional 
translating stage were used to focus and project the reconstructed images onto a 
television screen for image analysis. To facili tate the data analysis and to provide 
better accuracy, a PC-based image processing system was developed for digi t iz ing, 
storing, and processing the focused images to automatically calculate the size and 
velocity of particles. 

Experimental Procedure 

(1) S a m p l e p r e p a r a t i o n : A t this stage, raw sewage samples taken f r o m the 
treatment plant were prepared for the coagulation experiment. The suspended 
solids concentration and particle size dis t r ibut ion were measured using f i l t r a t i on 
and the holographic technique to record the in i t ia l condit ion before mix ing w i t h 
seawater. 

(2) T h e c o a g u l a t i o n e x p e r i m e n t : A t the start of the coagulation experiment, 
the coagulating reactor was filled w i t h filtered art i f icial seawater. A small amount 
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Figure 2 Schematic diagram of the optical arrangement to record and reconstruct 
holograms 

of a pre-processed sludge sample or of a raw effluent sample was then injected 
into the reactor f r o m the bo t tom to create a small vertical buoyant je t . This je t 
entrained and mixed w i t h the surrounding seawater when rising up to the surface. 
St i r r ing by the paddle generated the turbulence needed for mix ing and coagulation. 
D i lu t i on water came in according to the predesigned flowrate. As the experiment 
progressed, samples were wi thdrawn f r o m the center of the reactor and were di lu ted 
immediately to a concentration less than 2 mgH to suppress fur ther coagulation. 

(3) T h e sett l ing exper iment : The experimental procedure for obtaining the 
fa l l velocity d is t r ibut ion for individual samples consisted of four steps: filtration, 
size dis t r ibut ion measurement, settling velocity measurement, and image analysis. 
A sludge sample of 20 ml (concentration ~ 2 mg/l), or an effluent sample of 40 
ml (concentration ~ 0.5 mg/l), was introduced at the top of the density-stratif ied 
cell. A t imer was started after feeding of the samples to monitor the elapsed t ime. 
Hologram recording began three minutes after the sample was introduced. Doubly-
exposed holograms were recorded according to a pre-calculated schedule to cover 
the velocity range f r o m 1 x 10""* to 0.05 cm/sec. A long elapsed t ime of up to 48 
hours was needed to allow the particles of varying velocity to fa l l f r o m the top of 
the funnel down to the observing area. Velocity measnrements were obtained by 
examining the reconstructed images of particles f r o m doubly-exposed holograms. 

Sample Results 

I n presenting the experimental data, the equivalent diameter, dequ = \ / ^ A p 

(calculated based on the projected area Ap), was used to classify particles and 

to correlate particle size w i t h settling velocity. Results f r o m the settling mea

surements are presented in two ways: the w-d graphs, which show the relations 

between the particle sizes and the settling velocities, and the d is t r ibut ion curves 

(probabil i ty density functions and cumulative distr ibutions). For w-d plots, dgg^ 

is used as the abscissa. In addi t ion, several lines calculated f r o m the Stokes' law. 

RECORDING 

H 
L2 
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" ^ S L U D G E 
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RECONSTRUCTION 
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Figure 3 Settling velocity versus equivalent diameter for D.P.S. (CSDOC) mea

sured in seawater after plume mixing for 5'40" 

w = A j l ^ A p d ^ ^ u , w i t h different values of A A p are depicted in the same graphs, 

in which A is the shape factor of particles [A=l for sphere), g the gravi ta t ional 
acceleration constant, the dynamic viscosity of fluid, and A p density differences 
between the particles and fluid. 

Figures 3 and 4 show the results f r o m the experiment w i t h digested p r imary 

sludge (D.P.S.) f r o m the County Sanitation Districts of Orange County (CSDOC) 

at i = 5'40". Figure 3 shows the w-d relationship, which is very s imilar to that 

observed at t = 0, i.e. very l i t t le coagulation had time to occur i n the reactor. 

The cumulative velocity d is t r ibut ion (by volume) is depicted in Figure 4, which 

shows that the 50-percentile velocity is about 4 x 10"'' cm/sec. The results have 

been adjusted for the residual f ract ion of particles settling slower than 10"'* cm/sec 

(approximately 10 /xm in size). 

M a i n Conclusions 

1. The holographic system permits the fa l l velocity to be measured direct ly wi thou t 
errors due to coagulation dur ing the test. 
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Figure 4 Settling velocity distributions based on the holographic measurements 
and the f i l t r a t ion analysis 

2. Digested sludge and effluent particles have similar sett l ing characteristics in 
ar t i f ic ia l seawater. 

3. Coagulation was small under the simulated plume conditions, and had l i t t le 
effect on the fa l l velocity dis t r ibut ion. 

4. The fract ion of the particles (by mass) in digested sludge (CSDOC) having fa l l 

velocities greater than 0.01 cm/sec was found to be only 2.5% by the holographic 

method, but 14 - 43% by the conventional settling column. 
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Abstract 

A set o f phys ica l experiments i s conducted in a l abo ra to ry f lume 
to analyse the two d i f f e r e n t d e p o s i t i o n pa t t e rns obtained a f t e r 
i n j e c t i o n o f f i n e sand p a r t i c l e s at f l o w s u r f a c e : an oblong one and a 
horseshoe-shaped, depending on the r a t i o s o l i d discharge vs c e l e r i t y 
of the f l o w . Through 31 exper imental runs the t r a n s i t i o n zone i s 
d e l i m i t e d . In f a c t , i t represents the l i m i t of the convec t ion -
d i f f u s i o n t heo ry , on ly v a l i d f o r the oblong p a t t e r n s . 

1- Dumping materia ls into sea or r i v e r s . 

For many years , engineers have taken a great i n t e r e s t i n 
Sediment Transpor t by the f l o w . Coastal and f l u v i a l m o d i f i c a t i o n s due 
to sediment t r a n s f e r t s o f t e n cause i r r e v e r s i b l e and i n j u r i o u s 
consequences on na tu r a l s i t e s or on t h e i r p l a n n i n g . The equipment o f a 
s i t e c o n s i s t s , most o f the t i m e , in b u i l d i n g c o n s t r u c t i o n works, which 
modi fy t h e i r precar ious e q u i l i b r i u m . On e r o d i b l e bottoms, made o f f i n e 
sand or s i l t p a r t i c l e s , these works imply p ick up and dumping of 
m a t e r i a l . 

The purpose of t h i s l a b o r a t o r y f lume mode l l ing s tudy i s t o 
analyse the d e p o s i t i o n process through sand i n j e c t i o n a t the su r f ace 
o f f l o w , i n terms o f t ime and s p a t i a l t r a n s p o r t and d e p o s i t i o n . 

2- The set of experiments. 

This set o f experiments f o l l o w s the one conducted by A. B l o u i n 
a t the Hydrau l i c Laboratory o f Laval U n i v e r s i t y i n Quebec, which were 
e s s e n t i a l l y q u a l i t a t i v e ones. These experiments are s i m i l a r w i t h those 
conducted by Sayre [ 1 ] , except t h a t f o r A. B l o u i n ' s , the f lume was 
wide , so t h a t the t ransverse d i f f u s i o n of m a t e r i a l i n s ide the f l o w i s 
not v i s i b l e . Among 26 runs , two d i f f e r e n t types o f d e p o s i t i o n p a t t e r n 
appeared, depending on h y d r a u l i c cond i t i ons and sed imenta t ion 
parameters. The f i r s t d e p o s i t i o n p a t t e r n presents an oblong shape, and 
the second presents a horseshoe-shape. 

With t h i s new set of experiments we are now able to e x p l a i n the 
q u a l i t a t i v e observa t ions and to determine the appearance c o n d i t i o n s o f 
each p a t t e r n . In the f o l l o w i n g , we descr ibe the exper imental s e t t i n g 
and the r e s u l t s obta ined a f t e r 31 runs , conducted w i t h a unique sand 
of homogeneous granulometry . 
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3- Description of the s e t t l i n g . 

3 .1 - The physical model. 

The l abo ra to ry f lume ( f i g . 1) i s 15m long and 2.49m wide . 
The f l o w discharge, evaluated by means of a t r i a n g u l a r w e i r , i s 
maintained constant f o r each r u n . Downstream, a 0.19m he igh t f i x e d 
o u t l e t c o n t r o l s the water l e v e l . 

The sand d i s t r i b u t i o n i s made up of a supply f u n n e l w i t h a 
v i b r a t o r and two cascade g u t t e r s . The lower g u t t e r con t r ac t s the sand 
f l o w diameter t o 1.5cm. I t s lowest po in t i s located a t 32cm f r o m the 
bottom, so at a d i s tance va ry ing f rom 1.9 to 5.3cm f rom the su r face 
l e v e l , depending on the r u n . 

3.2- The experiments. 

Hydrau l ic data cons i s t of water discharge and two water 
l e v e l s , one upstream (X2=-2.14m) and the o ther downstream (X2=3.90m). 
Measurements of sand thicknesses are l i m i t e d i n s ide a domain o f 4m 
long and the canal w i d t h . They are made by means o f a p i n - c a r r i e r , 
movable i n a 3 dimensions. Sand thicknesses are read a t the end of 
each run , a f t e r s topping water discharge and s l o w l y lower ing the water 
l e v e l , t o .avoid sand en t ra inment . The expected p r e c i s i o n i s the 
o p e r a t o r ' s one: i t i s evaluated about 2mm. The l i m i t s o f our 
experiments are : 

0.05m/s < V < 0.188m/s 
0.235m < H < 0.301 m 
0.09 g/s < Qs < 46 g/s 

where V,H and Qs are the f l o w v e l o c i t y , the water he ight and the sand 
d i scharge . 

4- Observations. 

4.1- Qual i ta t ive aspect. 

Whatever the r u n , borders of d e p o s i t i o n areas appear a few 
minutes a f t e r the s t a r t and change very l i t t l e w i t h t i m e . A l l the 
pa t t e rns are syme t r i ca l about the c e n t r a l axe. 

- The f i s t type of p a t t e r n presents an oblong elongated shape, 
c lose t o the c e n t r a l axe of the cana l . A beginning o f narrowing 
appears f o r the m a j o r i t y of t h i s p a t t e r n , before the e x t r e m i t y o f the 
cana l . This type of p a t t e r n i s cha rac te r i zed by a small r a t i o o f s o l i d 
discharge vs f l o w c e l e r i t y ( f i g . 5 , 6 , 7 ) . 

- The second type of p a t t e r n i s horseshoe-shaped, widens q u i c k l y 
downstream and presents two syme t r i ca l horns. The maximum d e p o s i t i o n 
area i s loca ted i n the upsteam pa r t of i t . A sandless area, j u s t 
downsteam f rom the main d e p o s i t i o n one i s the main c h a r a c t e r i s t i c o f 
t h i s p a t t e r n . The r a t i o s o l i d - d i s c h a r g e vs f l o w c e l e r i t y ( f i g . 2 , 3 , 4 ) 
i s h i g h . Ex te rna l and i n t e r n a l borders are a l i t t l e b i t hazy and 
d i f f i c u l t t o p r e c i s e . 
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To d i s p l a y water c i r c u l a t i o n , c o l o u r i n g i s poured i n t o water at 
the i n j e c t i o n p o i n t . I t appears t h a t : 

- In the case o f oblong shape, the c o l o u r i n g cloud i s a l l i n one 
b lock , inc reas ing i t s volume by d i f f u s i o n . At the oppos i te , i n the 
case o f horseshoe-shaped p a t t e r n , t h e c o l o u r i n g i s d i v i d e d i n two 
symet r i ca l c louds , d i v e r g i n g f rom the c e n t r a l axe. I t c l e a r l y appears 
t h a t t h i s process s t a r t s a t the i n j e c t i o n p o i n t . 

Explanation: 
For the f i r s t type of p a t t e r n , p a r t i c l e s en t e r i ng the f l o w are 

immediat ly en t r a ined by the c u r r e n t s . The r a the r small s o l i d discharge 
i s w e l l mixed and homogeneized by the t u rbu l ence . The concen t ra t ion o f 
p a r t i c l e s remains q u i t e small dur ing the e n t i r e process. For the 
second type of p a t t e r n , the high s o l i d discharges en t e r i ng the f l o w 
induce a v e r t i c a l dragging e f f e c t on water p a r t i c u l e s . This phenomenon 
generates two h e l i c o i d a l c u r r e n t s , symet r i ca l about the c e n t r a l axe, 
s t a r t i n g f rom the i n j e c t i o n p o i n t and propagat ing separa te ly downsteam 
( f i g . 8 ) . 

4.2- Quantitat ive aspect. 

The 31 runs can be shared in two se ts : 
- A set o f 12 runs (1 to 12) , w e l l instrumented and whose d e p o s i t i o n 
thicknesses are measured. The purpose of t h i s set i s t o p rov ide 
q u a n t i t a t i v e and prec i se i n f o r m a t i o n on t h i s p a t t e r n s . Transverse 
d i f f u s i o n c o e f f i c i e n t s can also be eva lua ted . 
- A set o f 19 runs , more succ inc t , whose purpose i s to p rec i se the 
type of p a t t e r n , c o r r e l a t e d w i t h hydrodynamic parameters and s o l i d 
d ischarge . They c o n t r i b u t e t o d e f i n e the border between the two 
d i f f e r e n t p a t t e r n s . 

5- Explo i tat ion of the r e s u l t s . 

* On the graphic ( f i g 9 ) , a l l the runs have been r e p o r t e d , as a 
f u n c t i o n o f the s o l i d discharge vs the c e l e r i t y o f the f l o w , w i t h the 
i d e n t i f i c a t i o n of the type o f depos i t i on p a t t e r n : oblong or horseshoe-
shaped. A sharp t r a n s i t i o n area appears. 
* The measurements o f sand thicknesses show small concen t r a t i on i n the 
two horns. The main d e p o s i t i o n volume is loca ted near the i n j e c t i o n 
p o i n t , which s i g n i f i e s t h a t the sand i n j e c t e d w i t h high discharge i s 
not very s e n s i t i v e to the t r a n s p o r t capac i ty of the f l o w . 
* The nearer the t r a n s i t i o n border i s , the less the a c t i o n of the sand 
i s dominant and the more i t i s submit ted to the t r a n s p o r t c a p a c i t y of 
the f l o w . 
* In the case o f the oblong p r o f i l e ( f i g . 5 , 6 , 7 ) , the a c t i o n o f the 
sand is n e g l i g i b l e . P a r t i c l e s are t r anspor t ed i n s i d e the f l o w by 
convect ion and d i s p e r s i o n . 
* F i g . 10 i l l u s t r a t e s the e v o l u t i o n and the extend o f d e p o s i t i o n , f o r 
a given f l o w v e l o c i t y . The inc reas ing s o l i d discharge tends t o open 
the d e p o s i t i o n pa t t e rns and to concentra te them upstream. 
* F i g . 11 shows the e v o l u t i o n and the extend of d e p o s i t i o n f o r a g iven 
s o l i d d i scharge . The inc reas ing f l o w v e l o c i t i e s make the p a t t e r n 
elongated f r o m a horseshoe-shaped towards an oblong one. 
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Conclusion. 

This set of phys ica l experiments has pe rmi t t ed the ana lys i s of 
the d e p o s i t i o n p a t t e r n a f t e r sand i n j e c t i o n a t the sur face of f l o w . I t 
has shown t h a t the appearance of each type of p a t t e r n i s main ly a 
f u n c t i o n o f the r a t i o between sediment discharge and sand v e l o c i t y . 

In the f l u v i a l or mar i t ime s i t e s , consequences of m a t e r i a l 
dumping i n t o the f l o w can be analysed through d i f f e r e n t processes: the 
f a l l stage - t ime and s p a t i a l l y concent ra ted- and the t r a n s p o r t stage -
cond i t ionned by waves and c u r r e n t s , which t r a n s p o r t ma t e r i a l s on long 
d i s t ances , f o r a long t i m e - . 

The sand process has been s tud ied f o r a long t ime and 
mathematics models, based on c o n v e c t i o n - d i f f u s i o n equa t ion , can 
reproduce r a t h e r w e l l the t r a n s p o r t mechanism, but f o r low 
concen t ra t ions o n l y . However, at h igh dumping r a t e s , h e l i c o i d a l 
c u r r e n t s appear and the c l a s s i c a l approach c a n ' t reproduce these 
complex i n t e r a c t i o n s between f l u i d and sediment. In genera l , we are 
i n t e r e s t e d i n e v a l u a t i n g the consequences of m a t e r i a l dumping i n t o the 
sea or r i v e r s , i n terms of t ime and s p a t i a l t r a n s p o r t and d e p o s i t i o n . 
This s tudy shows t h a t we can make grea t mistakes i n such e v a l u a t i o n s , 
depending on the type o f process which i s used. 
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A b s t r a c t 

Mixing p r o c e s s e s i n shear flows with temperature and s a l i n i t y 
g r a d i e n t s are s t u d i e d both e x p e r i m e n t a l l y and n u m e r i c a l l y . The e x p e r i 
ments a r e c a r r i e d out on two types of double d i f f u s i v e flows ( d i f f u s i v e 
and f i n g e r t y p e s ) . I n each type of d i f f u s i o n , the eddy v i s c o s i t y and • 
the eddy d i f f u s i v i t i e s of heat and s a l t are estimated i n r e l a t i o n w i t h 
Richardson number. A two-dimensional numerical model i s a p p l i e d to 
s i m u l a t e the double d i f f u s i v e shear f l o w s . The performance of the simu
l a t i o n model i s e v a l u a t e d by comparison of numerical r e s u l t s with 
experimental measurements. 

I n t r o d u c t i o n 

A d i f f u s i o n process of d i s s o l v e d substances with d i f f e r e n t molec
u l a r d i f f u s i v i t i e s i s very complicated, and i t i s important i n h y d r a u l i c 
e n g i n e e r i n g to study double d i f f u s i o n i n shear f l o w s . For example, i n 
a c o a s t a l a r e a where r i v e r water flows i n , warm water d i s c h a r g e d from 
a power p l a n t i s a f f e c t e d by f r e s h r i v e r water, and the d i f f u s i o n of 
warm water i s suppressed by r i v e r water. The i n v e s t i g a t i o n of the 
mixing of hot s a l t y d i s c h a r g e and c o l d f r e s h r i v e r water i s important to 
p r e d i c t a d i s p e r s i o n of warm water d i s c h a r g e . 

The purposes of t h i s study are to r e v e a l the mixing p r o c e s s of hot 
s a l t y water and c o l d f r e s h water i n s t r a t i f i e d shear flow, and to 
p r e s e n t a numerical s i m u l a t i o n model. 

Mixing of warm water d i s c h a r g e and f r e s h r i v e r water was measured 
by M. M i z u t o r i and N. Katano (1988), i n which observed v e l o c i t y , temper
ature and s a l i n i t y d i s t r i b u t i o n s were r e p o r t e d . They broadly c l a s s i f i e d 
the mixing p a t t e r n of warm water and r i v e r water i n t o two t y p e s . One i s 
the type of c o l d f r e s h water underneath warm s a l t y water, and the other 
i s the opposite type of warm s a l t y water underneath c o l d f r e s h water. 
I n both types, d e n s i t y d i s t r i b u t i o n s a re s t a b l e . 

F i r s t l y , the mixing was s t u d i e d e x p e r i m e n t a l l y i n two-layered shear 
flows. The s e r i e s of experiments were c a r r i e d out on the above-mentioned 
two t y p e s . The l o n g i t u d i n a l and the v e r t i c a l components of v e l o c i t y , 
temperature and s a l i n i t y were measured s i m u l t a n e o u s l y . The eddy v i s c o s i t y 
and the eddy d i f f u s i v i t i e s of heat and s a l t i n the v e r t i c a l d i r e c t i o n were 
esti m a t e d i n r e l a t i o n with Richardson number. Secondly, a two-dimensional 
numerical model i s a p p l i e d to s i m u l a t e the double d i f f u s i v e shear f l o w s . 
The mixing a t the i n t e r f a c e was presented as a f u n c t i o n of Richardson 
number. The performance of the two-dimensional model was e v a l u a t e d by 
comparison of numerical r e s u l t s with experimental measurements. 

Experimental Study 

I t i s g e n e r a l l y known t h a t mixing of warm water d i s c h a r g e and 

r i v e r water i s a complicated and t h r e e - d i m e n s i o n a l phenomenon. The 

v e r t i c a l mixing i s p r i n c i p a l l y induced by a breaking of a i n t e r n a l wave 
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and double d i f f u s i o n a t the i n t e r 

f a c e . A f r o n t between two waters i s 

forme'd i n the h o r i z o n t a l d i r e c t i o n , 

a t which temperature and s a l i n i t y -

change a b r u p t l y . I t i s d i f f i c u l t 

to e x p e r i m e n t a l l y r e p r e s e n t these 

three-dimensional mixing. I n t h i s 

paper, the v e r t i c a l mixing a t the 

i n t e r f a c e was s t u d i e d i n a two-

dimensional open channel, which was 

e s s e n t i a l l y important to estimate 

warm water d i s p e r s i o n . 

The s e r i e s of experiment were 

c a r r i e d out by usi n g a flume, which 

was 1.8m wide, Im depth and 20m 

long. The bottom and the s i d e w a l l 

were made of s t a i n l e s s s t e e l and 

p l e x i g l a s s p l a t e , r e s p e c t i v e l y . The 

t e s t s e c t i o n which was 11.8cm wide 

and 8m long was d i v i d e d by the 

w a l l i n the flume, a v o i d i n g the 

e f f e c t of the d r a i n . Warm s a l t y 

water and c o l d f r e s h water were 

made s e p a r a t e l y , and t h e i r tem

p e r a t u r e were c o n t r o l l e d auto

m a t i c a l l y . The o u t l e t was v e r 

t i c a l l y s eparated i n t o two l a y e r s , 

by which two k i n d s of water were 

d i s c h a r g e d s i m u l t a n e o u s l y onto 

stagnant ambient f l u i d . F i r s t , 

the mixing p r o c e s s of warm s a l t y 

water and c o l d f r e s h water was 

v i s u a l l y i n v e s t i g a t e d . The 

f l u o r e s c e n t dye contained i n lower 

d i s c h a r g e was v i s u a l i z e d by a l a s e r 

l i g h t s h e e t . The v e l o c i t i e s i n the 

v e r t i c a l and the h o r i z o n t a l d i r e c 

t i o n s were measured w i t h a f i b e r 

o p t i c l a s e r v e l o c i m e t e r which r e 

duced a o p t i c a l e r r o r due to 

a d e n s i t y s t r a t i f i c a t i o n . The 

s a l i n i t y and temperature were 

measured by u s i n g a c o d u c t i v -

i t y meter and a t h e r m i s t o r , 

r e s p e c t i v e l y . The data were 

recorded a f t e r p a s s i n g a low-

pass f i l t e r w i t h 1/200sec time 

i n t e r v a l , and the number of 

data per a measured p o i n t was 

8,192. The experimental condi

t i o n s a r e shown i n Table.1, 

F i g s . 2 and 3 , which were de

termined on the bases of the 

measurements of s a l i n i t y and 

temperature d i s t r i b u t i o n s i n 

Outlet 
Guiding plate 

^ X 

F i g . l Schematic diagram of 

the experiment 

S a l i n i t y V e l o c i t y 
Temperature Density 

Hot 

Salty 

Cold 

Fresh 

Ambienu 

A T 
TC 

A S 
1%0 

A/) 
0.0010 

Au 
2.5cm/s 

F i g . 2 D e f i n i t i o n of type ( t y p e - 1 ) 

S a l i n i t y V e l o c i t y 
Temperature Density 

Fresh 

Hot 
Salty 

AmbientH 

A T 7'C 
A S 

3%o 
A/J 
% 0.0006 

Au 
2.5cm/s 

F i g . 3 D e f i n i t i o n of type (t y p e - 2 ) 

Table.1 Ex p e r i m e n t a l c o n d i t i o n s 

Upper Lower Density 
difference Case Type T 

CC) 
S 
« . ) 

u T 
OC) 

3 
« . ) 

U 
(cm/i) 

Density 
difference X ' 

(>> 

1 28. 3 10. 2 2. S 21.4 8.9 5 0. 001032 100 

2 
1 

2S. 3 10. 2 2. S 21.3 8. e 5 0.001056 50 

3 
1 

26. S 10. 2 S 18. 8 8. 9 2. S 0. 001056 20 

4 30.4 10.2 S 24.0 8. 9 2.5 0.001039 20,50 

6 21.4 6.7 s 28. 3 10. 2 2. i 0, 000628 100 

6 
2 

19.0 6.7 5 26. S 10. 2 2. S 0.000627 50 

7 
2 

24.4 6.7 S 30.7 10. 2 2.5 0. 000620 20 

8 24.4 6. 7 s 30. 7 10. 2 2.5 0. 000620 50 

) dis 
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the c o a s t a l a r e a . 

The observed mixing 

processes are shown i n Figs. 4 , 
and 5. I n the type-2, the mix

ing was mainly caused by the 

breaking of K-H waves induced 

by the shear s t r e s s between 

upper and lower l a y e r s . A l 

though type-1 i s more s t a b l e 

on d e n s i t y s t r a t i f i c a t i o n than 

type-2, the mixing a t the i n t e r 

f a c e i n type-1 was c l e a r l y d i f 

f e r e n t from t h a t i n type-2, which 

primary depended on the double 

d i f f u s i o n induced by the d i f 

f e r e n c e between the molecular 

d i f f u s i v i t i e s of heat and s a l t . 

S a l t f i n g e r ( f o r example. Turner 

( 1 9 7 3 ) ) occurred due to the 

i n s t a b i l i t y a t the i n t e r f a c e , 

i n c r e a s e d the mixing. 

The c h a r a c t e r i s t i c s of the 

mixing process were i n v e s t i g a t e d 

q u a n t i t a t i v e l y . On the bases of 

the boussinesq's assumption, the 

eddy v i s c o s i t y , eddy d i f f u s i v i t i e s 

of heat and s a l t i n the v e r t i c a l 

d i r e c t i o n are defined as f o l l o w s . 

Eddy v i s c o s i t y (A ) : 

Fig . 4 . Mixing a t the i n t e r f a c e (type-1) 

- n w = A, 
8u 

T 7 
Eddy d i f f u s i v i t i e s 

3 t 

- T ' w ' = K T , V - 7 -

(K, T,Vi 

(1) 

F i g . 5 Mixing a t the i n t e r f a c e (type-2) 

(heat) 
9s 

- s w ^s,v ( s a l t ) (2) 

L o c a l Richardson number(R.), t u r b u l e n t P l a n d t l number(P ) and t u r b u l e n t 
n u j _ j j x / n \ 1 T J _ J - _ _ o -I n Shimidt(S„) number are w r i t t e n as f o l l o w s . 

R i = 
g ( 9 p / 3 z ) 

P t ( 3 ) 
Po(3u/3z)2 K T , V ^ S , V 

I t i s expected t h a t the t h i c k n e s s of the mixing l a y e r ( d ) and the v e l o c i t y 

d i f f e r e n c e between the upper and the lower l a y e r s ( U ) are e s s e n t i a l l y 

important on the mixing a t the i n t e r f a c e . The t u r b u l e n t d i f f u s i o n near a 

i n t e r f a c e i s suppressed ( f o r example, Rodi ( 1 9 8 0 ) ) , and expressed by a 

f u n c t i o n of Rj_. The non-dimensional eddy v i s c o s i t y was w r i t t e n as f o l l o w s . 

A v / U • d = f ( R i ) (4) 

The v i s u a l i z a t i o n denoted t h a t the mixing processes were d i f f e r e n t 

between type-1 and 2. The eddy v i s c o s i t i e s i n two types were shown i n 

F i g s . 6 and 7 , r e s p e c t i v e l y . ' 

Av / U • d=0. 01(1 + 10 • R l ) - ' (type-1) 

Av / U • d=0.01(l+25 • R i ) - (type-2) (5) 
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I n the same way, the eddy ""'̂  

d i f f u s i v i t i e s of heat and s a l t 

a r e expected to be a f u n c t i o n ^ ^ j ^ 

of Rjî  a t a i n t e r f a c e . Remarkable 

d i f f e r e n c e between the eddy d i f 

f u s i v i t i e s of heat and s a l t ""os 

was not shown i n the range of 

experiments. P̂ , and were 

shown i n F i g s . 8 and 9. 
0.000 

1 / P r = 1 / S c 

= (1+2.5 R i ) -

-0.005 

( 6 ) 
0.015 

1 
Av/U • d 

- Av, U • d¬
. A. . 

0.01(1 
1.0'/« 
It (Ing 
amen' 

+ 10 t i)-' 

1 1 tSa 

0.01(1 
1.0'/« 
It (Ing 
amen' 

er) 

1 

0.01(1 
1.0'/« 
It (Ing 
amen' 

\ 
a 

• 
/ 

Ri 

1.0 0.0 1.0 2.0 3.0 *.0 5.( 

F i g . 6 v s . Rj_ (type-1) 

These r e s u l t s q u a l i t a t i v e l y 

agree with the v a l u e s using by 

Rodi(1980), B l o s s ( l 9 8 8 ) and 

U s h i j i m a ( 1 9 8 8 ) . 

Numerical S i m u l a t i o n 

The i n v e s t i g a t i o n with a 

two-dimensional model which 

c o n t a i n s the e m p i r i c a l formulas 

f o r the eddy v i s c o s i t y and the • 

eddy d i f f u s i v i t i e s of heat and 

s a l t i n the v e r t i c a l d i r e c t i o n , 

were c a r r i e d out to study the 

mixing process of the double 

d i f f u s i v e shear f l o w s . Employing 

the Boussinesq approximation 

t h a t d e n s i t y v a r i a t i o n i s 

account f o r only i n the grav

i t a t i o n a l term, the governing 

equations f o r v e l o c i t y , tem

pera t u r e and s a l i n i t y are 

Mass: 

o.oio: 

0.005 

0.000 

0.005 

Av/L • d 
' 

- Av 'U - d 0.01(1 
3.0 %• 
fusion 

+ 25 P i)-' 

• (dl 

0.01(1 
3.0 %• 
fusion ) 

V • M aasur emen t s 

• >• 
% 

• 

Ri 

-1.0 0.0 1.0 

F i g . 7 A^ vs. 

2.0 3.0 4,0 5.0 

(type-2) 

3.0 

2.0 

1,0 

0,0 

d X d z 

Momentum: 

d u , d u , d ll 
-+ u— h w -

(7) -to 

— i / ' F r - ( i + 2.5 Ri) '• 
• Measurementa ' 

•• 
• 

• • • 

Ri 

-1.0 0.0 1.0 2,0 3.0 4.0 5.0 

Fig.8 1/P^ v s . Rj_ 

d t d X d z 

1 ^ P , ( a ' u , a ' u -

~0~JT ̂ "^T^^TU-^ 

2.0 

+ A k —r--^Av 
dx' d z (8) 

0,0 

-1.0 

l/Sc--^ 

/ S c -
Heas 

• (1+; 
uremi 

.5 Ri) 
j n t s 

-1 

• 
/ S c -
Heas 

• (1+; 
uremi 

.5 Ri) 
j n t s 

k *' 
* 

V . • • \ 

• 
• • 

> 

Ri 

-1.0 
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dw, dw, dw 
~ r T + u - T — + w - r — 
d t d X d z 

W W , U / VV L J J U / A « - ' 1 , * 

_ — + w - r — = —: h f ( 
= " = - p a d z 

d P 5 ' w , a' 
+ - w 

(? a z 

Temperature: 

a T , a T , Ö T 

S a l i n i t y : 

+ A , 

= kT ( 

w 
d x ' 

+ A^ 
a Z 

T 

a x ' a z 
) + K i 

a ' T 

a x ' 

a t a X a z 
= k5 ( 

a x ' a z a X' 

+ K i 
a ' T 

a z' 

a z 

( 9 ) 

(10) 

where V, and kip denote the molecular v i s c o s i t y and d i f f u s i v i t i e s , 
the s u b s c r i p t s h and v i n d i c a t e the components i n the h o r i z o n t a l and the 
v e r t i c a l d i r e c t i o n s , r e s p e c t i v e l y . The d e n s i t y of water was computed by 
using Knudsen's formula. The computational domain which r e p r e s e n t e d the 
h y d r a u l i c experiment, and boundary c o n d i t i o n s are s c h e m a t i c a l l y shown i n 
Fig.10. The equations were d i s c r e t i z e d onto a g r i d using up-wind d i f f e r 
encing f o r a d v e c t i o n and c e n t r a l d i f f e r e n c i n g f o r d i f f u s i o n on a non-uniform 
mesh. The eddy v i s c o s i t y and the eddy d i f f u s i v i t i e s a r e constant(1Ocm'^/s) 
i n the h o r i z o n t a l d i r e c t i o n , and are estimated by u s i n g Eqs. ( 5 ) , (6) i n 
the v e r t i c a l d i r e c t i o n . The mixing l a y e r was d e f i n e d by u s i n g the computed 
temperature or s a l i n i t y d i s t r i b u t i o n a t one time-step before, i n which 
g r a d i e n t was over 20 percent of the maximum v a l u e . 

The computed r e s u l t s were shown i n Figs.11 and 12. The c l o s e agree
ment was obtained between c a l c u l a t e d d i s t r i b u t i o n s of v e l o c i t i e s , temper
atu r e and s a l i n i t y , and experimental measurements. The d i f f e r e n c e a t the 
5cm depth was primary due to the r e p r e s e n t a t i o n of the guiding p l a t e 
near the o u t l e t i n computations. Although measured t u r b u l e n t i n t e n s i t i e s 

v e l o c i t i e s , temperature and s a l i n i t y were s c a t t e r e d , +.hA r>.r [iputational 

r e s u l t s were q u a l i t a t i v e l y i n agreement with the measurements. 

Co n c l u s i o n 

The mixing process i n the double d i f f u s i v e shear flow were s t u d i e d 

both e x p e r i m e n t a l l y and n u m e r i c a l l y . I n the case of c o l d f r e s h water 

Outlet o 
U = U1 

T = Ti 
3 = SI 

U = U2 

T - T : 
S = S 1 , 

Side 

u = 0 

ax 5x 
3s . 
3x. 

19.5 

25 

;0.5 

Surface 

w=0 5u 3T 3s 

'Guiding p l a t e 3z 3z 3z 
-0 

w=0 ^ - Z L . ^ n 
„ 3z 3z 3z " 
Bottom 

200 

Downstream 

3x 
u: c o n t i n u i t y 
3'T_ 3's _n 

U n i t : cm 

Fig.10 Computational domain and boundary c o n d i t i o n s 
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Fig.11 Comparison of computational r e s u l t s and measurements 

( type-1 , case-/|. ) 

Fig.12 Comparison of computational r e s u l t s and measurements 

( type-2, case-6 ) 

underneath warm s a l t y water, the double d i f f u s i o n occurred and i n c r e a s e d 
the mixing a t the i n t e r f a c e . The opposite case, the mixing a t the i n t e r 
f a c e was mainly induced by the breaking of i n t e r n a l waves. The eddy 
v i s c o s i t y and the eddy d i f f u s i v i t i e s of heat and s a l t i n the v e r t i c a l 
d i r e c t i o n were i n v e s t i g a t e d , and were presented as the f u n c t i o n s of R . A 
two-dimensional numerical model was proposed, i n which the mixing a t the 
i n t e r f a c e was estimated by using Eqs. ( 5 ) , ( 6 ) . The good agreement was 
obtained between experimental measurements and computational r e s u l t s . 

The authors would l i k e to thank Dr. Katano f o r g i v i n g much h e l p f u l 
a d v i c e , and the s t a f f s of Japan Oceanographic S c i e n c e Co., L t d . and 
Denryoku Computer Center f o r T e c h n i c a l h e l p . 
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T H E R M O H A L I N E INTRUSIONS I N A TWO COMPONENT DENSITY 
STRATIFIED SYSTEM 

Ellen Thomas, S. Geoffrey Schladow, Jeffrey R. Koseff 
Environmental Fluid Mechanics Laboratory 

Stanford University 
Stanford, CA 94305-4020 

Abstract 

Experiments were performed for a hnearly stratified heat-salt system, uniformly heated at 
one endwall. The initial stratification was in the diffusive sense. Intrusions formed at the 
heated endwall and propagated out into the interior fluid. Three regimes of flow were 
identified, based upon the gravitational stability ratio, Rp, and a lateral stability parameter, 
R/. In all regimes, a region of salt fingering developed due to gradient reversal at the 
heated endwall. Two very distinct merging processes were observed depending on the 
specific flow regime. The first process occurred under conditions of high gravitational and 
lateral stability, and appeared to be controlled by horizontal motions induced by the 
intrusions. The second process was observed under less stable conditions and was a result 
of vertical motions at the heated endwall within the intrusions themselves. 

Introduction 

Double diffusive convection typically occurs in vertically stratified thermohaline systems, 
where large differences in the diffusivities of temperature and sahnity (NaCl) can lead to 
convective instabilities in what were initially gravitationally stable, diffusing systems. 
When the stabilizing gradient is provided by the component of lower diffusivity (salinity), 
the ensuing convection is termed the 'diffusive' mode. When the opposite is true, it is 
referred to as the 'finger' mode. In this paper we consider initial stratifications that conform 
to the 'diffusive' mode. When horizontal gradients of the components exist, a far greater 
variety of motions have been observed (see for example Turner, 1985). They generally, 
however, take the form of distinct intrusions propagating away from the region of 
maximum horizontal gradient. 

While previous studies of the effects of lateral gradients have provided useful insight into 
the behaviour of these flows, most work has focused on the onset of instability, the 
thickness of the intrusions produced, and a quahtative description of the motions within the 
intrusions. With the exception of Turner and Chen (1974), these studies have also been 
limited to singly stratified systems. In this paper we focus on two issues related to the 
behavior of intnisions in a two component stratification. These are: 1) the internal structure 
of the intusions as a function of initial stratification and endwall heating rates and 2) the 
mechanisms governing the merging of the initial convective cells into larger intrusions. 

System Description-Physical Apparatus 

The system we consider comprises negative, linear gradients of both temperature and 
species in the vertical. The working fluid is water, and the species gradient is provided by 
common salt (NaCl). The net density gradient in the vertical is such that the system is 
initially gravitationally stable. Vertical fluxes of temperature and salinity at the top and 
bottom boundaries are assumed to maintain the linear gradients. At time t=0, a constant 
heat flux is apphed to the initially quiescent system, and at some time thereafter intrusions 
begin developing at the boundary. 

-9A.7-



The experimental facility consists of a 4.0m long, 0.8m wide and 0.5m deep tank as 
shown m Figure 1. The walls are of composite construction, the inner pane being 6.25mm 
thick glass separated by a 6.25mm air gap from an outer plexiglas pane of similar 
thickness. Additional insulation is provided by extemal cladding on the bottom and sides 
of the tank made from 25 mm, high-density styrofoam sheeting. A constant heat flux at the 
lateral boundary is provided by radiant heating. At present a maximum flux of 
approximately lOOW m"^ is produced at the inside surface of the wall. 

Airfoil ProtM 

CirrUit Trick 

Figure 1: Schematic of experimental facility. 

Fast-response thermistor (Thermometries FP07) and conductivity (Precision Measurement 
Engineering 4-electrode) probes are used to obtain vertical temperature and salinity 
profiles. A thermistor / conductivity probe pah is mounted at the end of a chrome-alloy 
plated airfoil section which is driven vertically by a small DC motor. To measure a profile, 
the ahfoil is driven down through the water column at approximately 10 cm s"* and the 
output of each probe is sampled at lOOhz. The raw conductivity and temperature data is 
low-pass filtered at 30 hz prior to computing the salinity. 

Considerable use is made of video recording the flows as a means of reviewing 
experunents at a later time. Flow visualization is accomplished by using Rhodamine-B and 
Fluorescein dye illuminated by a laser Ught sheet. This is shown schematically in Figure 1. 
The camera views tiie experiment tiirough a small port cut in the side insulation. 
Experiments are recorded at 30 frames per second by a monochrome CCD camera with 512 
X 512 pixel resolution. Additional details of the physical apparatus, instruments and 
techniques are provided in Thomas et al. (1989). 

Results 

The general evolution of the intrusions is common to all experiments. Initially small roll 
cells develop along the heated wall. In rime these become more elongated and take the 
form of a series of fully or partially mixed layers separated by sharp density interfaces. At 
a later time they tiiicken by merging with neighbouring intrusions. Between each layer, 
strong shear is created along the interfaces by flow moving away from the wall in the upper 
region and back towards the wall in the lower region. The shear velocities are 0 ( l m m s-') 
whereas the propagation speed of tiie intrusion fronts are 0(10) times smaller. Morions 
near the endwall are also generally common to all experiments. A parcel of fluid very close 
to the endwaU appears to rise until tiie salinity retained by that parcel inhibits any further 
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upward motion. The parcel is then forced out away from the wall, cools, becomes denser 
than the surrounding fluid, and as a consequence tends to fall. This produces the 
characteristic downward slope of the intrusions adjacent to the wall. Eventually the fluid is 
entrained by the counterflow that comprises the bottom of each intrusion. This process 
continues as the initial convective cells combine to form larger intrusions. 

Internal structure of the intrusions 

The specific flow behaviour and structure of the intrusions vary significantly depending on 
the stability of the system. To classify the experiments, we use two dimensionless 
quantities, Rp = ((3aS/ay)/(aaT/ay) and R/ = -(a(q/k))/(-aaT/ay + pas/ay)i, Here a and 
P are the coefficients of thermal and saline expansion, respectively, q is the lateral heat 
flux, k is the thermal conductivity of the fluid, and T and S are the local tempature and 
sahnity, respectively. The subscript i indicates initial conditions. Physically R/ may be 
interpreted as the ratio between the density gradient at the heated boundary to the initial, net 
vertical density gradient. Generally, a large value of R/ indicates strong lateral forcing and 
weak vertical stability, while a large value of Rp indicates weak double diffusive effects 
and large gravitational stability. 

Three regimes of intrusions have been defined, based upon the initial values of Rp and R/ 
in each experiment. The intrusions are distinguished by their characteristic dimension (h), 
propagation velocity (un), temperature (T) and sahnity (S) fields, as well as their ability to 
continue propagating after the heat flux is removed. The characteristics of the intrusions 
are summarized in Table 1. Sample profiles for Regimes I and I I are shown in Figure 2. 
Since they are very similar to Regime EL, profiles are not shown for Regime II I . The step-
hke nature of the profiles indicates tiie presence of tiie horizontal intrusions or convecting 
layers. 

Regime I flows, which evolve under conditions of relatively high gravitational and lateral 
stabihty, are more quiescent than flows in Regimes I I and I I I . Overall the motions develop 
on a smaller scale and are characterized by lower velocities and less mixing. They are 
similar to the intrusions previously observed in single component stratifications. As can be 
seen m Figure 2a, a relatively strong stable tem.nerature stratification develops within the 
intrusions, accompanied by a well mixed or sometimes slightly unstable salinity 
distribution. 

Regime Final h (mm) Ud (cm/hr) T S Self-Propagating? 

I <10 5-10 stably- well-mixed no 
stratified 

n 10-40 10-30 stably- well-mixed no 
stratified 

m 30-50 >25 well-mixed well-mixed yes 

Table 1: Summary of characteristics in three flow regimes. 

Motions in Regime I I are seemingly more dynamic than those in Regime I . As in Regime 
I , the intrusions stop propagating when the applied heat flux is removed, and the layered 
structure eventually diffuses back to a continuous stratification. Overall, much more active 
convection is observed visuaUy in this regime due to the lower stability and stronger shear. 
The depthwise profiles in Figure 2b indicate tiiat within each intrusion the sahnity is 
generally well mixed or slightly unstable, whereas the temperature develops a discernible 
stable stratification. 
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Figure 2: Vertical T, S, and p profiles, a) Regime I and b) Regime I I . 

Motions in Regime I I I are the most dynamic of the three regimes, and occur under 
conditions of relatively low gravitational and lateral stability. Within the developed 
intrusions, mixing of both properties occurs relatively rapidly, yielding uniform profiles of 
temperature and salinity over layer depths of 30-50 mm. As noted in Table 1, the 
distinguishing characteristic of Regime I I I flows is that the intrusions are self-propagating. 
That is, they continue to propagate out away from the endwall after the applied heat flux 
has been removed. 

Merging 

A sequence of images showing Regime I intrusions at times after initiation of heating is 
shown in Figure 3. Initially Rp was 8.3 and R/ was 0.9. Intrusions first appear after 10¬
15 minutes. At 21 minutes, the third intrusion from the top has begun to recede, and after 
30 minutes has receded almost to the endwall where it becomes fully entrained by the 
adjacent overlying intrusion. After 41 minutes, the intrusion at the top of the region 
shown has merged with the intrusion above it, as has the partially shown intrusion at the 
bottom of the image. Thus the original set of seven intrusions has been reduced to four. 

This sequence illustrates a case where the merging process is controlled by motions 
extemal to the intrusions themselves. It has been frequently observed that shear waves 
propagate ahead of the advancing intrusions. A vertical dye streak placed ahead of the 
intrusions would, for example, distort into a sinusoidal pattem reflecting the horizontal 
flows and counterflows of the intrusions. Flows ahead of the upper half of the intrusions 
move away from the wall, and are balanced by counterflows in the lower half. The middle 
intmsion of Figure 3 (the first to merge), initially behaves this way, but eventually the 
larger flow (and counterflow) of its neighbours literally overwhelms it, gradually forcing it 
back towards the wall. 
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Figure 3: Regime I merging sequence, a) t=17.5 min, b) t=24 min, c) t=28 min, d) t=41 
min 

Figure 4: Regime I I merging sequence, a) t=3.5 min, b) t=9.5 min, c) t=17 min, d) t=22 
min, e) t=51 min. 
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The second type of merging process observed suggests that motions within the intrusions 
themselves may have a role in the merging process. A sequence of images for a Regime II 
flow is shown in Figure 4. Initial values of Rp and R/ were 3.2 and 10.8 respectively. In 
this case, mtrusions began to form -1-2 minutes after initiation of heating. Although only 
one intrusion can be seen at early times in Figure 4 due to the absence of dye, intrusions 
are present throughout the entire deptii of tiie image. At later times dye has been entrained 
from the lower intrusion, as well as tiie overlying mixed layer, so that motions could be 
visuahzed over the whole deptii. 

The initial formation takes place much more rapidly and is followed by a merging process 
dominated by strong vertical motions near the heated endwall. After 10 minutes the 
intrusion marked by dye in Figure 4 is aheady beginning to merge with the intrusions 
above it. In contrast to Regime I , the merging appears to be caused by penetration of the 
vertical motions near the endwall into tiie adjacent layers. This penetration leads to 
interface breakdown, in the vicinity of the wall only, and subsequent merging of the 
adjacent layers. After about 19 minutes, the intrusions have reached their final thickness. 
By this time fingering motions are clearly visible in the upper layer due to the process 
described earlier in which warm, salty water is inserted above colder, fresher water as a 
result of the lateral heating. 

Conclusions 

Experiments to date indicate that the presence of the destabiUzing component (temperature) 
in the vertical density gradient leads to processes not observable with only single 
component stratifications. Using two dimensionless parameters to classify stabüity, three 
regimes of intrusions have been distinguished . The internal structure of the intrusions, as 
characterized by vertical profiles of temperature and salinity, intrusion thickness, 
propagation speed, and self-propagation varies significantiy depending on the specific flow 
regime. A region of salt fingering occurs within the intrusions for all flow regimes, as a 
result of gradient reversal in the vicinity of the heated endwall. 

The merging process was also found to differ between regimes. Two types of merging 
have been described. The first, observable in Regime I flows, appears to be controlled by 
the motions induced by the intrusions. The second, observable in Regime I I , is the result 
of motions at the heated sidewaU within the intrusions themselves. These motions allow 
the interface between two adjacent intrusions to be eroded, resulting in a merging process 
that advances out from the endwall. In no case was merging found to be caused by shear 
instability or by an equalization of density across the length of an intrusion interface. 
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1. INTRODUCTION 

The settling of small particles in water is fundamental to sedimentation. There are 
almost countless studies of particles moving downward through a fluid, under the influence 
of gravity. Sometimes, however, the water itself plays an active role in the process. When 
the particles are very small, they tend to move with the water. When they are also very 
numerous, the sediment-water suspension often can be considered a continuum, and be 
described by the equations of continuum mechanics. "Convective" motions are those driven 
by variations in the density of the suspension itself, in conjunction with the force of gravity. 
Such motions can transport particles very efficiently, and are of great interest in industrial 
processes. They have also been mentioned in sedimentology, but may well merit much 
more attention. 

A complication arises when the suspension density is also changed by changes in 
temperature or by changes in the concentration of a dissolved substance. This occurs often 
in lakes and coastal regions. For example, rivers can carry a substantial amount of 
sediment to the ocean (Burton, 1988). This muddy water will sink to its own density level 
in the receiving water, which is usually stably stratified by temperature (or salt content). 
That is, one often finds a layer of warm, sediment-laden water overlying colder, clearer, but 
denser water. Such situations have been documented by Whitney (1937), Bryson and Suomi 
(1951), Drake (1971), Pharo and Carmak (1979), and others, and have figured prominently 
in several nearshore deposition models (Pierce, 1976). 

Houk and Green (1973) pointed out the rather obvious relation between these 
situations and the well-studied "double-diffusive" situation in which warm, salty water 
overlies colder, fresher, and denser water, and conducted some simple experiments to verify 
the analogy. Similar but more qualitative experiments were conducted by Bradley (1965), 
whose work came before the ideas of double diffusion were well known. This situation is 
gravitationally stable, but dynamically unstable. Sediment diffuses by Brownian motion, 
and much more slowly than either heat or salt. Then the gradient of the stabilizing 
contributor to the vertical density gradient (heat or salt) is removed quickly, leaving the 
unstable sediment gradient. Fingers form, which carry sediment downward very efficiently. 

Green (1987) compared the results of experiments of Houk and Green (1973) with 
similar heat-salt results by Green and Kirk (1971), and then used flux laws found by several 
other workers in heat-salt double diffusion to suggest a criterion for when "sediment 
fingering" would occur, and dominate Stokes settling at an originally sharp horizontal 
interface separating warm, muddy water from lower, colder, clear, and denser water. This 
suggestion was based on rather crude arguments. For example, the interaction between 
Stokes settling and convection of the suspension was neglected. However, it did suggest 
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that double-diffusive fingering could be quite important in nature. 

2. T H E EXPERIMENTS 

The experiments were conducted in a small tank having two identical compartments, 
side-by-side. Each compartment is 8 cm square in the horizontal, and has upper and lower 
parts which are separated by a thin, horizontal plate. The upper part is 7 cm high, the 
lower part 20 cm high. This arrangement allowed two different experiments to be run 
simultaneously, and compared. A commercial Talc powder (specific gravity 2.72 g/cm ) 
was used as the sediment. The density of the lower, clear, deionized water was adjusted 
by adding sucrose. The initial density differences between the upper suspension and the 
more dense, lower, clear water were fbced at 0.5 g/1 ( ± .01). To avoid coagulation, 5 g/1 
of Calgon was used in both the suspension and the clear water. A l l experiments were run 
at room temperature (20°C). Great care was taken to avoid heating by the lighting, which 
tended to induce secondary motions. The sediment size ranges were obtained using free 
settling in a long cylinder. Densities of the suspension and clear (sugar-) water were 
measured with a Mettler-Paar D M A 46 density meter, to an accuracy of .01 g/1. The lower 
part of each compartment was filled with clear distilled water containing a known amount 
of dissolved sucrose, covered by the horizontal plate and sealed with grease. The less-
dense suspension was then poured slowly into the upper part, to a depth of 5 cm. After 
both suspension and clear water had come to rest, the experiments began by gently sliding 
back both plates. The flow patterns were made visible by the sediment, and were 
photographed every few seconds. Observations were also made from all possible vantage 
points and recorded, with sketches. (These notes and sketches proved to be important: 
many very fine scale flow features did not appear clearly in the pictures.) 

3. GENERAL OBSERVATIONS 

The somewhat random nature of the observed convective motions together with the 
two-dimensional character of the data (i.e., the pictures) made accurate quantitative 
information difficult to obtain. The results given below are based primarily on the pictures, 
but also rest heavily on the visual observations in cases where the more subtle and/or finer 
scale motions did not appear clearly in the pictures. However, the general behavior noted 
(and the somewhat fragmentary numerical estimates) seem to be quite typical of at least 
the well formed flow structures. 

Two downward-moving features were seen, in addition to Stokes settling: 

(a) FINGERS: distinct columnar structures with clearly defined mushroom-
shaped heads. These heads usually evolve into vortex rings, which then 
become unstable and break up, producing yet more fingers. The rings are 
quite likely associated with a shear instability, due to the strength of the 
fingering motion, and have been discussed in a qualitative fashion by Bradley 
(1965), Shirtcliffe (1972), and Green and Schettle (1986). Such rings do not 
seem to be typical of salt fingers. Following past terminology, fingers 
observed in our experiments will be called "sediment fingers." 

(b) CLOUDS: globular, bulk downward motions of the suspension, apparently 
moving as an entity. This phenomenon will be referred to as "settling 
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convection," following Kuenen (1968), although it should be noted that his 
experiments had no dissolved-substance gradient. These clouds descended as 
a single plume, for large sediment concentration C, which had a periodic 
behavior (like water dripping from a faucet). After perhaps five such "drips", 
fingers occurred at the (still fairly sharp) interface. The fingers also occurred 
in pulses, which will be described in more detail later. For smaUer C, several 
clouds appeared at once, more-or-less evenly spaced horizontally across the 
interface. Also, the fingers appeared sooner (say, after the third cloud pulse). 
These clouds soon merged with each other, became quite convoluted, and 
were thus very hard to describe. In all cases, they descended much faster than 
any individual particle. Side-wall effects were clearly important, especially for 
large C, in which cases the fluid rose only around the outer edges of the 
apparatus. It should be pointed out here that such clouds may in fact be 
many tiny fingers, which were obscured by their small size, and the graininess 
of the fi lm. This will be discussed below. 

4. T H E PERIODIC NATURE OF T H E FINGERS 

For a wide range of particle diameter d, direct visual observations together with the 
successive photographs showed that the generation of fingers was periodic. That is, the 
fingers are produced in pulses. The descent velocity of succeeding pulses diminished, and 
the horizontal spatial frequency of the fingers decreased. Fingers appeared at the same 
sites along the interface from one pulse to the next, but some sites became inactive with 
each succeeding pulse. This seems in accord with intuition, since each succeeding pulse 
grew from a less concentrated upper layer. Up to four pulses were seen in an experiment. 
The phenomenon is similar to that reported by Sparrow et al (1970) for the instability of 
a thermal boundary layer just above a heated plate. It should be noted that such pulses 
were always seen (for a wide d range), although a very strong first pulse then could almost 
totally obscure the following pulses. 

Sparrow et al (1970) successfully explained their observations by using a theory due 
to Howard (1964). It seems that we can do the same, but perhaps more qualitatively and 
with some modifications. According to the model of Howard (modified to suit our case), 
fingers were produced by a periodic process, each period of which consists of a local 
concentrating phase followed by a break-off and mixing phase. At the beginning of the 
concentrating phase, the suspension adjacent to the sharp interface is envisioned as having 
a uniform concentration which may be different from that of the rest of the top layer. As 
a result of vertical diffusion (from below) and settling (from above), the thickness and 
concentration of the boundary layer surrounding the originally sharp interface is such that 
the corresponding local Rayleigh number R exceeds a critical value. This locally unstable 
boundary layer becomes unstable and breaks up, thereby producing a pulse of fingers. The 
mbcing and agitation associated with the break-up of that boundary layer, together with the 
continuing settling and diffusion, restore the fluid adjacent to the interface to a uniform, 
stable regime, and the entire process begins again, with period tp. 

Howard's model thus offers a method to predict the duration of the concentrating 
phase, based on the postulate that the duration of the break-off phase is much shorter 
than that of the concentrating phase, t*. The Rayleigh number of the sediment suspension 
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(here, the unstable substance) in the boundary layer is estimated from 

^ ^ ag5^C 

K U 

where g is gravity, u kinematic viscosity, and a the coefficient of expansion. The diffusivity 
K is calculated assuming Brownian motion (see, eg, Friedlander, 1977), and using the 
median grain diameter. The boundary layer thickness S is taken to be the distance below 
the interface at which the sediment concentration is calculated to differ from that in the 
fluid for above the interface by only 5%. (Thus, both 6 and R increase with time.) Then, 
the boundary layer becomes unstable when R ~ 10 , according to linear stability theory for 
a uniform vertical gradient over a thin layer. The time at which this occurs is t*. 

The observed pulse periods t are shown for several typical experiments in Table 1. 
These pulse periods were used to calculate 6 (which assumes that t* ~ t ), and thus R. 
Note that the calculated R values are all on the order of 10 . Howevèr, R generally 
decreases with increasing d and C. Thus, settling seems to make the boundary layer more 
unstable. The finger width is about the same size as &. This is also in accord with the 
uniform-gradient theory. The statements above relating frequencies to C and d are also 
borne out by the results in Table 1. See Mogahed (1988) for an expanded discussion of 
these calculations. 

c1(M.) t (sec) k (finger/cm) 5 R 
<10 9.8 ^18 2.4 3.8 1600 
<20 2.0 29 2.2 4.8 3300 
<22 4.2 20 2.0 3.8 1900 
<25 4.9 16 2.0 3.6 1350 
<40 9.8 12 1.0 3.1 900 

Table 1. Observed pulse periods (t ), spatial finger frequencies (k), estimated boundary 
layer thickness (S) ana local Rayleigh numbers (R) for some typical 
experiments. 

5. DISCUSSION 

Settling seems to make the originally sharp interface less stable, as noted above. 
This appears physically reasonable, and is in accord with the results of some instability 
calculations made by using a Galerkin technique, along the lines of those made by Green 
(1990) for a porous medium. However, a quantitative measure of this tendency is not yet 
available. 

The sediment-finger phenomenon could conceivably also be important to the vertical 
motions and distribution of plankton, which are also known to exhibit layering (see, e.g., 
Derenbach et a l , 1979). In i his case, the particle density is very close to that of water 
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(Reynolds, 1989), and the reasoning of Green (1987) gives the criterion for the vertical 
convective flux to exist and be much greater than that due to settling: 

Here, cgs units are used, and 5p is the (small) density difference between the particles and 
water. This criterion jnay be satisfied when C has a large value typical of a hloom. For 
example, for C = 10"^, 5p"^, and d = 10'"̂  cm (1 \x), the left side of (1) is 10"̂ . Thus, the 
possibility would seem to deserve checking. 

The relation between settling convection and fingering is still unclear. However, 
close scrutiny of the pictures suggests that settling convection may actually be fingering with 
a very high spatial frequency, k. It was very hard to pick out individual fingers with k > 
5 fingers/mm (i.e., a finger width of 100(jl). Such fingers would still be large enough so that 
the suspension may behave as a continuum (at least for small d). Thus, the first pulse may 
appear to the naked eye (and camera) to be a continuous descending cloud. Succeeding 
pulses would be more clearly seen, as the number of fingers (and k) diminishes with 
increasing time. 

A related complication is that individual fingers, especially after some vortex ring 
activity, tend to become less well defined, and to merge. This may prove to give a natural 
Umit to finger length, and to be loosely related to the ideas of Stern (1960) and others, 
which focus on the instability of well-developed heat-salt fingers. The vortex rings may also 
lead to a layering phenomenon such as is often seen in situations where double-diffusive 
activity exists, so that a layer thickness may be related to the distance below the interface 
at which vortex rings appear. Similar experiments in a much larger tank may resolve such 
matters. 

A final point regards coagulation, and its relation to the double-diffusive 
phenomenon discussed in this paper. Green (1987) considered this relation in some detail, 
for an originally sharp interface and concluded that coagulation, because of the larger time 
scales involved, would have little effect in a situation such as that envisioned above. 
However, the interaction in other, more natural situations requires study, along with the 
relation of double-diffusive phenomena to "marine snow". 
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Abstract 

Based on experimental research at the large scale HDR test facility, an analytical inves
tigation has been conducted in order to understand the instabilities at the transition 
layer between the cold and the hot fluid in a thermal stratified flow in horizontal pipe
lines. A similarity solution is given for the velocity and temperature distribution in the 
transition layer. The observed waves are identified as Kelvin-Helmholtz instabilities; 
the stability is determined by the gradient Richardson number. The theoretical results 
are in excellent agreement with the experimental data. 

Introduction 

In recent years a particular form of crack formation has been observed in a number of 
pressurized water reactor (PWR) as well as in boiling water reactors (BWR) on the in
ternal surface of horizontal feedwater piping. The appearance suggested a fatigue crack, 
even though the reason for the corresponding necessary stress cycles was at first not 
apparent. It has subsequentiy been shown that these cracks were caused by thermal 
stratified flows, which may occur under certain operating transients associated with re
duced feedwater mass flow. Under such conditions a rather thin transition layer forms 
with large temperature gradients between the cold water at the bottom and the hot wa
ter in the upper part of the pipe. Despite the strong stability of the overall stratification, 
instabihties at the interface have been observed under certain flow conditions. These 
oscillations result in fluctuating thermal loads to the pipe inside surface. An experimen
tal test program has been conducted at the large scale HDR facility in Karlstein (FRG) 
to obtain detailed and consistent sets of experimental data. 

HDR Stratification Experiments TEMR 

To investigate the thermal stratified flows and to analyse the formation of waves at the 
transition layer, the TEMR test series has been performed at the HDR test facility. 
Figure 1 shows the horizontal test section, consisting of an approx. 6 m long pipe with 
400 mm diameter. The cold water is suppUed through the vertical inlet pipe. Along the 
horizontal pipe several measurement sections have been inserted; tube I is fitted with 
extensive instrumentation (shown in fig. 2). Overall test conditions were: 

system pressure: P = 1 — 40 bar 
initial hot water temperature: "öh = 100 - 250 °C 
injected cold water mass flow: = 3 — 46 t/h 

The cold water inlet temperature i^c was always kept at 30 °C. Further details about 
facihty and experiments are provided in the design report [1] and in the data report [2], 
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Experimental Results 

The strong global stability of the stratification even over long flow paths, is a character
istic feature of the investigated flow. The small thickness of the transition layer bet
ween the cold water at the bottom and the hot water at the top of the pipe is of particu
lar significance for the development of thermal stress. Figure 3 shows a measured tem
perature profile for an experiment without wave formations. This small transient layer 
and the associated large temperature gradients are the result of laminar flow, where the 
heat transport transverse to the flow direction is due to conduction. Wave formarion has 
been observed only at four TEMR experiments. The conditions of these tests are 
characterized by high injection mass flow rates. The measured temperature profile 
shown in f ig. 4 is obtained from an experiment with wavy transition layer. This is 
recognized from the apparent broadening of the layer caused by viewing the oscillatory 
motion of the interphase by temperature sensors at fixed positions. 

A characteristic feature of these waves is the extended start up time due to intermittent 
perturbations, which appear as irregularities. An example for a completely developed 
wave motion is shown in fig. 5. 

Evaluation of Experimental Data 

For the load functions of the pipe wall, typical frequencies and amplitudes of the tem
perature fluctuations are needed. The amplitudes were counted by means of the rain-
flow analysis. Characteristic frequencies have been determined from spectral analysis, 
and the dominating frequencies at quasi steady state conditions is in the range of 0.4 to 
0.7 Hz. Figure 6 shows a typical resuU of a Fourier analysis, where the frequency spec
tra of all transducer signals in the transition layer has been superimposed. This sum
mation process results in: 

- suppression of unimportant frequencies, 
- enhancement of significant frequencies, 
- display of the frequency shift during initiation process. 

Analytical Estimate of the Local Instability 

Oscillatory sequences of movements under steady state boundary conditions are 
expressions of hydrodynamic instabilities. These are conditions under which small per
turbations to the motion of the flow can grow. For thermally stratified flows, Benjamin 
[3] distinguishes three different types of instability: 

- Tollmien-Schlichting waves close to solid waUs cased by friction. 
- Surface waves produced by shear stress influences on the surface (wind-sea). 
- Kelvin-Helmholtz waves arising due to an imbalance of inertia over the 

stabilizing effect of buoyancy. 

The agreement between characteristic features of the experiment and the analytical as
sessment confirms the assumption of Kelvin-Helmholtz waves occurring in TEMR. The 
mechanism of this instability is practically independent of viscosity, being governed by 
the vertical distribution of temperature and velocity. The velocity profile, however, is 
deterrnined by friction. Hazel [4] has shown that the stability characteristics for such 
inviscid two-dimensional shear flows are determined by the Richardson number 

Ri = _ _ ^ _ j £ % (1) 
Q du/dy 
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where y is the coordinate normal to the axial direction. The density Q and the velocity u 
are assumed to be independent of the axial position x. 

Because the flow is laminar, the velocity and temperature profiles can be found from a 
similarity solution of the laminar mixing layer [5]. Introducing the stream functions \|r 
defined as u = / dy; v = — / 3x and the similarity variable y\: 

I ^ 

where v is the kinematic viscosity and the undisturbed velocity outside the tran

sition layer, the dimensionless streamfunction (|) is found as: 

^(T^) = ^ (3) 
V U x~ . 

oo 

Since the pressure is constant, the Blasius equation 

2(j)"' + H " = 0 , (4) 

is obtained while the energy equation with the boundary layer assumption results in 

where Pr = Cp | I / X is the Prandtl number. With the viscosity | i , the stream function (j), 
and the dimensionless differential temperature 

e(n) = . (6) 

the second order differential equation 

0" + ^ P r ( t ) e ' = 0 , (7) 

for the temperature is obtained. Particular attention has been paid to the temperature 
dependency of the flow properties. The best agreement with the experimental data was 
obtained using constant values for the entire transition layer based on average tempera
ture. The results, however, differ insignificantiy from those using piecewise constant 
flow properties which lead to two different Ri numbers at the point of discontinuity. 

The solution for the dimensionless velocity and temperature distribution satisfying the 
boundary conditions: 

(j,'(oo) = 1. e(oo) = 0. 

(j)'(oo)ĵ  = 0. e(~)j^ = 1. (8) 

(j) (0) = 0. 

is shown in figs. 7 and 8. From these solution we obtain with 

-9A.21-



(9) 

(2) and (6) the velocity and temperature distributions for every axial position x along 
the flow path. Figure 9 shows a comparison of the measured temperature distribution 
with the analytic profile for experiment T33.19. In despite of the simplifying assump
tion leading to the similarity solutions, the analytical results are in excellent agreement 
with the experimental data. The calculated temperature profile is expectedly shghtiy 
steeper than the measured one. 

Again, with (2) and (6) the gradient Richardson number (1) is 

• V ^ , C O ) 

where the expansion coefficient |3 has been used to express the density gradient through 
the temperature gradient. The stability analysis is performed using 6' and (j)" at rj = 0 
(the largest gradients occur in the middle of the transition layer). Figure 10 shows the 
calculated Richardson number for T33.19 as a function of the axial position x. Over the 
entire flow length of 5 m the curve is within the unstable range Ri < 0.25. The sum
mary of the stability analysis in fig. 11 shows unstable conditions for the experiments 
T33.15, T33.16, T33.19 and T33.25. Stable conditions are predicted for the 13 other 
experiments. These results agree with the experimental observations. 

Above the stabihty hmit, the most unstable wave has the wavelength X which does not 
depend strongly on the shapes of the velocity and temperature profiles but rather, and 
primarily, on the thickness of the transition layer [4]; for smooth profiles, X = 6.3 h. 

The stability depends on the ratio of velocity to temperature profile as shown by Hazel. 
Figure 12 shows the dependence of the most unstable wave number a = kh/2 as func
tion of thickness ratio r = 5u / 51 . By defining the layer thickness at 99% of the undis
turbed values for both, the tem.perature and the velocity profile, the m ôst unstable fre
quency is calculated from 

f - « n n 
c — H + - n r • (11) 

The computed frequencies for T33.19, at position x = 4 m, are about 1 Hz. Compared 
to the value of .68 Hz determined by the Fourier analysis, the agreement is satisfactory. 

From the results we conclude that the present analytical method allows one to asses 
flow stabihty and thus avoid operating conditions, that lead to damage of horizontal 
feedwater pipes. 
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SEDIMENT INDUCED DENSITY CURRENTS IN 
RECTANGULAR SETTLING BASINS 

Alexandre K. Guetter^ and Subhash C. Jain 
Iowa Institute of Hydraulic Research 

The University of Iowa 
Iowa City, IA 52242-1585 

Abstract 

An analytical model to predict density-driven currents in settiing basins is 
presented. The analytical results are used to develop scaling laws for physical modeUng of 
flows through settiing basins. The hydraulic simulation requires that the dimensionless 
parameter J (defined later), which is a measure of the ratio of tiie densimetric velocity to the 
particle fall velocity, be tiie same in model and prototype. 

Introduction 

Field data on flow velocity in settiing tanks presented by Larsen (1977) show that 
the velocities of density-driven currents near the upstream region of settling tanks are one 
order magnitude larger than the average through-flow velocities in the tanks. In spite of 
this verity, most scaling laws for modehng flows in settling basins neglect the effect of 
density currents, and are based on Froude and Hazen criteria; i.e., Xpr = 1 and ?lHa = 1. 
where Froude number, Fr = Q^/gD^; Hazen number. Ha = Q/wLB; X = model to prototype 
ratio for tiie variable denoted by the subscript; Q = discharge; g = gravitational acceleration; 
D = flow depth; L = basin length; B = basin width; and w = particle fall velocity. 
Accordmg to these criteria, Xy = X^ and and Xy = Xy^, where V = flow velocity. Scaling 
laws for modehng density-driven currents are not fully established. 

This paper presents an analytical model to describe the density-induced current in 
rectangular settiing basins with negligible through flow. The resuhs of tiie analytical model 
are used to derive the scaling laws for modehng density currents and flows in settiing 
basins. 

Analytical Model 

Figure 1 schematically depicts tiie basic flow pattem along the longitudinal direction 
of a basin. The flow field consists of three reaches: the entrance reach; the established-flow 
reach, and the closed-end reach. The flow in the established-flow reach is a two-layer 
system in which the flow in upper and lower layers moves in opposite directions. Due to 
continuous settiement of solids at the bottom of the established-flow reach, a negative 
longitudinal pressure gradient is developed, which generates a current in tiie lower layer. A 
reverse current occur in the upper layer to satisfy the continuity equation. 

In the entrance reach rapid changes in velocities, concenn-ations and depth of the 
interface between mflow and outflow currents may occur. The governing forces are inertia 
and buoyancy. The entrance reach is short in length and is not important in terms of 
sediment settlement. The flow estabhshed reach is the zone that succeeds the entrance 
reach and is the main reach where most of the sediment is deposited on the bottom. 
Viscous and buoyant force are die main governing forces in this reach. As sediment 

Currently Department of Civil Engineering, Stanford University, Stanford, Califomia 94305-4020. 
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Fig. 1. General ciiaracteristics of the flow field. 

setümg reduces concentration along the x-dkection, the rate of settling gradually decreases, 
which in turn reduces density gradients. Consequently, inflow and outflow velocities are 
also reduced. Stratification is clearly stable since the denser fluid remains in the lower 
layer. Application of boundary-layer approximations to the equations of motion is vaiid 
for the main reach because the vertical velocities are small in companson to honzontal 
velocities. Additionally, diffusive momentum and concentration gradients in tiie undertlow 
are much stronger vertically than horizontally. I f tiie basm length is sufficientiy long, botii 
the concentration and the velocity at a certain distance Lg from the beginning of the rnam 
reach wi l l be zero, and the length beyond this section wil l not be effective in settiing 
suspended solids. The length Le is hereinafter referred to as tiie equilibnum^lengtii. Basms 
of lengths L>Le and L<Le are hereinafter referred to as "long and short basins, 
respectively. For a "short" basin the flow in the lower layer near the closed end is non
zero. 

The analysis is concemed with the flow established region of rectangular basins, 
with horizontal bottom, and with large length (L) to depth (D) ratio, L » D . The governing 
equations based on both boundary-layer and Boussinesq's approximations are 

— + — = 0 (continuity) 
dx dy 

(1) 

u ^ + v - = - ^ ^ + ^ ^ (x-momentum) 
dx dy pn dx pn dy 

(2) 

0 = - — - pg (y-momentum) 
ay 

(3) 

ac ac a f ac^ 
u — -i-v — = — £ y 7 ~ 

ax ay ay i ay 

ac 
-I- w — (sediment concentration) 

ay 

(4) 
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P = Pw + (Ps-Pw) C (state) (5) 

in which u and v are the velcx;ities components in the x- and y-directions respectively.p is 
the pressure, w is the settling velocity of sediment particles, C is the local concentration 
defined in terms of volume, pn is the reference density of the mixture (density of the 
mixture at the dead-end of the basin), p is the local density of the mixture, pw is the density 
of the fluid phase, ps is the density of the sediment, and Xxy is the shear stress component 
applied to the face perpendicular to y-direction, and Ey is turbulent diffusion coefficient. 
Turbulence is implicidy taken into account in the term Xxy, and in the coefficient ey. The 
boundary conditions are: zero velocity at the bottom, no re-entrainment of settled sediments 
into the flow, no sediment flux across the free surface, and known vertical concentration 
distribution at x=0. The boundary condidons at the free surface contain an additional 
unknown D(x). To resolve the problem of closure and additional equation, mechanical 
energy, is required. The mechanical energy equation is obtained by multiplying the x- and 
y-momentum equations by u and v, respectively, and adding the results, 

^ dn 
1^ — 

ax 

au 
+ UV — = 

ay 

u 

pn 

ap 
u — -I- V 

ax 

ap 

ay 
+ vpg + 

ax xy 
Pn 3y 

(6) 

The governing equations were reduced to normahzed ordinary differential equations by 
integrating them over flow depth and invoking the assumptions that vertical velocity, 
concenfration and shear-stress distributions are self similar. The detailed derivations are 
given elsewhere (Guetter 1988). The normahzed ordinary differential equations are: 

c i e + - l - l ^ + ci52^-.F<j ,2 = 0 
2aCBoJ 5^ d^ 

(7) 

d5 

d^ d^ yy'^^J 
(8) 

C3\d52 ^,de 
e C2 + P r + C2 52 ^ + C5F(t>2 = 0 (9) 

^Jd^ d^ 

u A Us Q CB-CQ a Cn o D J, X 

Ps-Pw ^ ''*B VggCBoDo 

Pn U3 

CBO = C B at X = 0; U*B = shear velocity at the bottom; and ci thru C5 = constants which 
depend on assumed self-similar velocity concentration, and shear-stress profiles. The 
mertia term in both momentum and mechanical energy equation was shown to be negligible 
in comparison to the density term (Guetter 1988) and are neglected in Eq. (7) and (9). The 
problem is now defined by a system of three ordinary non-linear differential equations (7), 
(8) and (9) in which the dependent variables are (j) (normalized velocity), 9 (normahzed 
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concentration), and 5 (normalized depth), whereas the independent variable is ^ 
(normalized longitudinal length). An expression for (dS^/d^) may be found by eliminating 
(d0/d^) between Eqs. (7) and (9) and suitably manipulating the system of equations. As 
indicated by experimental evidence, the magnitude of o is very nearly 1. Thus, the 
expression for the variation of depth (dS^/d^) is uncoupled from the remainder equations. 
This assumption leads to system of two nonlinear ordinary differential equations in (j) and 6 
which, upon application of order of magnitude analysis are reduced to 

The solution (Guetter 1988) of Eqs. (10) and (11) in terms of the original variables is 

UsDo_ 1 
wLe 4c4 

1 + - ^ ) 
1 ^ 3 C B O J 

1/3 

CB_ 
CBO 

1 + _Cn_Y/3 JL 
^ + 3CBO) U J 

where 
Le_^48c2C4^W3 1/3 

Do" I , C5 J 

2C_ 

iCn_ 
3CBO 

R2 

(12) 

(13) 

(14) 

The layer velocity decreases Hnearly along the length, whereas the longitudinal 
concentration decay is cubic. Both velocity and concentrations are function of the 
param.eter J which is a m.easure of die ratio of the velocity of density current to the particle 
fall velocity. It should be pointed out that the bed-friction parameter, F, is proportional to 
the Darcy-Weisbach friction factor, f. 

The analytical results are compared with the field data for Qing Shan Canal (Fan et 
al. 1980) and settiing tanks (Larsen 1977; Nemerow 1978) in Figs. 2 and 3. 

Scaling Laws 

The model must be undistorted which requhes 

Xl = 'Xd (15) 

where X, represents model to prototype ratio for the variable denoted by the subscript. For 
tiie sknulation of die density-driven currents 

?.j= 1 (16) 

Equation (16) can be written as 
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Fig. 2 - Outflow veloci ty 
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Fig. 3 - Residual sediment concentration 
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U^l = >^h:^Q^D (17) 

Furthermore, the scales for the through-flow velocity, V, and density-driven velocity must 
be the same; hence firom Eq. (12) 

X,v = ^Us = ^w (18) 

Equation (18) is the same as given by tiie Hazen criterion. The particle faU velocity is given 
by 

w2 = ^ (19) 

where Cd = drag coefficient; and d = sediment particle size. The scaling relation for the fall 
velocity from Eq. (19) is 

X \ = XcUXc-l (20) 

Substitution for Xw from Eq. (20) into Eq. (17) yields 

^ = k:BO^DXcd^/ (21) 

For most models, 'Kc^>l and Xf>l ; aUowing 'kc^o>^ produces more flexibihty in selecting 
die model particle size. 

Conclusions 

The density-driven currents in a setthng tank depend on a dimensionless parameter 
J which represent the ratio of densimetric velocity to particle fall velocity. Scaling laws for 
settling basins are given by Eqs. (18) and (21). 
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GENERALITY AND POWER OF DIMENSICMiESS PRESENTATIONS 
by Walter 0. Wunderlich 

Consulting Engineer 
Knoxville, TN 37918 USA 

Abstract 

The combined use of conceptvial and physical models, supported by 
s e l e c t i v e f i e l d v e r i f i c a t i o n i s a means of r e l i a b l y predicting hydraulic 
prototype performance. This approach i s especially useful when 
conceptual models alone cannot solve the problem on hand and when 
physical models are seriously distorted by lack of dynamic s i m i l a r i t y . 
While the use of nondimensional relationships i s a prerequisite for 
sovmd transfer of physical model data into prototype dimensions, errors 
may be caused by the use of inadequate s i m i l a r i t y parameters. Two 
examples are discussed. 

Introduction 

The overall s a t i s f a c t o r y performance of hydraulic engineering works 
over the past half century i s undoubtedly attributsdale to a large extent 
to designs that were developed and tested by scale models. But physical 
model testing i s s t i l l an art as much as a science. There are p i t f a l l s 
which must be avoided when physically modelling complex problems, éis i t 
i s usually impossible to meet a l l scaling req\iirement for perfect 
dynamic s i m i l a r i t y . The resulting distortions demand attention i n model 
setup, test conduction and result interpretation, i f v a l i d answers are 
to be obtained. 

The reconmended approach to transfering physical model r e s u l t s to 
prototype dimensions i s to present the test r e s u l t s (dependarit 
variables) i n dimensionless form as functions of dimensionless 
(independent) variables. The nondimensionalized eqxoations of f l u i d 
movement provide guidance for the choice of these parameters. A l l 
dimensionless parameters that appear i n these equations must be the sanve 
i n model and prototype, i f dynamic s i m i l a r i t y of the model i s to be 
achieved. This requirement i s usually not met and only the equality of 
the dominant parameters i s s a t i s f i e d . The consequence i s uncertainty 
about the v a l i d i t y of the physical model and the scaling of the r e s u l t s 
obtained from i t . The combined use of mathematical and physical models 
and f i e l d v e r i f i c a t i o n i s a way to increase confidence i n model r e s u l t s . 

I n t e r f a c i a l I n s t a b i l i t y and Entrainment 

When a l i g h t e r f l u i d moves on top of a heavier f l u i d or when a 
heavier f l u i d moves under a lig h t e r f l u i d , the interface i s smooth as 
long as the r e l a t i v e velocity of one f l u i d against the other i s small. 
With increasing velocity, i t becomes increasingly wavy. F i n a l l y the 
waves break and a mixed zone i s established as interface between the two 
f l u i d s . Exanples are wind over water and density overflows and 
underflows. Keulegan (1949) studied i n t e r f a c i a l i n s t a b i l i t y and mixing 
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for vrater (pi = 1 g/on^) moving over a denser sugar solution {pi = 1.01 
to 1.3 g/on*). He t h e o r e t i c a l l y derived the s t a b i l i t y parameter 

8 = (n2 g Dp/pi)i / 3/u (1) 

with na the kinematic v i s c o s i t y of the heavier liqxiid, i n t h i s case non-
moving l i q u i d , g the acceleration due to gravity; D p the density 
difference between the ligh t and the heavier liquid, pi the density of 
the moving ligh t e r l i q u i d and U the velocity of the moving ligh t e r 
liqxoid. 

In order to generalize the t e s t r e s u l t s , Keulegan considered a 
Reynolds nxjmber defined as Rec = Uc hr/m , with Uc being a c r i t i c a l 
v e l o c i t y above which mixing by breaking waves occurs, he i s the 
hydraulic radius and m the v i s c o s i t y of the moving li g h t e r l i q u i d . In 
analogy with s i m i l a r phenorena involving laminar convective movements i n 
the presence of (positive or negative) buoyancy, the s t a b i l i t y parameter 
9 i t s e l f can be expanded into a combination of a Grashof and a Reynolds 
number, 

9 = (Gri / 3/Re) (ns/ni) ( h / l r ) (2) 

with Gr = (g Dp/pi , the Grashof nunnber, and Re = U h/m the 
Reynolds number, nj/ru the r a t i o of v i s c o s i t i e s of upper and lower 
f l u i d s , h i s the depth of the current and lr i s a v e r t i c a l distance over 
which the density change occurs, lr = |Dp /(dp/dz)|, according to 
Lofquist (1960). 

The change from the laminar to the turbulent snooth flow regime i s 
t y p i c a l l y characterized by a change i n the exponent of the Reynolds 
number. For example, the exponent 1/4 i n Blasius formula for laminar 
pipe flow changes to 1/2 i n Prandti's formula for turbulent smooth wall 
flow (Schlichting, 1965). Likewise, the combination Gr/Re for turbulent 
flow changes to Gr/Re2 which corresponds to the bulk Richardson nuni)er 

Rib = (g lr Dp/pi)/U2 (ni/n2)2 (lr/h)2 (3) 

I f lr i n the f i r s t term of Eq, 3 i s exchanged for h, then Rib can be 
expressed by the densimetric Froude number of the current, Fr: 

Rib = (ni/n2)2 ( l r / h ) 3 / F r 2 (4) 

with Fr = ^ / f i g h Dp/ p i ) . Lofquist (1960) presented h i s entrainment 
data as function of Fr^ using the hydraulic radius hr instead of the 
depth h as a length. He also demonstrated that the velocity d i s t r i b u t i o n 
i n the interface was reasonably uniform over the channel width. His data 
(table 1 of the reference) show that I r / h i s remarkably stable with 
0.019 < I r / h < 0.038 and mean 0.029, so that the f i r s t two terms i n Eq. 
4 collapse into a c o e f f i c i e n t . I t i s known that flow separation can 
only e x i s t i f Fr < 0.32, t h e o r e t i c a l l y , or about 0.25 empirically (Yih, 
1965). Lofquist's entrainment veloc i t y r a t i o s , Ue/U, calculated from 
data obtained for a saltwater underflow, (with index 1 identifying the 
moving l i q u i d ) against F r (instead of Fr2) are given i n F i g . 1. They 

-9B.2-



e s s e n t i a l l y do not exceed t h i s c r i t i c a l Froude nuniser. Some entrainment 
ratios calculated for self-g«ierated underflows i n two reservoirs (Elder 
and Wunderlich, 1973) l i n e up around Fr = 0.25. Also a sample of 
Keulegan's (1949) data used by Lofquist (1960, Fig. 9) f a l l into t h i s 
same area. Thus, by proper selection of the length parameter, the data 
from such different sources (overflows and underflows) obtained at very 
different scales (small models and sizable r i v e r s ) , despite certain 
s i m i l a r i t y problems and technical problems ( f i e l d measurement 
d i f f i c u l t i e s ) , a l b e i t of limited quantity, can be arranged to exhibit a 
remarkable degree of conformance with theory. 

10 

10<Ue/U 

• Keulegan 
6 Elder & W. 

0.1 

0.01 

0.01 0.1 1.0 Fr 

Fig. 1 Entrainment by a Density Curent as Function of Froude Nunnber. 

Air Entrainment by a Plunging Jet 

The second example to be discvissed here i s a i r entrainment by a j e t 
exiting from a nozzle and plunging v e r t i c a l l y down into a pool. Of 
int e r e s t i s the maximunn depth to which a i r bubbles are entrained i n 
order to protect s e n s i t i v e parts of a f a c i l i t y from the disruptive 
effects of captvired a i r . As the j e t enters into the water, i t entrains 
a i r along i t s periphery. But the drag of the j e t decreases as i t 
expands i n the water. F i n a l l y the downward drag on the bubbles i s 
exceeded by t h e i r buoyancy and they escape back to the surface. 

As a mathematical base for t h i s problem the round laminar free j e t 
model i s used (Schlichting, 1965). For the steady state, the time 
derivatives are dropped. The t r a n s i t i o n to the turbulent free j e t model 
i s accomplished by introducing a txirbulent v i s c o s i t y , 6 = k b U, with k 
being an annpirical c o e f f i c i e n t , b the j e t width and U the center l i n e 
velocity. I f b i s assumed to be proportional to the distance z, 
measured from the ori g i n of the j e t (water surface) downward, then b = (3 
z. I f U i s assumed to be inversely proportional to z, U = a/z. These 
asssumptions produce e = k a (3 = constant. Therefore, the kinannatic 
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solution of the laminar problem can be used as the solution for the 
turbulent problem. We assume further that the entrainment velocity i s 
the v e l o c i t y i n the zone of maximum shear, i . e . , where the velocity 
gradient i s strongest. The entrainment veloc i t y at depth z i s then 

U« = a' (d Uo)2/(6 z) ( 5 ) 

where a' i s a numerical factor, d and Uo are j e t diameter and velocity 
at the water surface. At the maximum bubble penetration depth, zmx, the 
buoyancy of the bi±ible i s equal to the downpull by the j e t , which i s 
expressed by 

p« C D (Ux2 /2) Tl db2/4 = {n db3 /6) g (pw - p , ) ( 6 ) 

with C D a drag co e f f i c i e n t of the bubble, dt the bubble diameter, g the 
acceleration due to gravity and pw-p» the density difference between 
water and a i r . Since pw i s about 1000 times bigger than p ,, the 
difference between the two i s p r a c t i c a l l y equal to pw. Solving Eq. 6 
for U i and substituting i t into Eq. 5 , produces 

zmx/d = a (Uo d/e) Uo/Ub ( 7 ) 

with zmx the maximum penetration depth of a j e t with i n i t i a l diameter d 
at z = 0 , the water surface; a i s a co e f f i c i e n t ; Pe = Uo d/e i s a Peclet 
number; De = Uo/Ub i s the 'degasification niitber', the. r a t i o of the 
i n i t i a l j e t velocity, Uo, and the upward directed a i r bubble r i s e 
velocity, Ub. 

The steady state a i r bubble r i s e velocity also follows frcm Eq. 6 
by exchanging Ua for Ub which marks the terminal velocity as a r e s u l t of 
the equilibrium between flow resistance and b\±)ble buoyancy. This y i e l d s 

Ub = kb (g db)i/2 ( 8 ) 

with kb = ( ( 4 / ( 3 C D ) ) (pw - A I ) / P H ) I / 2 . For a i r i n water, at 20 C , (pw 
- pa)/pw = ( 9 9 8 . 2 - 1 . 2 ) / 9 9 8 . 2 = 0 .9988 . The resistance c o e f f i c i e n t for a 
sphere i s C D = 0 . 5 . Hence, kb = 1 . 6 3 , a number that should be v e r i f i e d 
by t e s t s . 

No interference of a i r bubbles i s included i n the model derivations 
above. These s i m p l i f i c a t i o n s i n the mathematical model make a 
v e r i f i c a t i o n by a physical model necessary. Data for testing Eq. 7 are 
due to Vigander ( 1 9 8 4 ) . Fig. 2 shows zmx/d versus Uo/Ub, with Ub = 
0 .755 f t / s (assumed constant here). Based on these data, the average 
bubble penètration depth can be represented by 

zmx/d = a Uo/Ub = a De ( 9 ) 

with a = 1.47 (with standard deviation 0 . 0 3 9 ) . This f i t , though 
simp l i f i e d , seems to bear out the v a l i d i t y of the mathematical model 
used here. 
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As i s the case i n other air/water mixture probl ents, i t i s 
conceivable that the data representation i s chosen as 

zmx/d = b Fr (9a) 

with Fr = U o / f C g d ) , the Froude number of the j e t . The nozzle diameter d 
ranged frcm 7 to 40 rm. The data plot i s very s i m i l a r to Fig. 2, only 
with De replaced by Fr and b = 2.06 (with standard deviation 0.066). 
This f i t i s s l i g h t l y worse than by Eq. 9 but seems acceptable. 

The important point here i s that Eq. 9a suggests Froudian 
s i m i l a r i t y which may actually not e x i s t . To i l l u s t r a t e t h i s point we 
scal e the re s u l t s of both Eq. 9 and 9a into prototype dimensions. With 
indices m and p indicating model and prototype, one can express the 
modeling scales of a l l involved quantities as rat i o s of prototype to 
model quantities 

(zmXp/zmXin)/(dp/dn,) = (ap/an, ) (Uop/Uom )/(Ubp/Ubm ) 
and 

(zmxp/zmxn,)/(dp/c3in) = (bp/kh,) ( F r p / F r m ) 

250 
zmx/d 

200 \-

150 !•••• 

I 
100 |--

i 
i 

50 i" 

U Ü a 

.1 . . . . . l 

50 

. . . J . i 

100 150 200 De 

Fig. 2 Jet Penetration Depth as Function of Degasification Nunter De 

For Froudian s i m i l a r i t y , the time scale i s the square root of the 
length scale which makes the Froude numbers the same i n model and 
prototype. Assume the length scale i s s (for exanple, s = 6 for a model 
1:6), and also ap/am = bp/bn = 1, then the two models y i e l d 

and 

Sr = s * si/2 / s j , 

Sr = S 

(10) 

(10a) 

For d i s t i n c t i o n we denote the transfer scale for the model re s u l t , zmx, 
with Sr = zmxp/zmxm. For Froudian s i m i l a r i t y i t should be equal to s, as 
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i s the case for Eq. 10a. In Eq. 10, Sb i s the bubble r i s e velocity 
scale, assumed to be an unknown instead of the Froudian velocity s c a l e 
s i / 2 , which may or may not apply. So unless we learn more about sb, the 
transfer s c a l e for zxmm i s S t = s^-'/sb. As a limiting case, assunre the 
bubble veloc i t y does not s c a l e at a l l , that i t i s the same i n model and 
prototype, or Sb = Ubp/Ubm = 1- Then, the Froudian model, Eq. 10a, 
suggests a bubble penetration depth i n the prototype 6 times the one 
measured i n the model, while according to Eq. 10 i t i s actually 6̂ -5 = 
15 times the one measured i n the model. In other words, because of the 
r e l a t i v e l y f a s t r i s e of the bubbles i n the model, the penetration depth 
measured i n the model would be too small for protoype conditions when 
just scaled by s. The true penetration depth may l i e somewhere i n 
between. To resolve t h i s question, additional testing would have to be 
done to develop information on bubble r i s e velocity and bubble diameter 
as they can be expected to e x i s t i n the prototype environment. Equation 
7 should then be used with the 'true' bubble velocity to calculate zmx. 

Conclusion 

The examples discvissed here demonstrate dimensionless presentation 
of data cis a powerful and necessary tool i n model/prototype analy s i s . 
But i t i s not s u f f i c i e n t for transfering model r e s u l t s from sca l e models 
to prototype. Unless the correct dimensionless combinations are used 
for the presentation of model r e s u l t s , wrong transfer s c a l e s may r e s u l t . 
Data transfer problems also r e s u l t with dynamically distorted models, 
because ce r t a i n dimensionless parameters are not the same i n model and 
prototype. A companion conceptual model can help to pinpoint such 
problems and make the user aware of p i t f a l l s inherent i n the choice of 
s i m i l a r i t y parameters for model-prototype transfer of test r e s u l t s . 
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A PHYSICAL THEORY OF SIMILARITY 
by Shragga Irmay* 

Technion-Israel Instimte of Technology 

Haifa, 32000 Israel 

Abstract 

Most model studies are based on dimensional numbers Pi obtained by 
dimensional analysis and the Vaschy-Buckingham theorem. They are products of a 
medium property, e.g. density, and of powers of undefined 'characteristic' parameters, 
e.g. length, velocity, pressure or temperature differentials. Dimensionless parameters, 
e.g. relative concentrations, cannot be considered. The Pi's are often interpreted 
heuristically as force ratios, e.g. a Froude number Fr as ratio of inertial to gravity 
forces, though they are vectors of different directions. As natural phenomena are always 
accompanied by an energy exchange, it seems simpler to redefine the Pi's as ratios of 
scalar additive energies. The characteristic parameters are replaced by well-defined ones. 
Thus in Fr the length can be shown to be a dynamic parameter, not a geometric one. The 
Weber number is shown to include the relative concentration of dispersed droplets or 
bubbles. This physical method can easily be extended to thermodynamics, 
electromagnetism, chemistry or quantum mechanics. It is applicable also to inequalities, 
e.g. the entropy inequality. 

Dimensional Analysis 

Most model studies are based on dimensional and sometimes on inspectional 
analysis [Vaschy, 1896; Buckingham, 1915; Bridgman, 1931; Birkhoff, 1950]. 
Dimensional analysis is the determination of physical laws on the basis of dimensions 
only. It is an algebraic theory, used by engineers under the name of Pi-theorem, which 
states that any physical equation can be expressed in terms of dimensionless monomials 
Pi, products of powers of positive variables. This results from the fact that any set or 
relations vaiid under ail units is equivalent to a set of Pi's. Tnese Pi's are expressed in 
terms of medium properties, local physical variables and global parameters representing 
the boundaries in space and time. The results are often trivial, they include unspecified 
'characteristic' parameters whose choice requires considerable skill, common sense and 
experience. The advantage of the method is that it may be used even when the exact laws 
are not known. 

Similarity 

We compare two physical systems: prototype (p) and model (m) using the same 
units. They are similar with respect to a scalar property Q when there exists at all 
corresponding points a constant ratio or scale Q =̂ QJQ^ ^ f / ^ > ~ 9«\''Qp • 
the ratio of the Q's at two corresponding points should b* the same in ooth systems: f 
Q^Q'^= Q' /Q" . In mechanics we distinguish three types of similarity; geometrical, 

kinematical mid dynamic similarity. 

Geometrical Similarity 

In isotropic models tiiis requires that at all corresponding points and times there 
exists a single constant lengtii scale L^= dl^dLpfor tiie corresponding length elements 

^Professor Emeritus, Faculty of Civil Engineering. 
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dL of all displacements, streamlines, boundaries and vectors with a hnear length 
dimension. 

In distorted or anisotropic models there may exist 3 (or 2 in the plane) different 
length scales Xy= di^dx^ , y^ = dyj'dy^ , Zy= dzjdzj , in 3 mutually orthogonal 
principal directions x,y,z.'^It can be shown [Irmay, 1964] that for an oblique dhection 
and its correpsonding Rp the square of the scale R^ = I^/Rp is a symmetric second 
rank tensor with its principal directions along the x,y,z axes. The polar diagram of R^ is 
a lemniscate. 

Kinematic Similaritv 

In isotropic models tiiis requires geometrical similarity, a constant time scale 
ty = dt^dt^ for all conresponding time elements dt, and a constant scale of all velocities 
Vf = y^/Vf = Ly/t< , and for the fluxes at the boundary q.̂  = q / q^ = V^, as V = dL/dt. 
Often V, IS tiie primary scale, then t = I^A^. 

In distorted models the requirements are: geometrical similarity with 3 length 
scales x ,̂ y^ z^ in 3 principal directions, a constant time scale t , , and consequently 3 
constant scales of all velocity components (u, v, w), namely u, = ij/Up , Vy= v^v-
w.̂  = \ ^w^ of the 3 flux components at the boundary with t^= xjn^ = y_J\f = ^/w.^ 
as deduced from dt = dx/u = dy/v = dz/w. In distorted models similarity of vorticity, 
circulation or velocity potential is knpossible. 

Dynamic Similarity 

This requires kinematic similarity and a constant mass scale m^ = m^mp for all 
corresponding masses m, and an adequate constant scale T=T^/Tp for all corresponding 
stresses T,^at the boundary. Hydraulic engineers often replace m^ by a constant force 
scale = ̂ /F. ; m.,canot be used in inertialess processes. This apphes also to F, which 
is limited to parallel forces. In general dynamic similarity is inapphcable to distorted 
models. 

Inspectional Analysis 

This method [Ruark, 1935; Irmay, 1964, 1965] consists of testing for invariance 
under linear homogeneous transformations of every equation on which a given theory is 
based. As an example consider the Navier-Stokes equation of motion of a constant-
density^fluid of kinematic viscosity V and dynamic viscosity ft = pv in the gravity field 
g at an elevation Z and pressure p, giving the acceleration component a :̂ 

â = Ut + UUx -I- VUy + WUz = -gZx - Pxff +V(Uxx+Uyy+Uzz) (1) 

Introducing a characteristic length L , velocity , pressure I ^ , and dimensionless (or 
numerical) local variables: 

dx=dx/Lo, dy=dy/Lo, di=dz/Lo, Z=Z/Lo, t=tVo/Lo, 

ïï=uA^o, v= vA^̂  , w = wA^^ , ai = aiLoA'o. dp = dp/Po, 

Eq.(l) becomes: 

ai = üt -i-Tr Ux -Hvïïy-Hw ïïi =<1/Fr ) ^ - ( l / E u Jpj+il/Re )(ïïx x+ üy y +ïïi (2) 
We get 3 dimensionless Pi's: Froude number Fr = V^VgL, Euler number 
Eu = pV/P^ and Reynolds number Re = Vol^/y. I f the viscosity effect is 
neghgible. Re is large and the corresponding term may be omitted. If the pressure 
effect is small the Eu term may be omitted. If gravity effect is small, we may omit 
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the Fr term. Inspectional analysis can be used whenever the mathematical law is 
known. The use of unspecified characteristic parameters introduces new 
unknowns. 

This can partially be remedied by a modified method [Irmay, 1965]. Let us 
apply it to a distorted model of a laminar boundary layer obeying Blasius' equation 
in two-dimensional flow: 

ai = u^+uu^ + vuy = vuyy 

both in m and p, then: 

^ir = = (^t + " \ + ^^y)m/("t + "^x + ^^ )p = "yy^m/^^ V ^ P = ^ " r V y ^ = 

= [(uA)(Uj)p + (u^Vxp(uuPp (u^v/yp(vuy)p]/(u^ + uu^ + vUy)p 

or: (u/t^ -v^u/y^ ^u,)^ + ( u > , -V,u/yp(uu^)p-H (u^ v^ /y^ -\^A^)(>^^yy\^ 0. 

This is an identity for all the variables in p, so their coefficients must vanish and: 

^Ir = U A = = " M r = ^rVyr^ 

Hence: t,. = x/Uj. = y/v^; V r y / v ^ = l ; y*=v^tj. 

Replacing (r) = (m)/(p), we get: 

(vy/v)^ = (vy/v)p (4.1); (y/ /Vt)^ = (y/M^ (4.2) 

Eq. (4.1) shows that the significant Re is not the longitudinal Re^^ = ux/V, nor 
the mixed Re^g = uy/V, but the transversal Rext = vy/V. 

The exact solution of (3) [Schlichting, 1968] at the end of the laminar boundary 
layer of thickness S, is v2/y = 1.48 for the displacement thickness or 0.49 for the 
momentum thickness, on the average v^/V = 0.99-1. This may serve as a new , 
definition for the thickness of the boundary layer ̂ =>'/v. For as v/u = y/x 

Re^ 1. The transition from laminar to mrbulent flow occurs at Re^^ ~10* ' 
/?e^~10f Re^= 1 as befits a critical number. This explains why for pipe flow of 
mean longitudinal velocity U and radius r tiie critical Re^^^ = Ur/y~ 1000. The 
importance of iïe^j is in the fact that the transition to turbulence is due to transverse 
disturbances at the entrance. In isotropic models it does not matter which Re is 
used. Eq. (4.2) defines the dimensionless transverse development number De=y^^ 

to be used in a developing boundary layer of parabolic growth. 

Physical Similarity 

The author suggests to redefme the major Pi's as ratios of energy components. 
Dynamic similarity requires replacing m^and F^ by constant scales of all energy 
components: (E^ )^ = (E£);,/(Ef)^ . The advantages are: 
(i) Energy is an additive scalar function, independent of direction. 
(ii) Energy is involved in all physical, chemical, or quantum-mechanical 

processes which are accompanied by energy interconversion. 
(iii) Energy components are more easily assessed, even when tiie laws are not 

exactly known. 
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(iv) Negligible energy components may be omitted, thus increasing the number of 
degrees of freedom. 

The total energy E in m and p is: = LE^^ ; Ep = ZE^p 

By similarity of m and p : 

Er = = 2Ei^/EEip = or: IE.^(E^ -E^) ^ 0 

This identity, valid for arbitrary values of Eip, requhes that all coefficients vanish, 
so that the scales of all energy components are the same; 

^ h ~ = 2̂1- = ... = Ej. 

Ein/^ip = Eim/Eip = ̂ Qjr^lp = - = ^rr/^f 

Eim/E2in = Eip/E2p = constHP^2 

Hence the important theorem of dynamical similarity : Similarity with respect to 
two energy compenents E^ and E j requires that the ratio be the same in m and p, 
thus defining a dimensionless Pi of the Pi-theorem. A few examples follow: 

Froude Similaritv 
a 

When there is interconversion of kinetic energy E^ = mV /2 and gravity free 
energy E = mg4Z, the corresponding Pi is tiie Froude number Fr = Ê  /E^ = V*/g^Z-
Dimensional analysis gives only V,VgLpwith an unspecified length. .dZ is a 
potential drop, not a geometric length. Thus we may choose different scales L^and 
Zy., which gives an additional degree of hberty. In hydraulic literature jS^c 
used. 

Euler Similarity 

In f luid flow from a tank under a pressure differential 4p, there is 
interconversion of kinetic energy and Gibbs free energy of pressm-e E j = Ap.mJf. 
The corresponding?!'is the Euler number Eu = E^ /E^ = pV /Ap. In hydraulic 
literature Y//Jjiplf^is used. In compressible barotropic flows of p(^), the sound 
velocity c = [dp/djjj.^ence: 

Ap = Ap.dp/dp = c^Ap ; Eu = (Ap/p) • c^/V^ 

The ratio Ma = c^/V^ is the Mach number. 
When tiiere are botii gravity and pressure effects: 

E 2 = mg AZ + Ap.m/p = mgAh 

where h = Z -1- p/^p is the piezometric head, Irmay [196V] defines a piezometric 
number: 

Fz = E2/E1 = gAh/V^ = 1/Fr + l/Eu 

Weber Similarity 

A suspension of liquid droplets (radius r , specific surface M, number of 
droplets N, volume concentration c) in a dispersive medium (mass m, density ƒ), 
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volume U = m/p), with cU = N'47r»' /3 . With surface tension <r , the surface 
energy is E =(rM4ïrr'*The corresponding Pi is the ratio of to E j , orV<i<Y* /̂o. 
We =E/E.=pV^/c<rM. The usual definition is YJ^fëföTa • Here we replace 
by c/Nf . ' 

Revnolds Similarity 

Reynolds number may be defined as ratio of kinetic energy Ey to the 
dissipated energy E j . In Couette flow along a flat plate of area A = BL moving 
at speed V at a distance H from a stationary flat plate, the shearing stress is 

T =ttV/H,the resistance is F ='rA and the energy dissipated in time t = l W is: 
E^=f{VBl5llJhen Re = B«/E;̂ = (VH/y)(H/L). In isotropic models where H^= L , 

we get the usual form VH/V . In anisotropic models V/L = v/H, V-^^u, u^^= yjH^, 
and we get eq. (4.1): 

Re^= vH/v, 
The Asymptotic Law 

Esnault- Pelterie [1946] proved that any dimensionless coefficient, function of 
the Pi's in their usual form with V in the numerator (e.g.Fr = W/JgZEu = V ^ / o ' , 
Re = VH/>^, We = V/Vtr/pË), tends to infinity for large Pi. An example is the 
friction coefficient f(Re) in pipe flow in the Stanton-Moody diagram which has a 
horizontal asymptote. This result is trivial, for when viscosity is negligible, Re-r^o»»^ 
and the graph is a horizontal aysmptote. It is preferable to choose the inverse of 
each Pi as the new Pi. 

Similaritv in Chemistry and Physics 

When molecules are activated we may define an activation number, ratio of 
the activation energy E^ to theh mean lanetic energy E^ = kT (k-Boltzmann 
constant, T-absolute temperatare): Ac = E^/E^ = E^j/kT. 

In quantum mechanics we may define a quantum energy number, ratio of the 
photon energy E^= hf (h - Planck's constant, f - frequency) toE^=kT: 
Qn = Ej_/E| = hf /kT, a parameter appearing in Einstein's formula for the specific 
heat of solids. 

Similarity in Heat Transfer 

By Fourier's law of conductivity, the amount of heat crossing an area A in 
time t under a temperature gradient AT/L, is = ktA ATfL (k-thermal 
conductivity of the medium, k , in fluids, k^ in solids). By Newton's law of 
cooling, the amount of heat transferred from a fluid to a wall (or conversely) 
through an area A in time t under a differential AT is Q^= hAt4T 
(h- heat transfer coefficient). 

In forced or natural heat conduction m fluids we may choose as Pi theNusselt 
number Nu = Q /Q_, = hL/k>. Similarly in solids we define the Biot Number 
Bi = hL/kg . N ^ * 

The amount of heat stored in a body of mass m = AL and specific heat c at 
constant pressure under a temperature rise AT is Q< = cj? AL4T. In forced 
convection we define tiie Stanton number by Sta = QJQ^ = h/ccV with L/t = V. 

The Eckart number is tiie ratio of kinetic energy E;̂  = mVv2 to O : 
Ec = ^ / Q g = V % 4 r . 

The above definitions assume equality of AT in all cases. A more physical 

definition would be: 
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Nu* = (hL/kf)(ATf/A%); Bi* = {hL/kJ{AyAT^);Sta* = (h/pcV)ATj^/AT5) 

Similaritv of Inequalities 

There are laws based on inequahties, e.g. the second law of thermodynamics. 
Consider such a law in m and p : 

E m + E " ^ > E m ' Ep + E"p>Ep 

We can prove diat E'̂ . = E''^.» E^ 

Proof 

E;EP+E; 'EP > ErEp ^ Ep > (ErEp - E;'E^)/E; 

Ep+Ep - Ep > Ep (ET /E; -1) + E^( I -E ; ' /E ; ) 

In order to have Ep + Ep - Ep > 0 even for large E ,̂ Ep, we should have 

E^;^ EV and E'; > E ; . (7) 
Shnilarly: 

E p+ E^ -Ep > Ep (Er/E; - 1) + Ep(l - E ^ ^ ' ) 

In order to have E'p-i-E" - E^> 0 for large E'j,, E , we should have: E^< E'; and 
E^'^ EV . Comparing this with eq. (7) we obtain eq. (6). 
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T H E MODLE STUDY ON O U T F A L L FOR SHANGHAI COMBINED 
S E W E R A G E P R O J E C T C O N S T R U C T I O N 

Wei H e p i n g 

T o n g j i U n i V e r 3 11, y 
( S t i a n g h a i , C h i n a ) 

Aba L r a c L: 

'I'lie p r i n c - i p a l p n r i > o s o o (' t.lie o u t , f a l l m o d e l l i n g s t u d y I s 

to p t-ovide t i o c o R a a r y ( i c K i g n ptamel.er f o r 'I'lie F i r R l S t a g e 

S h a n g h a i Sowoi ' a g o P r-o j (M-t,.'I'lie HinaJ I f l u m e was u s e d 

p r i m a r i l y tf) d e l o r m i n e tho ( i L f u s s e r c h a r a c t e r i s t i c s s u c h 

a s m u n b o r a o f no/./, I ns , s i ) n c e o f r i a o r a a nd j e t a n g l e . T h e 

L a r g i ' rinriie was usfMl l o a l . t h e n e a r f i e i d d i s p e r s i o n 

p a L t e r i \ o f a c o m p l e i o r M i L f'aLl. s y s t e m w h i c h i s b a s e d on t h e 

r e s u l t s o b t a i n e d f r o m s m a l l f i u m e t e s t s . 

The g e n e r a l c o n f i g u r a t i o n o f t h e o u t f a l l a s p r e s e n t l y 

p l a n n e d i n c o n s i s t e n t w i t h t h e r e s u l t s o f t h i s m o d e l l i n g 

s t u d y . 

I Foi^ward 

The f i r s t s t a g e p r o j e c t o f S h a n g h a i S e w e r a g e P r o j e c t 

s e t t l e s m a i n l y t h e p r o b l e m o f w a t e r p o l l u t i o n o f S u z b o u 

("reak, t h e p r o j e c t i n t e r c e p t a and d r a i n s t h e se w a g e f r o m 

t h e r-rvtchmerd a r e n n l o n g t h e Sii/.hoii C r e a k , a f t e r a s i m p l e 

I rf''\ I iiK^n t ,Rewngf^ i • d i a c l m r g c d i n i o Y a n g t z e R i v e r a a t 

'/luiyaii ( I'i g . I ) , t he Mien Mcrved i H 7 0 . (5 km , t h e p o p u l a t i o n 

a e r v e d i s 2 , f) i" 0 , OOO , i iu- a v e r a g e i)Wi'' i s i 9.8c;ms, t h e 

maximum DWF i s n2c-ma,ainl maximum WW I'' l a 4 4. 5 cms. 

The p I a n n e d 

c o n s i s t s o f 

a p p r o x i mate 1y 

r i v e r ouI CaI I ay a Lem 

two t u n n e l s , e a c h 

1400 m e t e r l o n g . The 

o u t f f l l l t u n n e l s w i l l be e x t e n d e d 

u n d e r t h e r i v e r f o t h e edge o f t h e 

s o \ i t h m a i n c h a n n e l and s e w a g e i s 

d i s c h a r g e d a t an a v e r a g e d e p t h o f 

a b o u t 13 m e t e r s . C u r r e n t V e l o c i t y a t 

t h e e d ge o f t h e C h a n n e l i s 

g e n e r a l l y h i g h , r e a c h i n g a maximum 

a b o u t 2.5m/s, and s l a c k w a t e r 

p e r i o d s a r e s h o r t . 

The p r i n c i p a l p u r p o s e o f o u t f a l l 

m o d e l l i n g s t u d y i s t o p r o v i d e 

n e c e s s a r y b a s e and p a r a m e t e r s f o r 

d e s i g n i n g d i f f u s e r a t Z h u y a n o u t l e t 

T h i a r e p o r t c o v e r s ( h e n e a r - f i e i d h y d r a u l i c m o d e l 

a t t i d i e a c o n d u c t e d a t T o n g j i U n i v e r s i t y a s a p a r t o f 

d i f f u s e r d e s i g n s t u d y . 
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n H y d r a u l i c M o d e l l i n g T e s t s 

Tii e inodeJ t e s t . h a v e h e e n c a r r i e t i out i n two f l u m e s . 

F r o u d e law was u s e d to d e s i g n t.he model and u n d i s t o r t e d 

model s h o u l d lie a d n p e d . T a k i n g t h e l e n g t h s c a l e 

| , r= I 00 , I hen Ve 1 ()<• i I y K c n i e i s l l r - j r r r= l ( ) an(i d i s c h a r g e s c a l e 

(^r-1 on , OOO . f:omb i n i ng p t c H o l . y i i e p r o j e c t . I n s m a l l f l u m e 

( f l g . 2 ) , p a rt. o f d i f f u s e r i s to be m o d e l l e d f o r p a r t i c a l 

model t e s t . , one d i C f u s e r s e c t , i o n and two d i f f u s e r s e c t i o r \ s 

w l r h d i f f e f e i \ t j r H , ve I oc i t y , s p a c i ng o f r i s e r s , j e t . 

a n g l e , w e r e u s e d , a n d t h e r-oncen t r a t i o n i n n e a r m f i e l d a n d 

m i x i n g z o n e w e r e m e a s u r e d r e s p e c t i v e l y , t h e d i l u t i o n 

e f f e c t s w e r e a n a l y s e d and c o m p a r e d , s o a s t o d e t e r m i n e t h e 

s u i t a b l e s p a c i n g o f r i s e r s , t h e number o f n o z z l e s a n d j e t 

a n g l e . I n b i g f l u m e t h e w h o l e d i f f u s e r m o del t e s t was d o n e 

w i t h t h e t e s t p a r a m e t e r s p r o v i d e d by t h e t e s t i n s m a l l 

f l u m e , and t h e r e s u l t s w e r e a n a l y s e d , i n o r d e r t o d e t e r m i n e 

t h e l e n g t h o f d i f f u s e r . 

I l l S m a l l F l u m e Model T e s t 

The s m a l l f l u m e i s 8m l o n g , 1 . 6 m wide and 0.6m deep. 

Tit rnlmfUr II riiiiiliir Innin I» r jj ,| rrnrnipul»r 
" (» 

} lilgll n l K v a l n i l atUi Uiik 
'I nihil Inn iiil I «ll' I'lK • 

I I'l M A U I U V P I 

12-itit9urInn tUcltodt 
^ — J l 

T M T T B M Ion' 

d Influx V K I V K i"(ïinii ? iiiî jle 

""̂ ^ 4 I (Inx sHblllzIni) 
! puip InsUIUIIon 

13 UllSMe 

I itnriilP liKsltt 

Fiq.8 Sch«i« iliowlno ^ iu l l d i m Ifsl «nulpïiinl »nd InsUIUIIon 

P a r t i c a l model h a s t h e same s c a i e w i t h t h e w h o l e m o d e l , 

t h e l e n g t h o f model d i f f u s e r s e c t i o n i s 1.2m.At f i r s t , w e 

f i x t h e s p a c i n g o f r i s e r s , a n d make d i f f e r e n t c o m b i n a t i o n 

o f number o f n o z z l e , j e t a n g l e e t c . T h e w a t e r d e p t h a b o v e 

n o z z l e i s r4m, a m b i e n t v e l o c i t i e s a r e 0 . I m / s , 0 , 5 m / s , j e t 

v e l o c i t i e s a r e 2m/s , 2 . 5 fun/s and 3.55m/s. U n d e r t h o s e a b o v e 

h y d r a u l i c conditlor» , we do equal. d e n s i t y c o n c e n t r a t i o n 

f i o l d d i l u t i o n and d i f f u s i o n t r e s i s , t h e t e s t w o r k i n g 

c . o n d l t . i o n s a r e /is f o l l o w s : 

1. Number o f n o z z l e s 

[ t i i l . i a l d i l u t i o n r i s e s w i t h d e c r e a s i n g o f p o r t r i d i a m 

when d i s c h a r g e o f d i f f u s e r o f u n i t l e n g t h a n d sum o f a r e a 

o f p o r t s do n o t c h a n g e . F o r j e t a n g l e 4 5 " , t h e d i l u t i o n o f 

one r i s e r h a v i n g 2 n o z z l e s 4 n o z z l e s , 6 n o z z l e s , 8 n o z z l e s 

,10 n o z z l e s r e s p e c t i v e l y ( S a t i s f y i n g £ = S a i = 2,ai - E 
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ai(9> = 5 a i r 
(«•) («) (f)) f8' (16) 

a a" ' , a" ,a " , a " ,a a r e r e s p e c t i v e l y n o z z l e 

a r e a s o f 2 n o z z l e s , 4 n o z z l e s , 6 n o z z l e s , 8 n o z z l e s ,10 

n o z z l e s ) , h a v e b e e n t e s t e d u n d e r d i f f e r e n t 

C o n d i t i o n , t h e t e s t r e s u i t s a r e shown i n F i g . 3 , 

one c a n s e e t h a t (.he d i l u t i o n o f r i s e r w i t h 

i n c r e a s e s more s l o w l y t h a n t h a t w i t h 8 n o z z l e s 

h y d r a u l i c 

From F i g . 3 

10 n o z z l e s 

70 11 in tnn.ll» («) 

,>f n . . , | 1« M i , . . t . . r 
rig 4 rn'"n«rM.'ri nt nn«t# 

10 10 30 *0 50 SQ ' 0 

C o m o t r t t O F i 5* 

2. J e t a n g l e 

W i t h fou r n o z z l e s o f 
j e l ang 1 o e . i . 0^10" 
t he i n i t a I momenlum 
make t h e 
r e c e 1 v I n g 
a n g l e , t h e 
When 9 =0" o r v e r y s m a l l 
c o n c e I n t r a t e s a t n e a r t h e 
c u r r e n t v e J o e i t y i s s m a l l , 
s e wage i n w a t e r i s w e a k e n e d 

t h e d i l u t i o n o f d i f f e r e n t 
= 0, 

a r i s e r . 

, 2 0" , 30", 4 5° w e r e t e s t e d . F o r AZ 
o f j e t i s t h e d o m i n a n t f a c t o r s 

j e t p o l i u t i o t i c l o u d s i t u a t e d i n w h a t l a y e r 

w a t e r body . I t c a n be s e e n t h e g r e a t e r t h e 

h i g h e r ( h e s l o p e o f t h e s-x c u r v e a { see F i g 

to 

o f 

j e t 

4 ) . 

a n g l e , t h e p o l l u t u n t c l o u d 

r i v e r b o t t o m , w h e r e t h e r i v e r 

tl\e c o n v e c t i o n a nd d i f f u s i o n o f 

; on t h e o(-her h a n d , t h e a n g i e 

w i t h c r o s s c u r r e n t a l s o smal I , s o t h e d i l u t i o n i s weak 

The d e n s i t y d i f f e r e n c e i s an i m p o r t a n t f a c t o r w h i c h 

a f f e c t s a p p r o p r i a t e j e t , a n g l e . T h e o u t f a l l i s s i t u a t e d a t 

Y a n g t z e e s t u a r y w l i i c h i s a s a l t t i d a l e s t u a r y . T h e 

s u p e r f i c i a l s a l i n i t y v a r i a t i o n r a n g e a t Y a n g t z e e 3 t u a r y ( 3 1 

N,122 E ) a r e i n g e n e r a l 5 - 1 0 % i n summer , 1 5 - 2 0 % i n w i n t e r , 

and so a t t h e s i t e o f p r o p o s e d o u t f a l l , t h e d e n s i t y 

d i f f e r e n c e i s s m a l l e r t h a n a t t h e o c e a n . D u r i n g t e s t , we 

added s u l t t a b l e q u a n t i t y o f 

make A £ > 0 . T h e t e s t r e s u l t s 

w h i c h , we s e e t h e d i l u t i o n 

b e t t e r t h a n t h a t w i t h O"and 4 5 

a l c o h o l t n t h e ' s e w a g e ' t o 

a r e shown i n f i g u r e 5 , f r o m 

w i t h 10°and 2 0 " j e t a n g l e i s 

3. S p a c i n g o f R i s e r 

T a k e two d i f f u s e r s e c t i o t \ f o r 

p a r t i a l model t e s t , e a c h o f l e n g t h 

I.20m, t h e s p a c i n g o f r i s e r a r e 

rèspectively 20cm,30cm,40cm,50cm. 

The r i s e r s o f two d i f f u s e r 

s e c t i o n s a r e s t a g g e r e d . We s e t up 

t h r e e s a l m p i n g c r o s s s e c t i o n s , e a c h 

w i t h d i s t a n c e a l o n g t h e f l o w o f 

40cm,60cm,80cm f r o m t h e s e c o n d 

d i f f u s e r s e c t i o n ; a t e a c h c r o s s 

s e c t i o n , w e t a k e 5 v e r t i c a l . From 

t h e t e s t , we know t h a t t h e 

m u l t i p o r t j e t s a r e t r a v e l l i n g a 

«1 i 1 itiiii (1411 KCtltl lllllll 
iiiiitit llllllOI . 

iti/ii itii 10 Cl tt II li Cl 
ii.s i.m im io ii i i " iö 
ii.i n' o,mo i.m 10 i,i 11 ii il 

~v 11,i 1)' im i.i(i) II • i.)" li II il 
'V n.s 10' O.lltO ),ilH ii ),) "it il i) 

\ ' li.S lo' MM) • iii) 10 i.i ii li il 
IC 0,1118 t.MIO It I.l il ii" ii" 

. . . . . . , ii.) ii' i.ini j.lii) i)^ ii sr' il ' 
n.V To' ].'m i.iiio "it" ).) ii )i • ii 
lS,i 10' i.m 0.1111 It 1.1 11 11 li 

1 li.S iö' I'm im 10 1.1 11 II 11 
1 li,S ió' t.m i.m It 1.) 11 II il 

is,'! F O.itli i.'m •)t ~ ) . i~ H IT" i) 

ii,i 
n.'s 

'is,ï 

ii' 
li' 
IV 
iC 

r.ni 
i.m 
olii 
(.iii) 

i.mi 
i'm 
iW 
im 

ll 
11 
ii' 
ii 

1.1 
I.i 

'i.ï' 
i.i" 

F 
Tl 
ii 
» -

i5~ 
li 
ii 
If 

H 
il 
il 
i l ' ~ 
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c e r t a i n d i s t a n c e s , t h e n e i g h b o r i n g j e t s m i n g l e w i t h e a c h 

o t h e r , a n d t h e m i n g l e d j e t a u n d e r g o m i x i n g and e n t r a i n i n g . 

The e n t r a i n e d " s e w a g e " w i l l e v i d e n t i y l o w e r t h e d i l u t i o n 

e f f e c t , when t h e v e r t i c a l c o m p o n e n t o f t h e momentum d o e s 

n o t become z e r o . G e n e r a l l y s p e a k i n g , t h e l a r g e r t h e 

s p a c i n g , t h e more f a v o u r a b l e f o r d i l u t i o n ,when h y d r a u l i c 

c o n d i t i o n s o f d i s c h a r g e , v e l o c i t y , d e p t h a r e f i x e d , we do 

t e s t s f o r d i f f u s e r s e c t i o n s w i t h r i s e r s p a c i n g o f 

10cm,20cm,30cm, 40cm,50cm r e s p e c t i v e l y , t h e r e s u l t s shown 

f o r 1 0 , 2 0 , 3 0 s p a c i n g , t h e n e i g h b o r i n g j e t s m i n g l e v e r y 

q u i c k l y . We s u g g e s t t h e s p a c i n g t o be a d o p t e d i s w=40cm o r 

50cm, i n p r o t o t y p e t h e s p a c i n g i s w=40m o r 50m. 

T h e E f f e c t o f r i s e r s p a c i n g on e f f l u e n t 

s howen i n t a b l e 2. 

d i l u t i o n w e r e 

IV B i g F l u m e Model T e s t 

T h e b i g f l u m e i s 

o f f l u m e , t h e r e a r e 

i n s t a l l a t i o n s , a n d 

w a t e r l e v e l a n d 

c o n t r o l b u i l d i n g . 

25m long,7m wide,0.7m d e e p , a t two e n d s 

e n e r g y d i s s i p a t i n g and f l o w s t a b i l i z i n g 

t a i l g a t e s f o r c o n t r o l l i n g t h e f l u m e 

f l o w v e l o c i t y .Ahead t h e f l u m e i s t h e 

Tn b i g f l u m e we do t h e n i n e w o r k i n g c o n d i t i o n s f o r t e s t . 

A t d o w n s t r e a m o f d i f f u s e r 1 Ü O c m , 2 0 0 c m , 3 0 0 c m , 5 0 0 c m , f o u r 

f i x e d c r o s s s e c t i o n s w e r e s e t u p , e a c h c r o s s s e c t i o n s s e t 8 

v e r t i c a l s , e a c h v e r t i c a l w i t h f i v e s a m p l i n g p o i n t s b e c a u s e 

t h e c o n c e n t r a t i o n s o f p o l l u t a n t . c l o u d s e v i d e n t l y 

p u l s a t i n g , f o r e v e r y one s a m p l i n g p o i n t , w e t a k e 500 s a m p l e s 

p e r m i n u t e , a n d t a k e t h e a v e r a g e , m a x i m u m an d minimum v a l u e s 

a s o u t p u t . T h e t e s t i n g r e s u i t s a r e shown f r o m f i g u r e 6 t o 

f i g u r e 8. From t h o s e , w e s e e t h a t t h e i o n g e r t h e 

d i f f u s e r , t h e b e t t e r t h e d i l u t i o n e f f e c t . O n l y v i e w i n g on 

t h e p o i n t o f d i l u t i o n , o n e may t a k e t h e d i f f u s e r l e n g t h o f 

480m i s f i n e .But t h e l o n g e r t h e d i f f u s e r , t h e h i g h e r t h e 

c o n s t r a c t i o n c o s t , t h e d i f f i c u l t y i n c o n s t r u c t i o n a l s o 

i n c r e a s e s , f u r t h e r m o r e t h e d i f f u s e r i s s i t u a t e d a t Zhu 

Y u a n , t o p r o l o n g t h e d i f f u s e r l e n g t h w o u l d p o s s i b l y impede 

n a v i g a t i o n . 

— . • ? H H „ 

• ' • lIMIm 

i t - t r 
rU. I I n i f i n l iiuir I I I . 

la Vj-""'Tuii,i 
I n i .1 i i . l i I I I , vt .1 I h i t I,,1,1 

V I C o n c l u s i o n and S u g g e s t i o n 

From o u r m o d e l l i n g s t u d y e x p e r i m e n t , t h e m u l t i - n o z z l e s 

f o r one r i s e r i s f a v o r a b l e . T h e a m b i e n t f l o w h a s v e r y b i g 

i n f l u e n c e upon t h e d i l u t i o n o f e f f l u e n t j e t , e v e n f o r 

v e r y s m a l l s u r r o u n d i n g r i v e r f l o w , i t s d i l u t i o n e f f e c t i s 
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s i gn i f i c n n I,. The l e n g t h of" d i f f u s e r i s o f v i t a l i n i p o r t a r i c e 

to d i l u t i o n , j e t . a n g l e and ve 1 oc 1 t y , s p a c I t i g o f r i s e r . w a t e r 

d e p t h a l s o h a v e e f f e c t s on i n i t i a l d i l u t i o n . A f t e r t h e 

l a b o r i o u s l e s t and c-oiniirehens i ve a n a l y s i s o f t e s t d a t a , we 

s u g g e s t . l l i e f o l l o w i n g p/vranuM.erH f o r d i f f u s o r p r o j e c t a t 

'/.huyu/m ; 

i . Nunibo 1-S (1 f no7,7, l e s : 

M u l t i p l e no'/.zles a r e a r - l , u a l l y d e v i s e d i n a l i d i r e c t i o n 

a r o u n d t h e r i s e r , i t means t h a t t h e t h e e f f l u e n t w i i i be 

d i s t r i b u t e d much more u n i f o r m l y i n t h e w a s t e f i e i d a l o n g 

d i f f u s e r . T h a t c o u l d be h e l p f u l I n t h e d i l u t i o n p r o c e s s , o n 

t h e o t h e r hand c l u s t e r e d s e v e r a l n o z z l e s p e r r i s e r 

d e c r e a s e s t h e number o f e x p e n s i v e r i s e r s n e e d e d . 

The p o r t number t h a n 8 s hows no o b v i o u s b e n e f i t , a n d 

t h e r e f o r e w h i c h i s not recommended, 

2. J e t a n g l e 

The g r e a t e r t h e p o r t a n g l e f r o m h o r i z o n t a l , t h e h i g h e r 

t h e s l o p e o f t h e c u r v e s . l t s e e m s t h a t f o r more 

upward i n c l i n e port- , t h e same d i l u t i o n c o u l d be g a i n e d a t 

s h o r t e r d i s t a n c e from t h e o u t l e t . O n t h e o t h e r h a n d , t h e 

plum might, r i s e r a t h e r r a p i d l y to r e a c h t h e w a t e r s u r f a c e 

I f t h e j e t a n g l e I s b i g g e r and w a f e r d e p t h i s a h a l l o w . 

B a s e d on t e a l , r e s u l t a, we a u g g o a t t h e J e t a n g l e be a b o u t 

IS*» 

3 . S p a c i n g o f r i s e a 

The m e r g e n c e o f t h e a d j a c e n t piume i s g i v e n by t h e m odel 

t e s t . I t i s g e n e r a l l y w i t h i n 20 m e t e r s , when t h e v e r t i c a l 

c o m ponent o f v e l o c i t y o f Fiiumes became z e r o . So, o u r 

H u g g p a t i o n a i s t h o a p a c i n g o f t h e a d j a c e n t r i s e r s i s 

40m,and t h e s e two d i f f u s e r , t h e i r r i s e r a r e s t a g g e r e d . 

4. L e n g t h o f d i f f u s e r 

The d e t e r m i n a t i o n o f t h e l e n g t h o f d i f f u s o r i s a 

c o m p r e h e n s i v e a n a l y s i s among t h e e n v i r o n m e n t a l , e c o n o m i c a l 

a n d s o c i a l b e n e f i t s , f o r t h e o u t f a l l a t Z h u y u a n , b e c a u s e i t s 

l o c a t i o n i s v e r y n e a r t h e n a v i g a t i o n c h a n n e l o f Y a n g t z e 

R i v e r , t o o much e x t e n s i o n o f l e n g t h o f d i f f u s e r i s n o t good 

c h o i c e . F o r l e n g t h o f 400 m e t e r s , u n d e r common h y d r a u l i c 

c o n d i t i o n , a t d o w n t r e a m 500 m e t e r s o f o u t i e t , t h e d i l u t i o n 

c a n a t t a i n a v a l u e 1 0 0 , o n l y when t h e a m b i e n d v e l o c i t y 

Ua=0.2m/a,the d i l u t i o n w i l l b e l o w 100. w h i l e L d = 4 8 0 m , t h e 

d i l u t i o n i a b e t t e r , e v e n f o r tJa = 0.2m/a t h e d i l u t i o n w i l l be 

I 00 . 

A f t e r a n a I yw i n g t h e h y d r a u l ogic- d a t a a t G a o q i a o ( n e a r 

Z h u y u a n ) , I he maximuin a i n h i e n l c u r r e i i l , v e l o c i t y l a o v e r 

2m/a,and t h e lowoct. t u r r e n l v e l o c i t y o f 5 0 % o c c u r r e n c e i s 
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I . O- I . I m/R , ntui ovpii l l i e I O W P M I ve l o c i l y o (' 8 0 % o c c u r r e n c e 
i s 0 . 4 7 - 0 . nOm/s . C o n s i (|e r i iiK I h e pons i h i e o v e r l a p p i n g o f 
p o l l u t i o n c l o u d Hiid t o t i h l n i n K t.hose t.hree a s p e c t s o f 
b e n e f i t . W e s u g g e s t t h e l e n g t h o f d i f f u s e r i s o f 4 0 0 m e t e r s . 

Above a i l t h e j u d g e m e n t h a s b e e n on a s e n s e o f 

r e l a t i v i t y . I t was h a r d to s a y how p r e c i s e o r r e l i a b l e t h e 

r e s u l t s p r e d i c t e d by t h e model t e s t c o u l d b e . B u t t h e 

r e l a t i v e c o m p a r i s o n m i g h t be r e a s o n a b l e , 

A c h n o w t e d g m e n t s 

T h i s s t u d y was s u p p o i t e d by S h a n g h a i S e w e r a g e P r o j e c t 

C o n s t r u c t i o n Company,! am i n d e b t e d t o P r o f e s s o r Gao 

T i n g y a o P r o f e s s o r Gu G u o w e i , P r o f e s s o r C a i B u t a i , P r o f e s s o r 

Zhou S h a n s h e n g f o r p o i n t i n g o u t t o me some o f t h e 

b e n e f i c i a l a r g u m e n t s . The w r i t , e r w o u l d l i k e t o t h a n k Mr. Xu 

I i a n g ,Wang Zong t a n g , Chen . n n x i a , a n d C h e n H u i x i n g f o r 

t h e i r many h e l p f u l comments. 

Append i x I - Re f e r e i u e 

1. M i x i n g i n i n l a n d c o a s t a l w a t e r , 

H u g o b . F i s c h e r E . J o h n h i s t 

2. b i n e plume and o c e a n o u t f a i l d i s p e r s i o n , 

P h l i i p J.W R o b e r t s A.M. ASCF 

3. F l u i d m e c h a n i c s o f w a s t e - w a t e r d i s p o s a l i n t h e o c e a n , 

R o b e r t C.Y.Koh and N.H.Brooks 

4. T w o - d i m e n s i o n a l f l o w f i e l d o f m u l t i p o r t d i f f u s e r , 

P h i l i p J . W . R.obe r I M , A.M. ASCE 
5. S i ) r e a d i n g l a y e r o f t w o - d i m e n s i o n a l b u o y a n t j e t , 

R o g e r B . W a l l a c e and S t e v e n J . W r i g h t 

A p p e n d i x I I - N o t a t i o n 

The f o l l o w i n g s y m b o l s a r e u s e d i n t h i s p a p e r : 

H - w a t e r d e p t h o f r i v e r a t p o i n t o f d i s c h a r g e m 

U a - a m b i e n t c u r r e n t v e l o c i t y m/s 

V j - l n i c l a l j e t v e l o c i t y m/s 

0 - a n g l e o f j e t c e n t e r l i n e w i t h h o r i z o n t a l 

- a m b i e n t d e n s i t y m/t 

- s e w a g e d e n s i t y m/t 

- d i f f e r e n c e i n d e n s i t y b e t w e e n t h e a m b i e n t f l u i d a n d 

s ewage i n a j o t m/t. 
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EXPERIMENTAL EVALUATION OF THE EFFECT OF DISTORTION 
IN THERMAL PLUME MODELS 

by 

Bommanna G. Krishnappan 
National Water Research Ins t i tu te 

Canada Centre for Inland Waters 
Burlington, Ontario Canada 

C K . Jonys 
Ontario Hydro 

Toronto, Ontario Canada 

Abstract 

The e f f ec t of d i s tor t ion in thermal plume models was studied in 
the Hydraulics Laboratory of Ontario Hydro, Toronto, Canada using a 
thermal plume model b u i l t to simulate the surface discharge of once-
through cooling water of a nuclear power plant near Lake Ontario. The 
model was f i r s t operated as an undistorted model and then converted 
into a distorted model with a d i s tor t ion of two. The resu l t s from the 
study show that the d i s tor t ion tested did not have s i g n i f i c a n t e f f e c t 
on the temperature d i s t r ibut ions in the "near-f ie ld" zone. But, in 
the f a r - f i e l d zone, there was a large dif ference between the resu l t s 
of the two models. The di f ference in the f a r - f i e l d zone has been 
at tr ibuted to the lack of s i m i l a r i t y of the Stanton Number which i s a 
measure of the heat t rans fer rate at the a ir-water interface and the 
rate of heat Input into the thermal plume. 

Introduction 

Distort ion in thermal plume-models could have two opposing 
e f f e c t s . In the n e a r - f i e l d region where the spreading of the warm 
water discharge Is dominated by the entrainment process, the d i s t o r 
tion could produce a negative e f fec t as the entrainment process 
depends on the c h a r a c t e r i s t i c s of flow geometry and the topography of 
the receiving waterbody and hence requires the fu l f i lment of the 
geometric s i m i l a r i t y . In the f a r - f i e l d region, on the other hand, the 
d i s tor t ion can have pos i t ive e f f ec t because i t enhances the turbulent 
mixing due to the v e r t i c a l exaggeration and compensates the reduction 
of turbulence as necessiated by the Froude Number s i m i l a r i t y . I t a lso 
improves the rat io of the heat t rans fer rate at the a ir -water i n t e r 
face and the rate of heat input into the plume between the model and 
prototype and f a c i l i t a t e s the adherence of Stanton Number s i m i l a r i t y . 
These two processes are the dominating mechanisms for the spreading of 
warm water discharge In the f a r - f i e l d region. To quantify the e f f e c t s 
of d i s t o r t i o n , an experimental study was undertaken during the model 
test ing of surface discharge of once-through cooling water from a 
nuclear power plant in the v i c i n i t y of Lake Ontario. The d e t a i l s of 
th i s study are presented in th i s paper. 
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Description of the Thermal Plume Model 

The plan view of the modelled area and the discharge channel 
configurations tested are shown in F i g . 1. 

GROIN LENGTH GROIN SPACING 
SECTION A-A IN METERS 

* 
Aspect 

Ral 10 

Flow 

Area 
m2 

Discharge 

Velocity 
m/s 

Densirnelric 

Froude 
NQ 

75C.G.D. ^ 

r7:,^">!^*iV>^j.T,.i^V/;=!^jf^l^ 
0 1 18 249.5 0. 78 1 9 

.<<'^'^— 
v.<iui ƒ//lA"'yA^.'ltó|vll•'|^^'^•-'<!;ll.ll^,ii:^^, 

0 295 1 18.0 1 .64 4 0 

^ E L 69.1m(226 7')C.G.D. 

— ^ 23.6 

r;:V' ' ' ,J! ' f^2^:^i^y/,; i i ; \\,^^ 
0 500 69.62 2 79 8 09 

•corresponds to prototype 

Fig.1. Summary of model data 

This f igure also contains the relevant parameters such as the aspect 
r a t i o , flow area and the discharge ve loc i ty of the warm water 
discharge. The values quoted correspond to prototype dimensions. The 
geometric scales used for the model study are as fol lows: 

= Ay = 1/125 for undistorted model 

A^ = 1/250 and = 1/125 for distorted model 

where the symbol A stands for the rat io of model value to prototype 
value. The scale re lat ionships for the exi t ve loc i ty UQ and the 
discharge ra te , Q, of the warm water discharge were derived using the 
densimetric Fronde Number s i m i l a r i t y as: 

Au = Ay!̂  
0 

1 (1) 

The ambient flow was modelled according to the Froude Number 
s i m i l a r i t y . 
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F i r s t , the model was operated as an undistorted model. Three 
d i f f e r e n t ex i t ve loc i t i e s were tested for the same discharge of 
195 m^/s and for the same i n i t i a l temperature di f ference of l l ' C . The 
discharge channel configurations were adjusted as shown schematically 
in F i g . 1. to achieve a densimetric Froude Number range of 8.09 to 
1.90. The temperature d i s tr ibut ions were measured using thermo
couples mounted at a horizontal plane oT 0.75 m from the free surface 
and the measured temperature d i s t r ibut ions were plotted as isotherms 
in so l id l ines in Fig 2. Then, the model scales were changed and the 
model was operated as a distorted model with a geometric d i s tort ion of 
two. The same three exi t v e l o c i t i e s were tested. The flowrate of the 
warm water discharge was recalculated according to equation ( 1 ) . The 
measured temperature d i s tr ibut ions were also plotted in Fig 2 as 
dotted l ines to the prototype-scale so that a d i rec t comparison of the 
two model resu l t s could be made. 

Results and Discussion 

From, Fig 2 i t can be seen that as the degree of isotherm 
Increases the agreement between the distorted and undistorted model 
resu l t s improves and for the degree isotherm which i s nearly confined 
within the "nearfield" zone as calculated by the method fo Stolzenbach 
and Harleman (1971) and shown as c i r c u l a r arcs in Fig 2, the agreement 
i s very good for a l l three exi t v e l o c i t i e s tested. The agreement 
deter iorates for lower degree isotherms which are in the " f a r f i e l d " 
region. Again, as the densimetric Froude Number becomes smal l , the 
deter iorat ion in agreement between the two model resu l t s becomes 
worse. From th i s r e s u l t , one can conclude that the entrainment 
process responsible for mixing in the nearf ie ld region i s not e f fected 
by the d i s tor t ion that was tested in the study. 

The d i s tor t ion seems to have larger impact in the " f a r f i e l d " 
region where the heat t rans fer at the a i r water interface and the 
turbulent mixing due to ambient flow are the major governing 
mechanisms for the spreading of warm water discharge. Since 
d i s tor t ion was achieved by changing the horizontal s ca le , the ambient 
flow f i e l d had not been changed and the turbulent mixing i s the same 
in both models. Therefore, the di f ferences in the resu l t s of the two 
models are mainly due to the di f ference in the values of the Stanton 
Number. Indeed, in the undistorted model, the actual s ize of the 
plume in the model i s larger as the discharge rate i s higher the 
whereas the dis torted model, plume i s smaller plume because of the 
reduced flow rate as required by the modelling c r i t e r i a , i . e . eqn. 
( 1 ) . 

A correct ion for the temperature d i s tr ibut ions can be made by 
forcing the Stanton Number of the distorted model to be equal to that 
of the undistorted model (see Hindley & Miner, 1972, 1973). Since the 
Stanton Number i s expressed as 

h p^Cp.u^hoATo. '̂̂ ^ 
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Fig.2. Comparison of temperature distributions for run no.l 



temperature c o r r e c t i o n t h a t has t ° h ; 1 M ^° ^^^^ the 

c a i ; S i a ^ ^ r a \ ° . ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 1 n ' r ï i V t ^ o V t e ^ ^ . n 

(T-
= n. 

T ) 
a 

(3) 

e n c l o s e d by the d i f f e r e n t i sotherms l;for^e" a'nd^^f^/r^'pe'rVoflïtnr^S: 

Area errclosed by various isotherms o( distorted model resull^dn km2) ^ 6 

Fig. 5. Area enclosed by various isotherms of distorted and 
undistorted models 

a 

A 
A f 

O Exit veto 
com Da re 
16° r isc 

with 3°C 

citv C 76 r 
s 
)therm o* u 

" d 

n/s 

ndistorted 
istoded 

/ A Exit velocity 1 64 m/s 

°Ex i t velocity 2 79 m/s 

o"2 

< 0 

Area 
J 4 5 6 

enclosed by 2°Z isotherm of the distorted model I in km2 ) 

Fig.6. Area enclosed by 1°C isotherm of undistorted 
vs. 2°C isotherm of distorted model 
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above correction are plotted. I t can be seen from F i g . 6 that the 
correct ion to the temperature d i s t r ibut ions has resulted in a good 
agreement between the two model r e s u l t s . u m a gooa 

Conclusions 

From this study, the following conclusions can be drawn. 

a) Distort ing a thermal plume model by a factor of two did not 
produce s i g n i f i c a n t e f f ec t s to the entrainment process in the 

b) The heat transfer rate at the a ir -water interface i s 
s i g n i f i c a n t in his f a r - f i e l d zone and should be taken into 
account in terms of the Stanton Number s i m i l a r i t y . 
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Scale Effect of Geometric Distortion of Cooling Water 
Circulation Models 

Chen Huiquan Chen Yanru 

Institute of Water Conservancy and Hydroelectric Power Research 

(IWHR), Beijing, China 

Abstract 

The paper presents some theoretical analysis and experimental study on the scale effect of 
model's geometric distortion. Contradiction and incompatibility of various simulation require
ments are discussed. The flume investigations were carried out in a flume of 21 x 2 x 0.6m. Sim
ple configurations of receiving water body and intake-outlet structures were simulated with 
geometric distortion ratio ranging from 1 to 10. It is found the scale effect is connected with the 
effluent densimetric Froude No. and the crossfiow ratio. Comparisons of experimental results 
obtained from models with different distortion ratios are illustrated. It is verified that model's 
distortion trends to exaggerate the horizontal diffusion and alleviate the vertical diffusion, a 
conclusion made by the writers decades ago. 

Analysis of the Influence of Geometric Distortion 

The influence of geometric distortion in modeling has been investigated early in 1970's by 
Chen'*', Abraham'-', Haggström'-'et al.. People used to simulate cooling water circulation in 
undistorted model for near tleld and in distorted model for far Field. However, due to the 
coe.xistance of the two fields in the same model and their interaction, the problem is far more 
complicated in determining whether a geometric distorted model should be used and which dis
tortion ratio is preferable. The complexion arises mainly from: 

1) Contradiction of similarity requirement in diffusion 

Let x, y. li. V. D^, Z),. are length, velocity, coefficient of diffusion in 2 perpendicular direction 
of .v-v plane, L, V.Di the relevant value in any direction of the .\—v plane; w, D- the relevant 
value in the water depth direction; 

for distored model, .x,=y, = L,=^:,, u^ = \\ = V^=/^\\\, 

where subscript r denotes the ratio of prototype to model. 

Similarity criteria from continuity, and energy equation: 

(DJ (DJ = (D,) =u,L=V,L, 

(D,) , = uvr, = u,z- / = V,z- / L, (2) 

(I) 

Similarity criteria from kinematic equation: 

= A p ' ' (3) and = r 

when Ap,#:l , keep (3) only. Ap is the density diff due to temp diff 

The similarity criteria for diffusion term is thereupon: 

(4) 
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(5) 

(6) 

Assume D ~ IfÜ (7), where V and L are the characteristic velocity and length of the 

water region. 

Let 

real value of D ^ 

~D similarity criteria required 

then for horizontal diffusion, \\i 
U"L' 

for vertical diffusion. 

(8) 

(9) 

Yor a = b=\,U=V or V' =y^, L = 1 o r / J . value of i// is shown in the following table in 

w hich fi is the distortion ratio, K = L ^ / z .̂ 

Characteristic of Z) 
'A 

Characteristic of Z) Horizontal Diffusion Vertical Diffusion 

D~ V' h Ap, -£ - Ap^ - g -

D~ Vh Ap^ -£ Ap, -e 
1 

D ~ F l Ap;^ Ap, -e' 

D~V'\ Ap, -K -
Ap, -fi-

The table indicates a larger horizontal diffusion and a smaller vertical diffusion P - - " ^ 

in the distorted model with a > 1. The discrepancy depends upon the charactenstics of diffusion 

wmch I S dosely related to the nature ofthe turbulence dominating the water region concerned. 

2) Contradiction of similarity requirement in heat exchange 

From similarity criterion of heat loss at free surface 

/heat flux through w a t e r - a i r interface'\ ^ ^ 

V total heat flux increment 

w i t h E q . ( 3 ) , Kr = Apl ' L\ 110), where/: is the coefficient ot̂  heat dissipation and Ö ts the 

effluent discharge. Eq. (10) is difficult to realize. In fact, K ^ « ^ p / - L \ ' .i.e. [ K j (K,J ,e^ 

the intensity of surface cooUng in the undistorted model is exaggerated. 

3) Contradiction of similarity requirement in ambient flow condition 
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model is especially pronounced in the case of tidal flow. 

The influence of geometric distortion to a certain physical phenomena is actually the com
bined scale effects induced by the above factors. Take intake temperature of cooling water as 
an example. 

due to (I) . r.(distorted model) < T^Cundistorted model) 

due to (2), r^Cdistorted model) > T.lundistorted model) 

due to (3), r.idistorted model) > r,(undistorted model) 

Whether T. obtained from distorted model is less than T, from undistorted model is differ
ent from case to case. 

Flume Investigation''" 

Through a lot of simplification, AT/ ATQ can be expressed as; 

AT' , 
Xf^ =(p(fi, F ^ , a ) (11) 

where, AT is the temp, diff of the water surface temp T and the ambient water temp T^ at 
any point in heated effluent receiving water region; ATQ , the temp diff of the outfall temp 
To and T^^, F^is densimetric froude number and a ' is ratio of the crossflow and outfall velocity. 

In accordance with Eq. (11), scale effect of distortion were investigated through comparison 
of the AT/ AT„ distribufion with s under various combination of and a* . For all the test 
runs, the horizontal dimensions remain constant with water depth changed to form the different 
e. Discharge Q is changed accordingly. 

The experiments were carried out in the flume with dimension of 21 x 2 x 0.6m as shown in 
Fig. 1. The ranges of the experimental parameters are: R= 1-10; a ' =0-1.05; and 1.9-4.9. 

purp 

Fig.l Test Flume 

With the variation of a ' , three types of flow with somewhat different thermo-hydraulic 
characteristics for modelling could be classified: 

c('>0.3, intensive crossflow type; 

y.' = 0.08-0.3, weak crossflow type; 

a ' < 0.08, reservoir or pond type. 

Over 100 test sets have been run and some typical comparisons are illustrated in Fig. 2,3,4. 
It is obviously shown that the intensity of thermal stratificaUon increases with geometric distor
tion. The results of flume tests also disclose the fact that the modification due to the geometric 
distortion affects on flow pattern and temperature distribution with the change of e is in a con
tinuous way and no abrupt change could be definitely found. The limited value of e therefore 
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Fig.2 Surface Temp Pattem under Different 

Di.storted Scale 

Fig.3 Vertical Temp Patiern along Jet .Axis 

under Different Distorted Scale 

1.5 

02 

01 

O £=2 
• £ ' 5 

5. 

Fig.4 
X , A^.. 

X I F . 

seems to be a some fuzzy number determined with some personal judgement. It can be con

cluded: 

(1) Geometric distortion trends to exaggerate the horizontal diffusion and the vertical 

stratification. 
(2) The distortion effect is closely connected with the and ot * , smaller the F^ and -x * , 

more significant the scale effect. 
(3) Scale effect due to geometric distortion is in general not pronounced with e < 2-3, and in 

some cases, model with distortion ratio e = 5-6 or even more is acceptable. 

Case Studies 

About 20 cases of physical simulation with thermo-hydraulic models of 2 different distor
tion ratio for the same engineering project have been conducted in China. Here 2 typical exam
ples are introduced to illustrate their comparisons of experimental results for the same water re
gion obtained from models of dfferent e. 

1) Sunan Nuclear Power Plant: e = 210m-/ s. A distorted model with Z., = 800, r, = 80 was 
used to investigate the overall behavior of the relevant course of the Yangtze River and an 
undistorted model with L, = z,= 100 was used to study the thermo-hydraulic features of the lo
cal water region near outlet. '^'The temperature patterns obtained from two models are shown in 
Fig.5. Their comparison indicates that the geometric distortion is accompanied with larger the 
thermal diffusion, thinner the upper thermal layer and higher the surface temp, the same conclu
sion drawn from both the theoretical analysis and flume tests. 
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(a). Surface T€3Tip Pattem û ĵ  Verti -al Temp Pattem along Jet Center Line 

Fig.5 Distorted and Undistorted Model of Sunan Power Plant 
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2) Daya Bay Nuclear Power Plant: 0 = 98 m / s, two models simulating the same water re
gion were performed:'^'a pilot model with L , = 5000, z ,= 100 and a distorted model with 
L , = 800, z ,= 100. Fig.6 is the tidal flow patterns from these model with some prototype data al
so presented. Fig. 7 is their thermal flow predictions. 

All the comparisons show a good conformity between the models. It also reveals that a 

model with e up to 50 could still be used effectively as an available means for feasibihty study if 

it is properly designed. 

Concluding Remarks 

It is usually a complex and annoying problem to reach a decision whether a geometric dis
torted model should be used in thermo-hydraulic modeling and which distortion rado is prefer 
able. The complexity arises from the fact that not only the scale effect due to geometric distor
tion are related to many factors, including hydrological, topographical conditions of the effluent 
receiving water region, the engineering aspect of the intake and outlet and their performances, 
but also a correct assessment should be made for the relative weight of the geometric distorted 
scale effect to the total scale effect induced by non-fulfillment of other similarity criteria. The 
following three points should be noted in the selection of model scale rados: 

1) In a strict sense, no thermo-hydraulic model can be designed to fulfill all the similarity 

requirements and no thermo-hydraulic models are undistorted. It is appropriate to examine be

forehand the priority and the relative ratio of the scale effect due to geometric distortion to 

those from other distortions. 

2) Due to the conflicting requirments in the different similarity criteria, the model deformity 
due to geometric distortion may cause positive effect in simulating other physical phenomena. 

3) The scale effect of geometric distortion is different for different physical feature to be 

simulated and studied in the model. 

Therefore, the limitation of distortion ratio could not be determined straightway. The cor

rect choice of model scales is in fact a balancing of many mutual conflicting necessities, a trade 

off with advantages and disadvantages of geometric distortion, and a harmony of (1) the main 

objective of the model studies, (2) the accuracy of the model investigation pursuited, and (3) the 

space and faciUty the lab provided. 

It is an overall estimation and judgement to make the thermo-hydraulic test possible in the 

given time and lab space in the one hand and to have the similarity requirements satisfied to the 

full possible extent on the other hand. It should be treated not only as a science but an art as 

well, and it is in this context that the problem of geometric distortion deserves further explora-

fion. 
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PHYSICAL MODELLING OF THERMAL DISCHARGES IN SURF ZONE 

By N. M. I s m a i l ' i ' A.M. ASCE, R.L. Wiegel<2) p.ASCE. 
P.J. Ryan(3>, M. ASCE and S.W. Tu<'",M.ASCE 

ABSTRACT: The m i x i n g of t h e r m a l j e t s b e i n g d i s c h a r g e d 
from D i a b l o Canyon power p l a n t i n t o a s e m i - e n c l o s e d em
bayment, and h e a d i n g d i r e c t l y i n t o s u r f a c e g r a v i t y 
waves coming from o f f s h o r e , was m o d e l l e d m the 
l a b o r a t o r y . A s e r i e s of s e n s i t i v i t y t e s t s was con
d u c t e d to v e r i f y the 1:75 s c a l e u n d i s t o r e d h y d r a u l i c 
model The r e s u l t s showed t h a t c o r r e c t m o d e l l i n g of 
o f f s h o r e i n c i d e n t wave f i e l d , wave b r e a k i n g , wave 
r e f l e c t i o n and n e a r s h o r e bathymetry i s s i g n i f i c a n t f o r 
a c c u r a t e p r e d i c t i o n of plume t r a j e c t o r y and t e m p e r a t u r e 
d i s t r i b u t i o n s . Although, w i t h the m o d e l l i n g l i m i t a 
t i o n s of wind-waves and o f f s h o r e b o u n d e r i e s , the model 
proved to be a v a l i d p r e d i c t i v e t o o l over the t o t a l 
range of p l a n t o p e r a t i n g and o c e a n o g r a p h i c p a r a m e t e r s . 

INTRODUCTION 

Du r i n g 1985 and 1986 an e x t e n s i v e s e r i e s of model t e s t s 
were performed to v e r i f y the p h y s i c a l model of the 
D i a b l o Canyon Power P l a n t t h e r m a l ^ d i s c h a r g e , ^as 
r e q u i r e d by the f i n d i n g s of the 1975 NRC E n v i r o n m e n t a ^ 
H e a r i n g s . The p l a n t l a y o u t and an o v e r a l l p l a n view of 
the p h y s i a l model a r e shown m F i g . l The P h y s i c a l 
model i s l o c a t e d a t the h y d r a u l i c l a b o r a t o r y (RFS) of 
U n i v e r s i t y of C a l i f o r n i a , B e r k e l e y . The b a s i c a p p r o a c h 
of model v e r i f i c a t i o n c o n s i s t e d of r u n n i n g the model 
f o r the p l a n t d i s c h a r g e and ambient c u r r e n t , the t i d e 
and wave c o n d i t i o n s t h a t e x i s t e d d u r i n g the U n i t 1 and 
U n i t 2 Power A s c e n s i o n T e s t s ( P . A . T . ) , and comparing 
p r o t o t y p e and model t e m p e r a t u r e d i s t r i b u t i o n s m the 
v i c i n i t y of the d i s c h a r g e , both w i t h i n and o u t s i d e 
D i a b l o D i s c h a r g e Cove. 
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2 P r o f . of C i v . Engrg., Univ. of C a l i f . , B e r k e l e y , 
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PHYSICAL MODEL OF DIABLO CANYON 

The model i s an u n d i s t o r t e d d e n s i m e t r i c Froude model 
w i t h a s c a l e of 1:75. The model b a s i n i s 8 5 f t by 6 4 f t 
by 2 . 5 f t deep (26m x 19.6m x 0.76m). Model bathymetry 
was based on p r o t o t y p e h y d r o g r a p h i c s t u d i e s p l u s a e r i a l 
photography. C o a s t a l c u r r e n t s p a r a l l e l to the c o a s t 
were g e n e r a t e d u s i n g a pump/manifold system. Dynamic 
t i d e s were s i m u l a t e d u s i n g a computer c o n t r o l l e d s y s 
tem. A p i s t o n - t y p e wave maker was used to g e n e r a t e 
monochromatic waves of the deep-water s i g n i f i c a n t 
h e i g h t and p e r i o d . Temperature measurements w e r e , t a k e n 
u s i n g a 45 s e n s o r a r r a y , s p a c e d a t 50 f t (i5.2m) 
( p r o t o t y p e ) c e n t e r s i n the h o r i z o n t a l and 4 f t (1.2 m) 
i n the v e r t i c a l . The e n t i r e a r r a y c o u l d be moved i n 3 
d i r e c t i o n s , a l l o w i n g the 3 - d i m e n s i o n a l plume f i e l d to 
be measured. Ranges of p l a n t and f i e l d ambient c o n d i 
t i o n s a r e 2 0 0 0 - 4 0 0 0 c f s f o r flow d i s c h a r g e , 17-20V f o r 
te m p e r a t u r e r i s e , 0 - 7 f t f o r t i d e l e v e l , up to 300fpm 
f o r c u r r e n t speed and 3 - 8 f t f o r waves s i g n i f i c a n t 
h e i g h t . 

E x p e r i m e n t a l P r o c e d u r e s - D e t a i l e d model o p e r a t i n g and 
i n s t r u m e n t s c a l i b r a t i o n p r o c e d u r e s f o r the model were 
de v e l o p e d and s t r i c t l y adhered t o . Water l e v e l , c u r 
r e n t s , waves, d i s c h a r g e flow and i t s t e m p e r a t u r e were 
e s t a b l i s h e d ( R e f . 2 ) to s i m u l a t e f i e l d c o n d i t i o n s . The 
sy s t e m was a l l o w e d to come to q u a s i - s t e a d y s t a t e p r i o r 
to t a k i n g any wave, t e m p e r a t u r e and v e l o c i t y measure
ments . 

S E N S I T I V I T Y LABORATORY TESTS 

Du r i n g t h i s s t a g e i t was o b s e r v e d as the m o d e l l e d 
wave h e i g h t i n c r e a s e d , the d i f f i c u l t y of s i m u l a t i n g 
t e m p e r a t u r e f i e l d c o n d i t i o n s i n the model was i n c r e a s e d 
s i g n i f i c a n t l y . I t was o b s e r v e d t h a t wave-induced c u r 
r e n t s due to b r e a k i n g of waves i n the s o u t h p a r t of the 
west e n t r a n c e and wave r e f l e c t i o n a t the e n t r a n c e 
s i d e s , had a s i g n i f i c a n t impact on t e m p e r a t u r e p r o f i l e s 
i n D i a b l o Cove. I n a d d i t i o n the model o f f s h o r e bound
a r i e s had a pronounced e f f e c t on the c u r r e n t p r o f i l e i n 
the f a r - f i e l d and a u n i f o r m o f f s h o r e p r o f i l e c o u l d not 
be m a i n t a i n e d . Thus i t was found t h a t m o d e l l i n g of wave 
t r a n s f o r m a m t i o n and b o u n d a r i e s have an i m p o r t a n t e f 
f e c t , both on plume t r a j e c t o r y and m i x i n g i n the model. 
Wave r e f l e c t i o n and b r e a k i n g e f f e c t s were r e a c h e d i n 
the model by i n s t a l l i n g wave a b s o r b i n g m a t e r i a l s and 
s m a l l r o c k s i n key a r e a s due to the l a c k of b a t h y m e t r i c 
d a t a i n t h e s e a r e a s . T h i s approach was f o l l o w e d un
t i l the o b s e r v e d e f f e c t s i n the f i e l d on plume t r a j e c 
t o r y and t e m p e r a t u r e p r o f i l e s were o b t a i n e d i n the 
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model. F i g . 2 shows a photo of dye v i s u a l i z a t i o n of the 
c o l d water i n g r e s s and c i r c u l a t i o n i n the d i s c h a r g e 
cove due to wave b r e a k i n g on the p l a t e a u n e a r the west 
e n t r a n c e . ( R e f . 1 ) . 

LABORATORY RESULTS 

The o v e r a l l model r e s u l t s i n d i c a t e d t h a t the model 
s a t i s f a c t o r i l y s i m u l a t e d the b e h a v i o r of the p r o t o t y p e 
over a wide rage of U n i t 1 and U n i t 2 o p e r a t i n g l e v e l s 
and ambient c o n d i t i o n s . Based on the model/ p r o t o t y p e 
c o m p a r i s o n s the f o l l o w i n g r e s u l t s can be drawn :-
o For n e a r s u r f a c e t e m p e r a t u r e s the agreement be

tween model and p r o t o t y p e was g e n e r a l l y e x c e l l e n t 
as i l l u s t r a t e d i n F i g . 3 

o The m o d e l/prototype agreement was good i n terms of 
both i s o t h e r m a l s u r f a c e a r e a and plume c o n f i g u r a 
t i o n . F i g . 4 shows a comparsion of i s o t h e r m a l 
s u r f a c e a r e a . 

o For low water l e v e l s the agreement of v e r t i c a l 
t e m p e r a t u r e p r o f i l e s was g e n e r a l l y good f o r a l l 
depths and a l l l i n e s . For h i g h water l e v e l s , the 
model tended to u n d e r s t i m a t e the depth of the 
plume on the o f f s h o r e l i n e s as shown i n F i g . 5 

CONCLUSIONS 

The p h y s i c a l model has been v e r i f i e d over a wide 
range of p l a n t and ambient o c e a n o g r a p h i c c o n d i t i o n s . 
A l t h o u g h of the l i m i t a t i o n s of e x a c t m o d e l l i n g wind-
waves m i x i n g e f f e c t s and l a t e r a l b o u n d a r i e s i n the f a r 
f i e l d , i t can be s a i d t h a t the p h y s i c a l m.odel was a 
r e l i a b l e p r e d i c t i v e t o o l o ver a wide range of ambient 
c o n d i t i o n s , as long as i t i s o p e r a t e d i n a way w h i c h 
m i n i m i z e s the e f f e c t s of the model b o u n d a r i e s . 
However, some t y p e s of ambient c o n d i t i o n s , e.g. weak or 
u p c o a s t c u r r e n t c o n d i t i o n s , or r a p i d l y changing c u r r e n t 
c o n d i t i o n s , cannot be s i m u l a t e d i n the model, at l e a s t 
i n terms of the c o n f i g u r a t i o n of the o f f s h o r e plume. 
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REYNOLDS NUMBER EFFECTS ON TURBULENT JET DILUTION 
by George E. Hecker 

Alden Research Laboratory, I n c . 
Holden, MA 01520 USA 

ABSTRACT 

Experimental s t u d i e s are reported f o r h o r i z o n t a l , round buoyant j e t s f o r 

which the d e n s i m e t r i c Froude number was maintained constant while the 

Reynolds number was v a r i e d from 2x10 to 4x10 . R e s u l t s show t h a t 

d i l u t i o n i s a f u n c t i o n of Reynolds number i n the t e s t e d range, and t h a t 

entrainment i s somewhat higher a t the lower Reynolds numbers. Presented 

data a r e u s e f u l i n the i n t e r p r e t a t i o n of hydrothermal model s t u d i e s . 

INTRODUCTION 

P h y s i c a l h y d r a u l i c models based on Froude s i m i l i t u d e a re f r e q u e n t l y used 
to study the d i l u t i o n of e f f l u e n t s and to p r e d i c t prototype c o n c e n t r a 
t i o n s . The Reynolds number of the d i s c h a r g e i s orders of magnitude 
s m a l l e r i n the model, and p r a c t i c a l c o n s t r a i n t s t y p i c a l l y r e s u l t i n 
model j e t s w ith Reynolds numbers between 10 and 10 . The i n f l u e n c e of 
the reduced Reynolds number on s c a l i n g j e t d i l u t i o n i s assumed to be 
s m a l l f o r j e t s t u r b u l e n t from t h e i r o r i g i n . L i t t l e data are a v a i l a b l e , 
however, which i n d i c a t e i f d i l u t i o n changes w i t h Reynolds numbers i n t h e 
f u l l y t u r b u l e n t range. T h i s paper r e p o r t s on experiments to determine 
whether or not model t e s t s a re " c o n s e r v a t i v e " (have l e s s d i l u t i o n ) due 
to t h i s s c a l e e f f e c t , as f r e q u e n t l y assumed. 

PREVIOUS WORK 

I t i s g e n e r a l l y accepted t h a t a j e t i s f u l l y t u r b u l e n t from i t s o r i g i n 

f o r R=VD/v>2.5xlO , Pearce (1966); Anwar (1972). An e a r l y i n v e s t i g a t i o n 

on the a f f e c t of Reynolds number on f u l l y t u r b u l e n t j e t c h a r a c t e r i s t i c s 

was conducted by Baines (1948), who determined t h a t the l e n g t h of t h e 

p o t e n t i a l core, L, was a minimum a t about R=10 , as seen i n F i g u r e 1. 

Since other j e t flow parameters can be r e l a t e d to changes i n the poten

t i a l core, Baines concluded t h a t the Reynolds number should be c o n s i d e r -

Ricou and Spalding (1961) 
p u b l i s h e d the r e s u l t s of a 
study based on a n o v e l 
experimental technique to 
measure j e t d i l u t i o n . 
B a s i c a l l y , the technique 
c o n s i s t e d of surrounding 
an a i r j e t with a porous 
c o n t a i n e r , and of supply
ing an a c c u r a t e l y measured 
q u a n t i t y of a i r through 
the porous w a l l u n t i l the 
l o n g i t u d i n a l p r e s s u r e 
g r a d i e n t was zero, thereby 
s i m u l a t i n g a f r e e j e t . 
T h i s method allowed d i r e c t 

ed when studying f u l l y t u r b u l e n t j e t s , 
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measurement of the t o t a l entrainment to a given d i s t a n c e from the j e t 
o r i g i n and avoided the problem of i n t e g r a t i n g the asymptotic l a t e r a l 
v e l o c i t y p r o f i l e . At Reynolds numbers g r e a t e r than 2.5x10 , measured 
entrainment c o e f f i c i e n t s agreed w i t h other p u b l i s h e d v a l u e s . F i g u r e 2 
i n d i c a t e s t h a t as the Reynolds number was decreased, the d i l u t i o n , S, 
i n c r e a s e d to a maximum v a l u e a t about R=3xl0 , and then decreased with 
continued d e c r e a s e s i n Reynolds number as the j e t o r i g i n became laminar. 

H 
I CO 

A 
• 25D * A A • 25D 

\i D • \i D 
w ^ — • - • 

R- VD/vxlO-* 

FIGURE 2 DILUTION VERSUS REYNOLDS NUMBER 
(RICOU AND SPALDING, 1961) 

numbers g r e a t e r than 5x10 were not t e s t e d , 

higher t u r b u l e n t Reynolds numbers was not apparent. 

Ungate (1974) measured 
c o n c e n t r a t i o n p r o f i l e s i n 
a v e r t i c a l buoyant j e t 
s p e c i f i c a l l y to determine 
Reynolds number e f f e c t s on 
d i l u t i o n . C l e a r d e c r e a s e s 
i n d i l u t i o n were noted as 
the j e t o r i g i n became 
laminar, f o r R<2.5xl0 , 
see F i g u r e 3. No apparent 
e f f e c t s of Reynolds number 
on d i l u t i o n were s a i d 
occur beyond R>1.2x10 
although some i n c r e a s e i n 
d i l u t i o n i s evid e n t f o r 
i n c r e a s i n g Reynolds 
number. S i n c e Reynolds 

any d e c r e a s e i n d i l u t i o n a t 

Numerous s t u d i e s have demonstrated t h a t the l a r g e r s c a l e turbulence i n 
j e t s i s not random, but e x h i b i t s some coherence. Crow and Champagne 
(1971) showed t h a t t h e r e i s a c o n c e n t r a t i o n of the l a r g e s c a l e turbu
l e n c e a t a c h a r a c t e r i s t i c S t r o u h a l number of 0.30, based on the frequen
cy of a f l u c t u a t i n g parameter, the e x i t v e l o c i t y , and the i n i t i a l j e t 
diameter. Such coherence appears l i m i t e d to the p o t e n t i a l core, a c c o r d 
i n g to Hussain and Zaman (1981), whose data i n d i c a t e t h a t d e t a i l s of the 
coherent s t r u c t u r e depends on the j e t Reynolds numbe^, and t h a t Reynolds 
number s i m i l a r i t y would not be achieved even a t R=10 . 

A v a i l a b l e information thus 

i n d i c a t e s t h a t a j e t i s 

f u l l y t u r b u l e n t from the 

po i n t gf d i s c h a r g e a t 

R>2.5xl0 , but t h a t v a r i a 

t i o n s i n the j e t p o t e n t i a l 

core length, entrainment, 

and turbulence s t r u c t u r e 

occur even f o r j e t s with 

Reynolds numbers higher 

than t h i s t r a n s i t i o n a l 

v a l u e . T h i s experimental 

study of f u l l y t u r b u l e n t 

j e t s was conducted to 

determine what Reynolds 

number would be ne c e s s a r y 

to achieve s i m i l a r i t y of 
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FIGURE 3 CENTERLINE DILUTION VERSUS REYNOLDS 
NUMBER FOR BUOYANT JETS AT 
x/D = 15 (UNGATE. 1974) 
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j e t entrainment. S i n c e entrainment i s a l s o a f u n c t i o n of the densimet

r i c Froude number, a procedure was devi s e d which allowed the Reynolds 

number to be v a r i e d a t a constant d e n s i m e t r i c Froude number. 

EXPERIMENTAL PROCEDURE 

The main s e r i e s of t e s t s reported on h e r e i n was conducted a t a f i x e d j e t 
d e n s i m e t r i c Froude number of 35. T h i s v a l u e was chosen as t y p i c a l f o r 
buoyant j e t s , and was hel d constant w i t h i n ±3% to e l i m i n a t e the Froude 
number as a v a r i a b l e . A s i n g l e h o r i z o n t a l , buoyant j e t was sampled a t 
three d i s t a n c e s along i t s t r a j e c t o r y from the o r i g i n , 20D, 40D and 60D, 
where D = the i n i t i a l j e t diameter. I n a d d i t i o n , the maximum s u r f a c e 
c o n c e n t r a t i o n approximately 95D from the j e t o r i g i n was a l s o measured to 
obtain i n t e g r a l d i l u t i o n s i n comparison to c e n t e r l i n e d i l u t i o n s e v a l u 
ated from the j e t p r o f i l e data. I n a l l c a s e s , the i n i t i a l l y h o r i z o n t a l 
j e t was submerged 40D and had a c l e a r a n c e of 20D to the tank bottom. To 
obtain the d e s i r e d range of Reynolds number, two j e t diameters were 
used, 0.25 i n c h (6.3mm) and 0.75 i n c h (19mm). For each j e t , the i n i t i a l 
v e l o c i t y and d i s c h a r g e temperature were v a r i e d such t h a t the d e n s i m e t r i c 
Froude number was h e l d c o n s t a n t w h i l e v a r y i n g the Reynolds number. J e t 
disc h a r g e was measured by c a l i b r a t e d flow meters. E f f e c t s of r e s i d u a l 
s w i r l , turlDulence, and boundary l a y e r t h i c k n e s s of the approach p i p e 
flow were minimized by i n s e r t i n g b a f f l i n g upstream from e l l i p t i c a l 
c o n t r a c t i o n s which formed the j e t . V e l o c i t y t r a v e r s e s for each j e t 
us i n g commercial LDA equipment v e r i f i e d the d e s i r e d f l a t d i s c h a r g e 
v e l o c i t y p r o f i l e over the range of Reynolds number t e s t e d . 

Due to the r e l a t i v e l y l a r g e tank s i z e used, time was a v a i l a b l e to o b t a i n 

steady s t a t e measurements, p a r t i c u l a r l y below the heated s u r f a c e l a y e r . 

Care was taken t o l e t a l l c u r r e n t s i n the tank d i s s i p a t e p r i o r t o 

i n i t i a t i n g the j e t d i s c h a r g e , such t h a t the j e t was not d e f l e c t e d nor 

i t s d i l u t i o n a f f e c t e d by ambient c u r r e n t s or turb u l e n c e . 

The heated j e t was sampled one c r o s s - s e c t i o n a t a time by the thermocou

p l e g r i d shown i n F i g u r e 4. For each p o s i t i o n along the t r a j e c t o r y , the 
v e r t i c a l s e c t i o n was f i x e d 
a t r i g h t angles to the 
c e n t e r l i n e t r a j e c t o r y , 
c a l c u l a t e d according t o 
Fan and Brooks (1969). 
Each sensor was at t a c h e d 
to the support such t h a t 
the measuring t i p , which 
had a time constant of 
approximately 0.3 seconds, 
was l o c a t e d s u f f i c i e n t l y 
upstream to ob t a i n un
d i s t u r b e d temperatures. 
During measurements of 
maximum s u r f a c e tempera
t u r e , t h i s probe a r r a y was 
removed and a s e p a r a t e 
probe a r r a y was mounted 

FIGURE 4 ARRANGEMENT OF SENSOR GRID FOR w i t h the sensors j u s t 
CROSS-SECTIONAL MEASUREMENTS below the water s u r f a c e . 
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Scanning of probes, i n c l u d i n g those measuring the ambient and i n i t i a l 
j e t d i s c h a r g e temperatures, was c o n t r o l l e d by a small computer. Ap
proximately 60 scans were obtained for each p o s i t i o n of the sensor 
a r r a y , and t h e s e data were reduced by computer such t h a t 40 scans 
r e p r e s e n t i n g steady s t a t e c o n d i t i o n s could be s e l e c t e d . For each 
sensor, the mean temperature r i s e and the standard d e v i a t i o n from the 
mean were c a l c u l a t e d , and a p l o t of the mean temperature r i s e v e r s u s 
probe p o s i t i o n allowed e v a l u a t i o n of j e t p r o f i l e shape and p o s i t i o n of 
the maximum c o n c e n t r a t i o n r e l a t i v e to the c e n t e r of the probe a r r a y . 
The maximum s u r f a c e c o n c e n t r a t i o n s were determined by s e l e c t i n g two 
sensors having the maximum temperatures. Any probe reading f o r which 
the standard d e v i a t i o n was g r e a t e r than the mean c o n c e n t r a t i o n was 
d i s c a r d e d , which was the c a s e f o r some probes near the j e t boundary. 

A second stage of data r e d u c t i o n determined a l e a s t square f i t of the 
data f o r the h o r i z o n t a l and v e r t i c a l t r a v e r s e segments, and provided 
e x t r a p o l a t e d c e n t e r l i n e c o n c e n t r a t i o n s a f t e r an a x i s s h i f t to l o c a t e the 
a c t u a l j e t c e n t e r ^ 2^^^ curve f i t t e d data were a l s o used to f i n d the 
r e l a t i v e spread, A b /D , from 

2 /A 2, 2 
AT/AT^= e"^ ^ 

where AT = temperature r i s e a t a measured p o i n t , AT = maximum c e n t e r -
l i n e temperature r i s e , r = r a d i a l d i s t a n c e from j e t c e n t e r to the 
measuring p o i n t , A = a f a c t o r r e l a t i n g temperature to v e l o c i t y p r o f i l e s , 
and b = the c h a r a c t e r i s t i c j e t width. 

A p l o t of £nAT v e r s u s r ^ f o ^ f ^ ^ J ^ segment of the probe ar r a y allowed 

determination of AT and (-A b ) . The v a l u e of r used i n the p l o t s 

was i n j e t diameters^, a f t e r t r a n s l a t i o n of c o o r d i n a t e s . T r a n s l a t i o n of 

c o o r d i n a t e s was performed based on a s e a r c h g r i d u n t i l a minimum d i f f e r 

ence i n e x t r a p o l a t e d c e n t e r l i n e c o n c e n t r a t i o n was achieved between the 

four segments of the probe a r r a y . The l e f t and r i g h t s i d e s of the 

h o r i z o n t a l probes produced symmetrical p r o f i l e s , while the v e r t i c a l 

p r o f i l e s were not expected to be symmetrical due to buoyant f o r c e s . 

C e n t e r l i n e c o n c e n t r a t i o n s from each of the four segment e x t r a p o l a t i o n s 

are p l o t t e d v e r s u s Reynolds number. I t should be noted t h a t the curve 

f i t t i n g , a x i s s h i f t i n g , and c e n t e r l i n e e x t r a p o l a t i o n techniques produced 

only s m a l l changes i n c e n t e r l i n e p o s i t i o n s and maximum c o n c e n t r a t i o n s 

from those measured d i r e c t l y . 

TEST RESULTS AND EVALUATION 

C e n t e r l i n e c o n c e n t r a t i o n s were p l o t t e d v e r s u s j e t Reynolds number for 

the v a r i o u s d i s t a n c e s from the j e t o r i g i n . For a d i s t a n c e of 40D, 

F i g u r e s 5 and 6 show the change i n c e n t e r l i n e c o n c e n t r a t i o n and j e t 

width, r e s p e c t i v e l y , w i t h Reynolds number. I n g e n e r a l , t h e s e p l o t s 

i l l u s t r a t e a g r a d u a l l y i n c r e a s i n g c o n c e n t r a t i o n and d e c r e a s i n g j e t width 

with i n c r e a s i n g Reynolds number. The i n c r e a s e i n c o n c e n t r a t i o n over the 

t e s t e d range of Reynolds number was from approximately 0.10 to 0.13, 

r e p r e s e n t i n g a decrease i n d i l u t i o n of from approximately 10 to 7.7. 

From these data, i t seems t h a t model t e s t s w i t h j e t s should be conducted 

with as high a Reynolds number as p r a c t i c a b l e . A l t e r n a t e l y , some c o r 

r e c t i o n f o r the decrease i n c o n c e n t r a t i o n a t low Reynolds numbers may be 

made. 
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Although the data show a 
tendency f o r the ch a r a c 
t e r i s t i c j e t width to de
cr e a s e w i t h i n c r e a s i n g 
Reynolds number, c o n s i s 
t e n t w i t h the data on 
co n c e n t r a t i o n , i t may be 
concluded t h a t the v a r i 
a t i o n i n j e t width (or 
spread angle) i s not a 
s e n s i t i v e i n d i c a t o r of j e t 
d i l u t i o n f o r t u r b u l e n t 
j e t s . 

R- VDh 

FIGÜRE 5 CENTERLINE CONCENTRATION AT 40D VERSUS 
REYNOLDS NUMBER (F'=35) 

s i n c e the s u r f a c e l a y e r of 

a buoyant j e t c o n s i s t s of a 

more r e p r e s e n t a t i v e sample 

of the t o t a l j e t flow, the 

maximum s u r f a c e concentra

t i o n was a l s o measured and 

p l o t t e d v e r s u s Reynolds 

number. F i g u r e 7 shows 

l e s s tendency f o r the 

s u r f a c e c o n c e n t r a t i o n s t o 

i n c r e a s e with i n c r e a s i n g 

Reynolds number compared to 

the case f o r c e n t e r l i n e 

c o n c e n t r a t i o n s , i n d i c a t i n g 

a |iodel Reynolds number of 

10 may be adequate. 

R-VDh 

FIGURE 6 JET WIDTB VERSUS REYNOLDS NUMBER 

(F'=35) 

A T , 
SURFACE 
Ar„ 

These r e s u l t s from t e s t s on a s i n g l e h o r i z o n t a l buoyant j e t should not 
be used d i r e c t l y f o r m u l t i - j e t d i s c h a r g e s s i n c e other f a c t o r s , notably 

t o t a l water depth, j e t 
' i n t e r f e r e n c e , and r e s t r i c 

t i o n s i n the a v a i l a b l e 
' path of e n t r a i n e d water 

may dominate d i f f u s e r 
~' • -" induced d i l u t i o n and 

j overshadow the secondary 
- i e f f e c t s of Reynolds 
! number. However, i t may 

-H :—<—i I I i L be concluded t h a t model 
3 4 5 6 7 3 9 10̂  

t e s t s are not "conserva

t i v e " Jproduce h i g h e r 

c o n c e n t r a t i o n ) due to low 

FIGURE 7 SURFACE CONCENTRATIONS AT 90D (F'=35)j e t Reynolds numbers. 

R- VDh 
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L I S T OF SYMBOLS 

b = c h a r a c t e r i s t i c j e t width 

D = i n i t i a l j e t diameter 

F'= d e n s i m e t r i c Froude / 
number = V/Vg — D 

g = g r a v i t a t i o n a l constant 

L = l e n g t h of p o t e n t i a l c o re 

Q^= i n i t i a l j e t d i s c h a r g e 

Q = e n t r a i n e d flow 
^e 
r = r a d i a l d i s t a n c e from c e n t e r 

of j e t c r o s s - s e c t i o n 

R = j e t Reynolds number = VD/v 

S = d i l u t i o n = Q^/Q^+l 

V = i n i t i a l j e t v e l o c i t y 

V = kinematic v i s c o s i t y 

p = water d e n s i t y 

Ap = change i n water d e n s i t y 

AT = i n i t i a l j e t temperature r i s e 
o 

AT = temperature r i s e a t c e n t e r l i n e 

^ of j e t 

AT = temperature r i s e a t f r e e s u r f a c e 
s u r f a c e 

X = r a t i o of mass to momentum f l u x 
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FLOW F I E L D OF AN O F F S E T J E T 
by 

A l i A . S a l e h i - N e y s h a b o u r y K a m i l H . M. A l i 

T a r b i a t M o d a r r e s U n i v e r s i t y C i v i l E n g i n e e r i n g D e p a r t m e n t 

F a c u l t y o f E n g i n e e r i n g , T e h r a n U n v i e r s i t y o f L i v e r p o o l , UK 

A b s t r a c t 

An e x p e r i m e n t a l s t u d y i s p r e s e n t e d w h i c h d e t a i l s t h e mean f l o w 
c h a r a c t e r i s t i c s o f a t w o - d i m e n s i o n a l o f f s e t j e t . 

One s i n g l e o f f s e t r a t i o was u s e d w i t h t h r e e d i f f e r e n t d i s c h a r g e s . 
T h e r a t i o o f t h e h e i g h t o f t h e n o z z l e above t h e s o l i d w a l l to t h e n o z z l e 
h e i g h t was 2 6 . 2 . 

V e l o c i t i e s w e r e m e a s u r e d . I n t h e h o r i z o n t a l a n d v e r t i c a l 
d i r e c t i o n s , i n t h e p r e - a t t a c h m e n t j e t r e g i o n u s i n g a p r o p e l l e r m e t e r . 

T h e e x p e r i m e n t a l r e s u l t s o f t h e p r e s e n t w r i t e r s ' w e r e c o m p a r e d w i t h 
p r e v i o u s l y - p u b l i s h e d d a t a . 

I n t r o d u c t i o n 

The f l o w f i e l d o f a n o f f s e t j e t i s shown i n F i g . 1. A p l a n e . 
I n c o m p r e s s i b l e , t u r b u l e n t w a t e r j e t i s d i s c h a r g e d i n t o q u i e s c e n t a m b i e n t 
s u r r o u n d i n g s i n t h e v i c i n i t y o f a p l a t e o f f s e t f r o m a n d p a r a l l e l t o t h e 
a x i s o f t h e j e t . When t h e j e t e n t e r s t h e t a i l w a t e r , i t s a c t i o n i s 
s i m i l a r t o t h a t o f a t u r b u l e n t f r e e j e t , i n t h a t i t e n t r a i n s f l u i d f r o m 
t h e s u r r o u n d i n g t a i l w a t e r . H o w e v e r , when t h e j e t e f f l u x i s c l o s e to a 
s o l i d b o u n d a r y t h e r e i s o n l y a f i n i t e v o l u m e o f f l u i d w h i c h i s a v a i l a b l e 
to be e n t r a i n e d b e t w e e n t h e j e t a n d t h e b e d b o u n d a r y . T h e r e f o r e , t h e 
s u r r o u n d i n g f l u i d b e i n g e n t n a l n e d m u s t be r e p l e n i s h e d b y a b a c k f l o w 
n e a r t h e p l a t e . T h i s w i l l s e t up v o r t i c e s i n t h e s u r r o u n d i n g f l u i d . 
B e c a u s e o f t h e b a c k f l o w a n d t h e v o r t i c e s s e t up i n t h e r e g i o n , t h e 
p r e s s u r e b e l o w t h e j e t w i l l be c o n s i d e r a b l y l o w e r t h a n t h a t a b o v e t h e 
j e t , a n d c o n s e q u e n t l y t h e j e t d e f l e c t s t o w a r d s t h e b o u n d a r y a n d 
e v e n t u a l l y a t t a c h e s t o i t . 

By a t t a c h i n g t o t h e b o u n d a r y , t h e j e t e n c l o s e s a r e g i o n o f e d d y i n g 
m o t i o n known a s t h e r e c i r c u l a t i o n r e g i o n ( F i g . 1 ) . The j e t r e g i o n 
e x t e n d i n g f r o m t h e n o z z l e ' s e x i t to t h e p o i n t o f a t t a c h m e n t i s commonly 
r e f e r r e d t o a s t h e p r e - a t t a c h m e n t r e g i o n . 

E x p e r i m e n t a l F a c i l i t i e s a n d P r o c e d u r e s 

I n t h e e x p e r i m e n t s d e s c r i b e d h e r e i n , t h e b e h a v i o u r o f a 

t w o - d i m e n s i o n a l o f f s e t j e t i m p i n g i n g on a r i g i d b e d was i n v e s t i g a t e d . 

T h e e x p e r i m e n t s c o n s i s t e d o f v e l o c i t y m e a s u r e m e n t s i n b o t h o f t h e 

h o r i z o n t a l a n d v e r t i c a l d i r e c t i o n s . T h e s e v e l o c i t i e s w e r e m e a s u r e d a t 

v a r i o u s s e c t i o n s a l o n g t h e c e n t r e l i n e o f t h e j e t . 

The e x p e r i m e n t a l s e t up i s shown i n F i g . 2 . A g l a s s o p e n c h a n n e l 

was 3.4ra l o n g , 0 . 6 m w i d e a n d 1 .0m d e e p . A v e r t i c a l s l u i c e g a t e was 

c o n s t r u c t e d f r o m a 25mm t h i c k p e r s p e x c u t t o t h e w i d t h o f t h e c h a n n e l . 

T h e g a t e was s u p p o r t e d b y a m e t a l f r a m e a n d c o u l d be l i f t e d u s i n g a 

g e a r b o x . T h e s l u i c e g a t e o p e n i n g was m e a s u r e d b y u s i n g two d i a l g a u g e s 

l o c a t e d on t o p o f t h e g a t e a n d h a v i n g a n a c c u r a c y o f 0 .01mm. A b o t t o m 

v e r t i c a l w e i r was f i x e d to t h e c h a n n e l w a l l a n d h a d a h e i g h t o f 0 . 3 m . To 

e n s u r e u n i f o r m a n d t w o - d i m e n s i o n a l f l o w , two p i e c e s o f h a l f - r o u n d e d 

p e r s p e x p i p e s w e r e u s e d to f o r m a w e l l - d e s i g n e d s l u i c e e n t r a n c e 

( F i g . 2 ) . 
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A c e n t r i f u g a l pump was c o n n e c t e d b e t w e e n t h e s t o r a g e t a n k a n d t h e 
h e a d e r t a n k a n d was u s e d to p r o d u c e t h e r e q u i r e d d i s c h a r g e , T h e f l o w 
r a t e was a d j u s t e d u s i n g a v a l v e . The i n c o m i n g f l o w was e f f i c i e n t l y 
s t r e a m l i n e d b y t h e h e a d e r t a n k a n d i t s g r a d u a l l y c o n v e r g e n t s e c t i o n s 
( F i g . 2 ) . 

D o w n s t r e a m o f t h e e n d w e i r , w a t e r was g u i d e d a n d c o l l e c t e d i n t h e 
s t o r a g e t a n k s , t h u s c o m p l e t i n g t h e f l o w c i r c u l a t i o n . 

T h e f l o w - r a t e was c a l c u l a t e d b y m e a s u r i n g t h e a v e r a g e i n c o m i n g 

v e l o c i t y a t t h e s l u i c e e n t r a n c e u s i n g a p r o p e l l e r m e t e r . D e p t h g a u g e s 

w e r e u s e d to m e a s u r e t h e w a t e r l e v e l s u p s t r e a m a n d d o w n s t r e a m o f t h e 

s l u i c e g a t e . T h e s e d e p t h s w e r e u s e d to c a l c u l a t e t h e t h e o r e t i c a l 

d i s c h a r g e . 

V e l o c i t y M e a s u r e m e n t 

A l l v e l o c i t i e s w e r e m e a s u r e d u s i n g a s t r e a m f l o w m i n i a t u r e c u r r e n t 

m e t e r m a n u f a c t u r e d b y N i x o n I n s t r u m e n t a t i o n L t d . ( R e f . 6 ) . 

T h e v e l o c i t y m e a s u r e m e n t s w e r e t a k e n o v e r a g r i d o f l o c a t i o n i n 

b o t h t h e h o r i z o n t a l a n d v e r t i c a l p l a n e s . To do s o , two t y p e s o f p r o b e s 

w e r e u s e d , one s t r a i g h t p r o b e t o m e a s u r e t h e h o r i z o n t a l v e l o c i t i e s , a n d 

a b e n d p r o b e t o m e a s u r e t h e v e r t i c a l v e l o c i t i e s . T h e s t r e a m f l o w p r o b e s 

w e r e h e l d i n a p e r s p e x b l o c k w h i c h was a t t a c h e d to a d e p t h g a u g e . T h i s 

a s s e m b l y was f i x e d to a c a r r i a g e w h i c h c o u l d be p o s i t i o n e d a t a n y 

d e s i r e d p o i n t i n t h e e x p e r i m e n t a l a r e a . 

A t v a r i o u s h o r i z o n t a l d i s t a n c e s , x , two c o m p o n e n t s o f v e l o c i t y a t 

v a r i o u s v e r t i c a l d i s t a n c e s , y , a b o v e t h e b e d w e r e m e a s u r e d . I n t h i s 

s t u d y , t h e " f l o o r v e l o c i t y " was m e a s u r e d a t y = 0 . 8 c m ( e q u a l t o h a l f t h e 

d i a m e t e r o f t h e s t r e a m f l o r o t o r ) a b o v e t h e b e d . S i n c e t h e p r o b e o n l y 

r e c o r d e d p o s i t i v e v e l o c i t i e s , n e g a t i v e v e l o c i t i e s w e r e n o t e d when t h e 

r o t o r r e v e r s e d i t s d i r e c t i o n o f t u r n . 

A s i n g l e j e t h e i g h t a n d n o z z l e t h i c k n e s s w e r e u s e d . H o w e v e r , 

e x p e r i m e n t s w e r e done u s i n g f o u r d i f f e r e n t f l o w r a t e s ( E x p e r i m e n t s No, 1 

t o No. 4 ) . 

E x p e r i m e n t a l R e s u l t s 

I n o r d e r t o o b t a i n i n f o r m a t i o n a b o u t t h e f l o w f i e l d , d e t a i l e d 

t i m e - a v e r a g e d v e l o c i t y p r o f i l e s w e r e o b t a i n e d a t s e v e r a l d o w n s t r e a m 

l o c a t i o n s . T h e h o r i z o n t a l c o m p o n e n t s o f v e l o c i t y , U , a r e shown i n F i g . 3 

w i t h t h e m a g n i t u d e o f t h e v e l o c i t y r e p r e s e n t e d b y d i s p l a c e m e n t o f t h e 

p r o f i l e . 

T h e v e r t i c a l c o m p o n e n t s o f v e l o c i t y , V, a r e shown i n F i g . 4 , w i t h 

t h e m a g n i t u d e o f t h e v e l o c i t y r e p r e s e n t e d b y d i s p l a c e m e n t o f t h e p r o f i l e 

i n t h e x - d i r e c t i o n ( a downward V v e l o c i t y i s r e p r e s e n t e d b y a n e g a t i v e x 

d i s p l a c e m e n t ) . A g a i n , t h e t r a v e r s e l o c a t i o n i n d i c a t o r i n e a c h f i g u r e 

r e p r e s e n t s t h e z e r o v e l o c i t y p o s i t i o n f o r a p a r t i c u l a r p r o f i l e . 

T h e r e s u l t a n t v e l o c i t y v e c t o r s f o r t h i s f l o w a r e shown i n F i g . 5 

w i t h t h e l e n g t h o f e a c h v e c t o r c o r r e s p o n d i n g to t h e v e l o c i t y m a g n i t u d e 

i n t h e i n d i c a t e d d i r e c t i o n . T h e p o i n t r e p r e s e n t e d i s l o c a t e d a t t h e 

" t a i l " o f t h e v e l o c i t y v e c t o r . I t c a n be o b s e r v e d i n F i g . 5 , t h a t 

b e t w e e n t h e l o w e r p o r t i o n o f t h e j e t , t h e b e d a n d t h e w a l l c o n t a i n i n g 

t h e s l u i c e , a c l o c k w i s e v o r t e x o r eddy h a s b e e n f o r m e d b y t h e e n t r a i n i n g 

e f f e c t o f t h e j e t . 

As c a n be s e e n f r o m F i g . 5 , t h e p r i m a r y j e t f l o w c u r v e s s l o w l y 

t o w a r d s t h e b e d , t h r o u g h t h e f i r s t h a l f o f t h e r e c i r c u l a t i o n r e g i o n a n d 

t h e n t u r n s s h a r p l y downward a s t h e j e t i m p i n g e s on t h e o f f s e t c h a n n e l 
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f l o o r . T h i s t r e n d h a s b e e n o b s e r v e d i n p r e v i o u s s t u d i e s o f t h i s 
g e o m e t r y a n d a l s o i n b a c k w a r d - f a c i n g s t e p f l o w s . The d i v i s i o n b e t w e e n 
t h e f o r w a r d a n d r e v e r s e d j e t f l o w a l o n g t h e o f f s e t c h a n n e l i s o b s e r v e d 
to o c c u r i n t h e v i c i n i t y o f x / b ^ - 4 0 . D o w n s t r e a m o f t h i s p o i n t the 
f l o w a p p r o a c h e s t h a t o f a w a l l j e t . 

F i g u r e 6 shows t h e maximum h o r i z o n t a l v e l o c i t y o f t h e f l o w n e a r t h e 
b e d . T h i s f i g u r e shows t h a t f o r a l l o f t h e j e t f l o w s , t h e " f l o o r " 
v e l o c i t y i n i t i a l l y i n c r e a s e s w i t h x / b ^ r e a c h i n g a maximum t h e n 
d e c r e a s i n g w i t h f u r t h e r i n c r e a s e i n d i s t a n c e f r o m t h e j e t . A l s o , t h e 
f l o o r v e l o c i t i e s f o r t h e maximum j e t d i s c h a r g e a r e c o n s i d e r a b l y h i g h e r 
t h a n t h o s e f o r t h e o t h e r f l o w s . 

A t t a c h m e n t L e n g t h 

The e x a c t l o c a t i o n o f t h e i n t e r s e c t i o n o f t h e d i v i d i n g s t r e a m l i n e 

w i t h t h e o f f s e t c h a n n e l , i . e . t h e a t t a c h m e n t l e n g t h , x^, was o b t a i n e d 

by c o n s i d e r i n g d e t a i l e d mean v e l o c i t y m e a s u r e m e n t s i n t h e x d i r e c t i o n , 

i n t h e j e t i m p i n g e m e n t r e g i o n . B a s e d upon t h e s e r e s u l t s , t h e a v e r a g e 

a t t a c h m e n t l e n g t h was d e t e r m i n e d w i t h i n 0 . I b ^ to be x ^ = 4 0 . 3 b 

I n F i g . 7 t h e p r e s e n t a t t a c h m e n t l e n g t h d a t a a r e p l o t t e d a l o n g w i t h 

o t h e r i n v e s t i g a t o r s ' r e s u l t s . T h e p r e s e n t r e s u l t s f o r t h e o f f s e t r a t i o 

a g r e e w e l l w i t h t h e e x p e r i m e n t a l r e s u l t s p r e s e n t e d i n p r e v i o u s s t u d i e s , 

w h e r e d i f f e r e n t m e a s u r e m e n t t e c h n i q u e s w e r e u s e d to o b t a i n t h e 

a t t a c h m e n t l e n g t h . 

L o c u s o f Maximum V e l o c i t y 

To d e f i n e a t r a j e c t o r y f o r t h e o f f s e t j e t i s v e r y u s e f u l i n any 
t h e o r e t i c a l w o r k . T h e l o c u s o f t h e p o s i t i o n o f t h e maximum v e l o c i t y was 
c h o s e n a s t h e r e f e r e n c e s t r e a m l i n e , s , a n d t h e c r o s s - s t r e a m c o - o r d i n a t e , 
n , i s n o r m a l t o s . 

A l e a s t s q u a r e c u r v e f i t was a p p l i e d to t h e l o c u s o f maximum 
v e l o c i t y ( F i g . 8 ) r e s u l t i n g i n t h e f o l l o w i n g e x p r e s s i o n 

y m / h = + C , ( x / x ^ ) + C ^ ( x / x ^ ) ^ + C^(x/^^)' + C ^ ( x / x ^ ) ^ 

+ C ^ ( x / x ^ ) ^ ( 1 ) 

w h e r e = 1, c = 0 . 5 8 1 , C = - 4 . 4 5 2 , = 1 0 . 7 0 8 , = - 1 2 . 3 1 a n d 
= 4 . 8 5 . " 

The r e s u l t i n g c u r v e i s shown i n F i g . 8 . 

V e l o c i t y D e c a y 

The maximum t o t a l v e l o c i t y , V^^^^, was d e t e r m i n e d a s a f u n c t i o n o f 
d i s t a n c e a l o n g s . A p l o t f o r t h e d e c a y o f t h e n o n - d i m e n s i o n a l maximum 
v e l o c i t y ( V ^ ^ a x ' / ^ l ) ' d o w n s t r e a m d i r e c t i o n , s , was n e x t p r o d u c e d 

f o r t h e r e s u l t s o f t h e p r e s e n t e x p e r i m e n t s ( F i g . 9 ) . Due to t u r b u l e n t 
d i f f u s i o n , V^j^^^, i n g e n e r a l , d e c r e a s e s w i t h s . T h e p r e s e n t r e s u l t s 
i n d i c a t e t h a t f o r s / b ^ > 3 2 , d e c a y o f t h e maximum v e l o c i t y , i n t h e 
p r e - a t t a c h m e n t r e g i o n , i s d i f f e r e n t f r o m t h a t o f t h e f r e e j e t f l o w shown 
i n t h e same f i g u r e . 

J e t S p r e a d 

To d e t e r m i n e t h e u p p e r j e t s p r e a d , l i n e a r i n t e r p o l a t i o n o f t h e 

v e l o c i t y c o m p o n e n t s was u s e d a l o n g t h e l i n e p e r p e n d i c u l a r to t h e s a x i s , 

t o f i n d t h e v a l u e o f n w h e r e t h e j e t v e l o c i t y i s e q u a l to o n e - h a l f t h e 
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maximum v e l o c i t y . A p l o t o f t h e u p p e r j e t s p r e a d , b̂ ^̂ , ( v a l u e o f n w h e r e 
U - 0 . 5 Vjjj^^) , i s g i v e n i n F i g . 1 0 . A l s o g i v e n i s t h e l i n e f o r t h e 
s p r e a d o f a t w o - d i m e n s i o n a l f r e e j e t whose e q u a t i o n i s ( R a j a r a t n a m 
1 9 7 6 ) : ( b ^ - 0 . 1 1 s ) . 

F i g u r e 10 shows t h a t t h e v a r i a t i o n o f b̂ _̂ /b̂ ^ w i t h s / b ^ i s a l m o s t 
l i n e a r f o r s / b ^ < 2 7 , w h e r e t h e e f f e c t o f c u r v a t u r e i s n e g l i g i b l e . 
H o w e v e r , f o r b i g g e r v a l u e s o f s / b ^ , t h e f l o w i s c u r v i n g s h a r p l y t o w a r d s 
t h e bed a n d i t r e s u l t s i n a c o n s i d e r a b l e i n c r e a s e i n b^j /b^ . 

Conclusions 

The c h a r a c t e r i s t i c s o f t h e t u r b u l e n t p l a n e o f f s e t j e t f l o w , w i t h a 

s i n g l e o f f s e t r a t i o b u t w i t h d i f f e r e n t d i s c h a r g e s w e r e e x a m i n e d . 

C o m p a r i s o n o f t h e a t t a c h m e n t l e n g t h w i t h t h e e x p e r i m e n t a l r e s u l t s 

o f p r e v i o u s i n v e s t i g a t i o n s showed good a g r e e m e n t . 

D e t a i l e d mean h o r i z o n t a l a n d v e r t i c a l v e l o c i t y components w e r e 

m e a s u r e d i n t h e p r e - a t t a c h m e n t r e g i o n . U s i n g t h e s e c o m p o n e n t s , a p l o t 

o f v e l o c i t y v e c t o r s was made w h i c h p r o v i d e d a c l e a r v i s u a l i s a t i o n o f 

o f f s e t j e t f l o w a n d i n p a r t i c u l a r t h e r e c i r c u l a t i o n r e g i o n a n d t h e j e t ' s 

c u r v a t u r e . T h e j e t i s o b s e r v e d to c u r v e s l o w l y t h r o u g h t h e f i r s t h a l f 

of t h e r e c i r c u l a t i o n r e g i o n a n d t h e n t u r n s h a r p l y downward t o t h e 

a t t a c h m e n t p o i n t . 
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IN WATER VJAVES 
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A b s t r a c t 

The purposes of t h i s paper i s to investigate the flow structures 
of v e r t i c a l round j e t i n water waves. Flow v i s u a l i z a t i o n and LDV 
canbined with L I F measuranents are orployed to detect the v e l o c i t y and 
concentration respectively. The conparisons of flow structures, 
v e l o c i t i e s , concentrations and turbulent i n t e n s i t i e s between pure 
round j e t and j e t i n water waves are made i n t h i s paper. 

I n t r o d u c t i o n 

Itost subTierged o u t f a l l s are located i n the intermediate water 
depth of ocean. The effluents discharged fron diffuser ports are 
transported continuously by j e t momentum, currents and wave motion. 
In general, j e t momentum, buoyancy,crossflow and the structures of 
ambient f l u i d are considered i n the processes of o u t f a l l disposal, 
however, the eff e c t due to wave motion i s always ignored. According to 
Ismail-Awadalla(1980) and Hwung et al.(1981). They had proved th a t the 
ch a r a c t e r i s t i c s of j e t flow i n f u l l y developed region w i l l be 
influenced by wave moton i n coastal water area. A l t h o u ^ the mean flow 
of plane j e t interacting with opposite wave were obtained by above-
mentioned researches fron experiments and theoretical a n a l y s i s , 
respectively, but the variations of vortex and turbulent structures of 
j e t flow i n water waves are s t i l l not f u l l y understood. Accordingly,in 
t h i s paper, the LDV and L I F measurearients are enployed to discuss the 
flow structures and concentration distributions of round j e t i n water 
waves. 

Experiments 

The e j ^ r i m e n t s were carr i e d out i n a 9.5m*0.7m*0.3m wave flume. 
Two side walls of the flume are made of glass, that i t i s convenient 
for LDV and L I F measurements.A round pipe of 2.3 irni diameter was fi x e d 
v e r t i c a l l y on the bottom to sijnulate the round j e t i n water waves. In 
order to understand c h a r a c t e r i s t i c s of submerged round j e t due to wave 
motion, flow v i s u a l i z a t i o n and LDV with L I F measuronents are orployed 
i n the experiinents.According to the experience ,water quality control 
i s c e r t a i n l y iiiportant for the f l u i d dynamic ejqjeriments by LDV. In 
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Voltag» 

r i q . 2 Cal ibrat ion relatnonship bet«3en outfxjt v o l t a s fron pixito-
F i g . l The setup of flow v i s u a l i z a t i o n ilecector aivd dye ( Rtioclaniine 6G ) aoncentratlon. 

t h i s paper tvvo sets of 5u rn f i l t e r screen are used to remove the 
natural p a r t i c l e s suspended i n water before the fresh water discharges 
into wave flume .After that, the signal drop-out would be reduced and 
the experimental quality would keep i n good condition. 

E^iodamine 6G i s chosen as the tracer to observe the vortex 
structures fron flow visualization,and to detect the concentration by 
LDV with L I F measurement simultaneously. The i n s t a l l a t i o n of flow 
v i s u a l i z a t i o n i s sketched i n F i g . l , I t i s valuable to notice that the 
cal i b r a t i o n of oDncentration measuresnent by L I F i s of importance i n 
the experiments. Since the fluorescent intensity i s the function of 
temperature, the sairples should be disturbed continuously i n the 
cal i b r a t i o n process . In t h i s situation , a l i n e a r l y stable 
relationships between concentration and voltage output fron photo-
detector would be obtained and one of the res u l t s i s shown i n Fig.2. 

The water surface elevation and the corresponding v e l o c i t i e s with 
concentration were detected by wave gauge and LDV with L I F 
simultaneously. A l l the sanpling i n t e r v a l and rate were set on 60 sec. 
and 100 Hz respectively. The experimental r e s u l t s were decorposed into 
wave and turbulent fluctuation ccaiponents by inverse FFT? method. 

Results and Discussion 

To understand the differences between v e r t i c a l round j e t i n 
stagnant environment and i n water waves, the flow v i s u a l i z a t i o n was 
used i n i t i a l l y i n t h i s paper.Photo 1 through photo 3 are the r e s u l t s of 
wave passing by,on the phase of wave trough,mean water l e v e l and c r e s t 
respectively.Photo 4 i s the r e s u l t s of v e r t i c a l round j e t discharging 
into s t i l l water. Fron the above photos, i t i s obviously to see that 
the wavy phenomena close to potential core take place more e a r l i e r 
under wave act i o n . I t i s also shown frcsn these photos that the length 
of potential core in water waves are shorter than that i n pure j e t . 
Further,the j e t flows i n water wave swing back and forth p e r i o d i c a l l y , 
the area of tracing material scatters f a r and wide i n f u l l y developed 
flow region. I t i s also found that the vortex stretching e x i s t s 
apparently i n the back side of j e t flow which i s s i m i l a r to the 
re s u l t s proposed by Andreopoulos(1985). 
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Photo 1.Jet-wave interaction at Photo 2.Jet-wave interaction at 
a phase near wave t r o u i ^ mean water l e v e l 

Photo 3.Jet-wave interaction at Photo 4.Flow pattem of pure 
a phase near wave c r e s t round j e t 

Fig3 (a),(b) are the diinensionless distribution of v e l o c i t y and 
concentration by LDV and L I F ,respectively. I t shows that the v e l o c i t y 
and concentration distributions under wave action can also be 
expressed by Gaussian curves. As for the variations of centerline 
v e l o c i t y and concentration, the r e s u l t s are plotted i n Fig . 4 ( a ) , ( b ) . 
We can see the centerline v e l o c i t y and concentration of round j e t i n 
water wave are smaller than that i n pure round j e t . Moreover, the 
corresponding c h a r a c t e r i s t i c boundary width which i s defined as the 
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Fig.3 Non-dimensional (a) mean velocity and (b) mean concentration 
p r o f i l e s a c r o s s a j e t interacting with wave nx)tion;n X/D=21.7; 
+X/I>=32.6; OX/D=43.5; AX/I>=54.4; X X/r>=65.2; VX/D=87. 

x /D x/i) 
Fig . 4 Non-dijnensional (a) centerline velocity,Vpure j e t , x jet-wave 
interaction (b) centerline concentration, • pure j e t , O jet-wave 
interaction. 

distance from centerline to the position of a half of centerline 
v e l o c i t y or concentration, are also obtained in Fig. 5 ( a ) , ( b ) . From 
the comparison, both of the c h a r a c t e r i s t i c boundary width of round ]et 

i n wave are larger. ^ • ̂  
Based on our experiments, the centerline velocity and 

concentration, and the corresponding c h a r a c t e r i s t i c boundary width are 
established by the following forroulas. 

= a( + b ) 
U. D 

a, X 
— = a( + b ) 

D D 

= a( + b ) 
C. D 

B, X 
—— = a( + b ) 
D D 

- 1 0 A . 2 2 -



too 
\ I) X / D 

Fig.5 Non-dimensional (a) c h a r a c t e r i s t i c v e l o c i t y width , (b) 
c h a r a c t e r i s t i c concentration width,• pure jet,O jet-wave interaction. 
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Table 1 

a a** b b* 

0.196 0.254 - 4.8 - 5 . 7 

Co/Cm 0.205 0.340 - 5.9 - 8 . 7 

8u/D 0.090 0.149 - 3.2 - 6 . 7 

Bc/D 0.1 1 7 0.182 - 4.7 - 8 . 5 

Fig. 6 Mon dimensional turtulenc intiensitaes along the centerline 
:3,0 axial and radial turtxjlent intensity of pure jet,+ ,A axial 
and radial turtiulent intensity of round jet interacting wit.h '.^ter 
waves . 

I t e regression ocxistants for tha non-dimsnsioncdized 
fonmlas of centerline velocity,concentration,and the 
characterictic vdxlth of velocity and concentration, 
» :wave-jet interacticn. 

where U„ , Q, are the i n i t i a l v elocity and concentration, U, , C, are 
the centerline v e l o c i t y and concentration, Bu , Bt are the 
c h a r a c t e r i s t i c boundary width. D i s the diameter of round j e t and X i s 
the longitudinal distance fron the o r i f i c e . The proportional constants 
fron l e a s t square method are l i s t e d i n table -1. According to the above 
r e s u l t s we can see that the centerline v e l o c i t y and concentration i n 
waves are reduced about 23% and 40% conrpared with the round j e t 
discharged into s t i l l water, whilst the c h a r a c t e r i s t i c boundary width 
of v e l o c i t y and concentration increase about 65% and 56% respectively. 

F i n a l l y , the dimensionless turbulent i n t e n s i t i e s along centerline 
are displayed i n Fig.6 . Frcm the r e s u l t s , i t shows that the turbulent 
i n t e n s i t i e s of pure round j e t are higher than those of round j e t i n 
water wave. I t i s also c l e a r l y to see that the turbulent i n t e n s i t y of 
pure j e t i n longitudinal direction i s stronger than those i n r a d i a l 
direction, which i s s i m i l a r with the r e s u l t s proposed by Papanicolou 
(1988), however, the turbulent i n t e n s i t i e s of round j e t i n wave are 
equivalent to both directions. 
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C o n c i u s i c n s 

The c h a r a c t e r i s t i c s of v e r t i c a l round j e t i n water waves a r e 
i n v e s t i g a t e d by flow v i s u a l i z a t i o n , LDV and L I F measuronents i n t h i s 
paper. According t o the r e s u l t s , we found t h a t the v e l o c i t y and 
c o n c e n t r a t i o n d i s t r i b u t i o n s can be expressed by Gaussian curves 
reasonably. I n a d d i t i o n , the c e n t e r l i n e v e l o c i t y , c o n c e n t r a t i o n and 
t u r b u l e n t i n t e n s i t i e s a r e s m a l l e r than those i n pure round j e t , 
however, the c h a r a c t e r i s t i c boundary width o f v e l o c i t y and 
c o n c e n t r a t i o n a r e l a r g e r . More d e t a i l s t u d i e d a r e going t o be c a r r i e d 
out c o n t i n o u s l y i n the f u t u r e . 
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Abstract 
A remakable degree of consistency have been found between the two sets of thermal-

plume data, obtained by Carter and Regier (1974) and Abdelwahed and Chu (1981). 
The tests of Carter and Regier (1974) were conducted in a 3 meters wide flume which 
is five time wider than the flume used in the tests of Abdelwahed and Chu (1981). The 
consistency suggests that both sets of data are relatively free of the scale effect. 

Introduction 
Experiments were conducted by Carter and Regier (1974) to study surface thermal 

plumes in crossflows. Warm water was discharged through a nozzle just below the 
free surface and in a horizontal direction perpendicular to the open-channel crossflow. 
Temperature measurements were make by a thermistor probe traversing across the 
plumes. 17 tests were conducted, most of which were conducted to determine the 
wid th and the thicknesses of the thermal plumes. Only the results of four tests, which 
has the maximum temperature determined along the centerline, are analysed here. 
The results are compared wi th the results of Abdelwahed and Chu (1981). Table 1 
summarizes the test conditions. 

The setup of the two series of experiments are the same except that the w id th of the 
crossflow is 61 cm in AC compared wi th the crossflow wid th of 305 cm in CR. (From 
now on, the tests of Carter and Regier and the tests of Abdelwahed and Chu w i l l be 
referred to as CR and AC respectively.) The source densimeteric Froude number of 
CR and AC are in the same range, varying f rom 2 to 14. The source Reynolds number 
are lower in AC w i t h a Reynolds number of 2110 for Test T4. The dimensions of the 
surface plumes in CR are significantly greater than that in AC. Typical thickness of 
the surface plumees in CR varies f r o m 7 to 14 cm, while the thickness i n AC f r o m 2 
to 10 cm. The wid th of the surface plume in CR is typical four to five t ime greater 
than the one found in A C . The source temperature is 5.56 °C above the ambient in 
CR and varying f rom 8°C to 17 °C in AC. The conditions of the two series of tests are 
sufficiently different for the evaluation of the scale effect. 

Line-impulse model 
The surface plumes in a uni form crossflow are characterized by the volume flux, 

Qo = VoAo, the flow force, Mo = V^Ao + g'oZpAo, the buoyancy flux, Fo = g'aVoAo, 

and the crossflow velocity, U; in these expressions, Vo,go,Zo and Ag are the velocity, 
the reduced gravity, the depth of the centriod, and the cross-section area at the nozzle 
exit, respectively; the subscript 'o ' denotes the condition at the exit of the nozzle. 
A simplified description of the surface plume is obtained using a moving reference 
system which moves wi th the velocity of the crossflow. In this moving reference system, 
the ambient fluid is stationary, while the plume moves aways f rom the source as a 
line impulse. The momentum per unit length of this line element is Mo/U, and the 
buoyancy per unit length is Fo/U. The time scale and the length scale of this simplified 
model are: 

and 
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Test do bo U d B Qo To Fro Rco 

no. cm cm cm/s cm cm cm^/s °C °C gr/cm^ 

B V 5.00 1.98 5.61 20.4 305 252. 20* 5.56 0.00103 14.3 8010 

A V I l 2.53 5.09 6.01 25.3 305 126. 20* 5.56 0.00153 4.21 3510 

GX 3.54 3.44 5.88 25.3 305 252. 20* 5.56 0.00133 9.73 7250 

H X 2.68 5.21 5.88 25.3 305 252. 20* 5.56 0.00128 8.38 6790 

T l 2.54 2.54 6.19 13.4 61. 158. 23.6 8.15 0.00227 10.3 6230 

T2 2.54 2.54 6.23 13.4 61. 110. 23.0 11.0 0.00317 6.10 4340 

T3 2.54 2.54 4.99 13.4 61. 78.9 24.1 12.0 0.00361 4.08 3100 

T4 2.54 2.54 5.00 13.4 61. 53.6 24.0 17.2 .00553 2.24 2110 

* Estimated values; ho = depth of the nozzle, bo = wid th of the nozzle, h = depth 

of the crossflow, B = wid th of the crossflow, Qo = discharge at the source, Ta = 

temperature of the crossflow. To = temperature (above the ambient) at the source, 

Apo = density difference between the ambient crossflow and the warm water at the 

source. Fro = Vo/yfg^o = densimetric Froude number at the source, Reo = Vodo/u 

= Reynolds number at the source, and do = \/Kd^ = characteristic dimension of the 

nozzle, g'g = g^Po = reduced gravity. 

Table 1: Test conditions. 

. - i § l K (2) 

respectively. The temperature is related to the heat flux at the source. To = ToQo- The 
temperature scale is proportional to the heat flux per unit length of the line element, 
V.jUa-s follows: 

T, = — (3) 
s 

The direct dependency on the volume flux, Qo, is ignored in the present consideration. 
Details of the line-impulse model are given in Chu (1985). 

Results 
The experimental data of CR are compared w i t h the data of AC in Figs. 1, 2 and 

3. Fig. 1 shows the maximum half-thickness, 8^, Fig. 2 the surface wid th , 2r], and 
Fig. 3 the temperature, and Tm, along the centerline. The plume half-thickness, S, 
is the depth where the temperature is one-half of the temperature at the free surface; 
and 6m is defined in CR as the half-thickness along the centerline of the plume where 
the surface temperature is maximum, but 8m is defined in AC as the cross sectional 
maximum of 8. Despite this difference in the definitions, the data of both CR and 
AC are correlated quite weU w i t h the t ime and length scales of the line-impulse model. 
The plume' approaches a maximum thickness of about 0.47 is at a longitudinal location 
^/talf ~ 1, in which is the distance f rom the source measured along the centerline of 
the surface plume. 

The half-width, ?/, is defined at the lateral location where the surface temperature 
is one-half of the maximum at the centerline; 2r] is defined in CR as the wid th of the 
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Figure 1: Maximum half-thickness, 6„ 
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Figure 2: Surface W i d t h , 2T/. 
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Figure 3: Maximum Temperature, T'^jT, or Tm/Ta. 

plume cross-section perpendictular to the direction of the centerline, while i t is defined 
in AC as the wid th of the cross section perpendicular to the direction of the crossfiow. 
The data of AC fits a two-third power law: 

which may be re-written as 

(4) 

(5) 

The dependency on the source momentum fiux. Mo, cancels out. The lateral spreading 
relation depends only on the source buoyancy flux. The entrainment of ambient fluid 
into the surface plumes does not seem to affect the lateral spreading relation. The 
spreading relation given by Eq. 5 is not significantly different f r o m the following two-
th i rd power law obtained by Hoult (1972) for the immicible spreading of oi l on flowing 
waters: 

= l - 2 5 ( # ) * ( ^ 
U' 'U 

(6) 

in which r, is the hal f -width measured f r o m the leading edge of the oi l slick on the 
water surface. Similar two-third power law relations have been obtained for surface 
spreading of miscible fluid (see e.g., Abdelwahed, et al., 1983). 

The temperature in AC was determined by an array of thermistors which are 
fixed in space during each of the sampling period of 55 seconds. The samples obtained 
by the fixed probe determine the temperal maxium temperature, T", and the mean 

-10A.28-



Figure 4: Top-view and side-view photograplis of the surface plume of test T4; the 

direction of the crossfiow is f rom the right to the lef t . 

temperature, T , at each location. The maxima across the plume cross section are 
and Tm- The data of AC obtained for T^ and Tm are plotted on the top and the b o t t o m 
of the vertical lines as shown in Fig. 3. . . „ 

The maximum temperature obtained along the centerline by CR is neither Tm nor 
Tm, because the probe is not fixed in space during the tem.perature measurments. The 
moving thermistor probe in CR traverses across the plume w i t h a speed varying f r o m 
1 cm/s to 4 cm/s. Fig. 3 shows the temperature maximum obtained by CR, which 
lies between the maximum, T^^, and the mean, Tm, of AC as expected. The data of 
CR is very close to the temperal maximum, T^^^, in the far field region where the t ime 
scale of the turbulence motions is large compared wi th the traversing t ime across the 
surface plume. 

Despite the presence of the stable stratification the plume continues to entrain 
ambient f lu id , and the temperature continues to reduce wi th distance, even in the far 
field region of the surface plume. The data for T,;; and Tm in Fig. 3 f i t quite well the 
minus two-third power relations: 

which may be re-writ ten in terms of the momentum length scale, C = ^/M^/U, as 
follows: 
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^ = 4 - 2 5 ( f ) - ^ (9) 

^ = 2 . 2 5 ( f ) - l (10) 

These relations are independent of the buoyancy f lux. In fact, Eq. 10 is not signifi
cantly different f r o m the following relation obtained by Chu (1985) for the maximum 
concentration (or the maximum temperature) of non-buoyant jets in uniform crossflows: 

^ . 2 . a 3 ( f ) - l ( „ ) 
J- o <-m 

Fig. 4 shows the surface plume of test T4. The plume is strongly affected by the 
stable gravity stratification, and is rather spreadout along the free surface [2?] = 44 
cm, Sm = 1.2 cm, at a; = 56 cm), but the temperature variation along the centerline 
of the plume is not significantly different f rom that of the non-buoyant jets in uni form 
crossflows. 

Conclusion 
The thermal-plume data of Carter and Regier (1974) are consistent w i t h the data 

of Abdelwahed and Chu (1981) despite the difference in the sizes of the apparatus. 
Both sets of data give a lateral spreading relation of the surface plumes which is inde
pendent of the mixing events, and a turbulent d i lu t ion relation which is independent 
of the buoyancy effect. These rather surprising results are consistent w i t h the other 
observations of surface plumes in crossflows and in co-flowing streams (Abdelwahed, 
X u and Chu, 1983; Chu and Abdelwahed, 1989). 
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N u a e r i o a l S t u d i e s of Buoyant J e t s i n C r o s a f l o w a : 
Sea O u t f a l l D e s i g n f o r Y a n t a i 

Gu Guowei ,Wei Heping ,Cai Bute 
T o n g j i U n i v e r s i t y , S h a n g h a i , P . R . C . 

A b s t r a c t 
The main o b j e c t of t h i s model r e s e a r c h i s t o s t u d y t h e 

d i l u t i o n and d i f f u s i o n of buoyant j e t s i n 
c r o s s f l o w s . C o m b i n i n g w i t h p r o t o t y p e p r o j e c t of m u n i c i p a l 
sewerage d i s c h a r g e f o r Y a n t a i , the model t e a t s were 
t a k e n . U n d i s t o r e d model hns been adopted,and the s c a l e i s . 
1:100.Six i n t e g r a l c o n t r o l e q i i a t i o n s were deduced,with whi c h 
can c a l c u l a t e i n i t i R l d i l u l . i o n , r i s e h e i g h t and s p r e a d i n g 
width of biioyant. j e L i n Iho n e a r f i e l d . 

A c c o r d i n g to model t e s t s and c a l c u l a t i n g r e s u l t s of 
i n t e g r a l c o n t r o l ec^ua t. i ons , we s u g g e s t the e s s e n t i a l 
parameter to be used in Ihe d i f f u s e r p r o j e c t a t Y a n t a i . 

I . I n t r o d u t i o n 

With the Y e l l o w s e a to i t s n o r t h , Z h i f u Bay t o i t s 
n o r t h e a s t and T a o z i Bay to i t s n o r t h w e s t , Y a h t a i C i t y has a 
p o p u l a t i o n of 300,000 and a sewerage d i s c h a r g e of 38m/d. I t 
has been s t u d i e d and d e c i d e d t h a t t h e urban sewage w i l l be 
amassed a t Xishawang, a f t e r p r e t r e a t m e n t by means o f 
s c r e e n s and sediment, sewerage i s d i s c h a r g e d i n t o Y ? l l o w 
s e a ( s e e F i g . l ) . The s e a a r e a n e a r the o u t l e t i s not 
s t r a t i f i e d , w i t h the a v e r a g e water depth b e i n g 20m, t h e 
a v e r a g e c u r r e n t v e l o c i t y 0.16m/s, the d e n s i t y of the u r b a n 
sewage 0.998g/ml and the a v e r a g e d e n s i t y of t h e s e a w a t e r i n 
August 1.002g/ml. 

The g l a s s flume t e s t s a r e preformed m a i n l y f o r d e t e r m i n i n g 
the t h r e e unknown p a r a m e t e r s j , t h and Cd t o be u s e d i n 
i n t e r g r a l c o n t r o l e q u a t i o n s i n c r o s s c u r r e n t , and p a r a m e t e r s 
f o r d e s i g n i n g d i f f u s e r to be used i n Y a n t a i C i t y Sewerage. 
D i s c h a r g e P r o j e c t c a n be p r q y i d e d _ a s w ^ H » . . — 

ill !§l 

—fif.l-skétch of t h e s y s t e m of Y a n t a i C i t y Sewerage 
D i s c h a r g e P r o j e c t 
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I I . I n t e g r a l c o n t r o l E q u a t i o n s f o r Bbuoyant J e t i n 
C r o s s C u r r e n t 

A f t e r a buoyant j o t has been d i a c h a r g n d i n t o a f l o w i n g 
e n v i r o n m e n t a l water body i n the v e r t i c a l d i r e c t i o n , a s a 
r e s u l t of i t s own momentum and the buoyant e f f e c t , i t w i l l 
r i s e v e r t i c H l l y ; on the o t h e r hand, i n f l u e n c e d by t h e 
r e c y c l e of the (3ro s s c u r r e n t , the j e t tends t o bend by 
de g r e e s towards the downstream.Based on t h e c o n t i n u i t y 
equation,momentum e q u a t i o n and the e q u a t i o n of c o n s e r v a t i o n 
of mass,a s e r i e s of i n t e g r a l e q u a t i o n s can be d e r i v e d a s 

f o l l o w s . 
l.The c o n t i n u i t y e q u a t i o n : 

d/ds(X:b(2UaCose + ̂ Um) ) = 27Lb(^4Um+athUaSin8Cos8 ) ( D 

2.Momentum e q u i l i b r i u m e q u a t i o n i n 
d i r e c t i o n : 

d/ds(X/2CosÖb* (2UaCosö+AUm) ) 

riïïCdbUa Sir^+2AUab" (^jAUm + ̂ t hUaSinQcos^ 

t h e h o r i z o n t a l 

(2) 

3.mass c o n s e r v a t i o n o f t r a c e r 
d/ds(Xb*4Cm{2UaCose+AUm))=0 (3) 

4. Momentum e q u i l i b r i u m e q u a t i o n i n the v e r t i c a l d i r e c t i o n : 
d/d3(X / 2 S i n 6 b * {2UaCosö + AUm)* ) 
= ;Cb*gACm/4Co-;2CdbUa Sin0Coa6 ( 4 ) 

5. Path of t r a j e c t o r y : 
dx/d8=Cos0 

dz/ds=Sin6 (6) 

The i n i t i a l c o n d i t i o n f o r s o l v i n g t h e above-mentioned 

e q u a t i o n s { l ) - ( 6 ) a r e , . „ n c\ff^\~D 

AUm(0)=Vj-Ua,4Cm(0)=Co-Ca,b(0)=D/2,x(0)=0,z(0 ) = 0 , Q(0)-y6 . 
With the boundary c o n d i t i o n s b e i n g Um=Ua, z= (1-Oi)H 
I n e q u a t i o n ( l ) - ( 6 ) t h e r e e x i s t 6 unknown v a r i a b l e s AUm, 

LCm, b, 0, X , z and t h r e e unknown p a r a m e t e r s , Oth, Cd. 

I I I . H y d r a u l i c M o d e l l i n g T e s t s 

" ^ T h e t e s t s a r e c a r r i e d out by a d o p t i n g Froud Law t o d e s i g n 
model and the model i s u n d i s t o r t e d , w i t h t h e g l a s s flume 
b e i n g 8m long,1.6m wide and 0.6m deep ( s e e Fig.2).When 
l e n g t h s c a l e i s Lr=Yr=100, the speed s c a l e and t he d i s c h a r g e 
s c a l e must be Vr= 10 and Qr=100,000 r e s p e c t i v e l y . 

Downstream of the d i f f u s e r , a t 10cm, 20cra, 40cm , 60cm, BOcin, 
100cm,120cm,140cra,we s e t up s a m p l i n g c r o s s - s e c t i o n s ( f i x e d ) , 
e a c h c r o s s s e c t i o n has 3 or 5 s a m p l i n g v e r t i c a l s , e a c h 
v e r t i c a l e s t a b l i a h n a 3-5 s a m p l i n g p o i n t s , a s w e l l a s 
s a m p l i n g a t t h r e e c h a r a c t e r i z a t i o n p o i n t s . The t e s t works i s 
a s f o l l o w s . 
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1. D i l u t i o n 

the 

When the .-sewage has been s u b m e r a g i n g l y d i s c h a r g e d i n t o 
"vTater body, an upward buoyance and a dynamic e n t r a i n m e n t a r e 
brought about r e s u l t i n g from the i n i t i a l momentum of 
j e t , the d e n s i t y d i f f e r e n c e , ambient'^ 
c u r r e n t . Here we perform a c o m b i n a t i o n 
t e s t s w i t h j e t a n g l e s b e i n g 0* ,15" ,30' 
45* ,90^ ,the j e t speed 2.5.m/s, 3.5m/s , , H 
4.2m/s;density d i f f e r e n c e 0.022, 0.018, ;; 
e f f e c t i v e w a ter deep 18cm. I t s r e s u l t s 
i s shown i n f i g . 3 - f i g . 6 . 

1 I I . 

H4 

2. 
>».t «,..i.,.<»ii,4ill.iM<v.miiiM . , i ~ M . .-..lUi.. '"if^— rt Ii iti—i»—f!5— 

Width of the j e t 

I t i s g e n e r a l l y thought t h a t t h e w i d t h of the j e t 
i n c r e a s e d as t h e d i l u t i o n of the j e t becomed h i g h e r . H e n c e , 
the h i g h e r the d i l u t i o n and the more the e n t r a i n e d a m b i e n t 
water ,the w i d e r t h e j e t s p r e a d s . A g a i n we oonduot_ a 
c o m b i n a t i o n t e s t s on c o n d i t i o n t h a t the 
j e t a n g l e i s ( f , 10', 30", 4 5 % n d 9Cf 
r e s p e c t i v e l y , the jf>t v e l o c i t y i s 
2.5m/8, 3.5m/s, and 4.2m/a, the ambient 
c u r r e n t v e l o c i t y i s 0.16m/B, 0.22m/s 
and the d e n s i t y d i f f e r e n c e 0.022, 
0.018. I t s r e s u l t s can be seen i n 
f i g . 7 - f i g . 1 0 . 

•TI—fl—rt—It—m—m— 
fit.l b I W IMll.ll I.l Ml. t w I I I l M ' 
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A c o m b i n a t i o n t e s t i s performed on ». 
c o n d i t i o n t h a t t h e v e l o c i t y of ambient I 
c u r r e n t Ua=0.16m/s,0.22m/s,the d e n s i t y 
d i f f e r e n c e 
j e t a n g l e s -u , x\j ,ou , 
v e l o s i t y 
r e s u l t s i s 

=0.022g/ml, 0.0]8g/ml; t h e 
=0 ,10 ,30 ,90 ;and the j e t 
Vj=2.5m/a,3.5m/s,4.2m/s.Its 1 

shown i n F i g . 1 1 - F i g . 1 4 . 

-tr-rt—«—rt—iM (u i« Ittu. 
• • • • " • « IM I H 

r u . i i i K i t i M i r i i i U l n i n i i , ( i v u t ^ i 
• ' « I » ! ' " ^ I M I H I I M I n t M l l , I W H i l l » 

I V . P a r a m e t e r s f i t t i n g of the i n t e g r a l e q u a t i o n s 

I n e q u a t i o n s ( l ) - { 6 ) t h e r e a r e s i x v a r i a b l e s , i . e . U m , Cm,b, 
',x and z.So they can be s o l v e d by means of n u m e r i c a l 
method,but the p a r a m e t e r s j , t h and Cd must be d e t e r m i n e d 
i n a c c o r d a n c e w i t h the m o d e l l i n g t e s t d a t a , a group of 
i n i t i a l v a l u e s ^ j ( o ) , <^th ( o ) , Cd ( o ) can be g i v e n . A f t e r t h a t 
t hey a r e s u b s t i t u t e d i n e q u a t i o n s so t h a t t h o s e e q u a t i o n s 
can be s o l v e d . T h e n c a l c u l a t e the s q u a r e s of t h e d i f f e r e n c e 
between the above c a l c u l a t e d v a l u e s ( S h i , H h i , W h i ) and t h e 
a c t u a l l y - m e a s u r e d v a l u e s ( S i , H i , W i ) . 

6 l i j = { S h i j - S i j ) ^ 

£2ij=(Hhij-Hi j ) ^ 

^31 j = (Wh i j-Wi j f 

( 7 ) 

The sum of the t o t a l s q u a r e d i f f e r e n c e i s 

(a£lij+^£2ij+r£3ij) ( 8 ) 
i n which ÓL, ^ , r >/O and cJ. + ̂ +r= 1 

So the l e a s t s - s q u a r e e s t i m a t i v e p arameter v a l u e s a r e 
g e n e r a l l y t r a n s l a t e d i n t o the minimal v a l u e s of f u n c t i o n s of 
many v a r i a b l e s , i . e . 

minE=2 Z W l i j + ̂ t 2 i j + r t 3 i j ) 
s. t . + |3 +r=l 

ô :ókh,<l ( 9 ) 

0$Cdv< 1 
d(,8.r>0 

I n s o l v i n g the n o n l i n e a r programming ,We can o b t a i n 
A j = 0 . 0 9 , ^ h = 0,48,Cd = 0.29 

V . E n g i n e e r i n g P a r a m e t e r s of D i f f u s e r 

I n c o n s i d e r a t i o n of c o m p r e h e n s i v e a n a l y s i s o f e n g i n e e r i n g 
t e c h n i q u e and the e c o n o m i c a l e f f i c i e n c y , t h e p i l i n g and 
p i p - e e r e c t i n g method i s to be used i n Y a n t a i Sewerage 
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D i s c h a r g e P r o j e c t , by means of making h o l e s i n the p i p e 
w a l l . The l e n g t h oT the o \ i t f a l l i s 1,000m ,,of which t h e 

i n c r e a s e s . T h e buoyance r e s u l t i n g from the d e n s i t y d i f f e r e n c e 
i n c r e a s e s the buoyant i n d u c t i v e e n t r a i n m e n t and t h e 
t r a n s v e r s e s h e a r i n g e n t r a i n m e n t of the j e t o f , w h i c h b e n e f i t s 
i t s widening;on the o t h e r hand,the ambient c u r r e n t i s 
h a r m f u l to i t s w i d e n i n g w i t h i n a c e r t a i n d i s t a n c e . B s e d on 
the a n a l y s i s of the t e s t r e s u l t s and the model c a l c u l a t i o n s , 
i t i s • found t h a t when the a c t i v e w a t e r i s 18m 
deep,Ua=0.16m/s and Vj=2.Sm/s,3.5m/s,8m s p a c e between the 
a d j a c e n t p o r t s i s p r e f o r a b l e . T f the p o r t s a r e t o be a r r a n g e d 
i n two a i d e s of d i f f u s e r i n s t a g g e r e d way, t h e a c t u a l s p a c e 
between the p o r t s i s 4m. 

2 . D i l u t i o n 

The i n i t i a l d i l u t i o n i s the f u n c t i o n of F , Fd, Re , V j / U a , h/D ,6 

and x/D,y/D,z/D. . / 
namely S=Co/C=f(F,Fd,Re,Vj/Ua,0,h/D,x/D,y/D,z/D) ( 1 0 ) 

D e r i v e d from t h e o b s e r v a t i o n of the t e s t , when t h e 
d i s t a n c e r e m a i n s . unchanged ( l e s s t h a n a c e r t a i n 
d i s t a n c e ) , t h e more the j e t a n g l e , t h e more the d i l u t i o n ; w h e n 
the p o r t d i a m e t e r remains unchanged,the j e t v e l o c i t y , o v e r 
3 .5m/8,doesn't r e n d e r any h e l p i n i n c r e a s i n g i n 
d i l u t i o n ; t h e ambient c u r r e n t v e l o c i t y can be i n f l u e n t i a l t o 
the d i l u t i o n to a c o n s i d e r a b l e d e g r e e , m a i n l y i n t h a t t h e j e t 
l o c u s becomes l o n g e r , w h i c h i s b e n i f i c i a l to i t s 
d i l u t i o n l h o w e v e r , w i t h i n a c e r t a i n scope of the a m b ient 
c u r r e n t • v e l o c i t y , t h e d i l u t i o n w i l l c o n t r a r i l y d e c r e a s e s 
when the d i s t a n c e i a k e p t c o n s t a n t ( l e s s t h a n a c e r t a i n 
d i s t a n c e ) . B a s e d on the t e s t r e s u l t s and t h e model 
c a l c u l a t i o n s , ;bhe e n g i n e e r i n g p a r a m e t e r s f o r t h e d i f f u s e r 
might be o b t a i n e d and under h y d r a u l i c c o n d i t i o n o f 
Ua=0.16m/s,h=18m,Vj=3.5m/8 the d i l u t i o n c a n be 170 t i m e s o r 
s o . 
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The d e r i v a t i o n o f t h e a b o v e i n t e g r a l e q u a t i o n s i s d i r e c t l y 
b a s e d on t h e u s e o f A b r a h a m ' s e n t r a i n m e n t f u n c t i o n . The 
s e c t i o n d i s t r i b u t i o n o f b u o y a n t j e t s i n c r o s s f l o w s i s 
s u p p o s e d t o be ( I n u s s - t y pe . A l l t h e s e c a n be o n l y g i v e n an 
npproximn),« d e s c r i i d i n n o f t h e j o t p r o c e s s i n c r o s s 
cMirronl .Ilowovor i t s (-nn. • 1 U H i .n. h a s i o a J l y c o i n c i d e w i t h t h e 
c o s u l i o V i t a i n o i l f m n i oni mod.H l o s t . 
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Append i x l j N o t a t i on 

Tho f o l l o w i n g s y m b o l s Mr(> i i s o d i t\ t h i s p a p e r : 

s; a x i a l c o n r d i n a l o o f tho j(-t 

r : r a d i a 1 (-oord i na t̂  o 

0 : n n g l o o f j o t (M-nl o r l i n o w i t h h o r i z o n t a l 

lla : fimhi oni o\irTont v c I oo i i v 

Um: j o l v e l o c i t y o f a x i a l 
V i : io t ve 1 f)c i t y , . . . p 
Um: vol ( , c i t y r U f P o r o n o o o f tho j o t i n t h e d i r e c t i o n o f s 
Co; (-onoontra t i on o f t h o s e w a g e 

2 

3 

, : o i i c e n t r a t i o n o f t h e j e l i n t l i e d i r e c t i o n o f s 

c o n c e n t r a t i o n o f t h e a m b i e n t f l u i d 

b: l i a l f - w i d t h o f t h o j o t 

'm- d e n s i t v - d i f f e r o n c o bolu:oon t h e d e n s i t y a t a c e r t a i n 

p o i n t o f a x i n l and H i n t o f a m b i e n t f l u i d , 

d i f f e r e n c e i n d o n s i t y b o t w o e n t h o a m b i e n t f l u i d a n d 

s e w a g e i n a j e t 

(A): unknow paramot e r 
H : w a t e r d e p t h a t p o i n t o f d i s c h a r g e 

Cm 
Ca 
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Abstract 

Hydraulic Model Tests were carried out to investigate the effects of bubbling aeration in 

the enclosed basin of highly polluted urban river in order to create livable environments of 

fishes and other aquatic living things. Diffusion of aerated water in the enclosed basin by 

the silt protector sheet is quick and is maintained in the enclosure. Then, this must be 

effective to improve the environments of polluted river as beginning stage of the project. 

Introduction 

River Sumida, flowing through the down town of Tokyo Metropolis, is now highly polluted 

by sewage and industrial waste water. And it is very seldom to be able to see aquatic living 

things in the river. Recently, they plan the project of river-front development along the 

river, and Arakawa Play Garden is to be reconstructed at the river bank with recovering 

livable environments of fishes and other aquatic living things. But river Sumida is a tidal 

river and maximum flow velocity at flood on ebb of spring tide is estimated as almost 4m/s 

and river navigation is developed very much, so that it is impossible to improve aquatic 

environments of the whole river basin at once. Then, they designed the enclosed water basin 

to improve the concentration of dissolved oxygen mainly. The water quality of river Sumida 

at the bank of Arakawa Play Garden at present is tabulated as the table 1. 
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Table 1 . Measured water quality of river Sumida 

Date of mesurement(1989) 

Water temperatureC' C) 

pH 

Dissolved oxygenCmg/1) 

Degree of see through(cm) 

Suspended solid(mg/l) 

BOD<mg/l) 

G Jun. 26 Jul. 10 Aug. 25 Aug. 1 Sep. 

22.4 23.5 23.5 24.6 23.4 

6.9 7.0 7.0 7.2 7.1 

2.0 3.0 4.0 2.3 2.1 

29 27 8.2 16.5 15 

20 14 70 27 120 

8 6 4 10 4 

Fig. 1. River Sumida, AraKawa play garden, and river Arakawa 
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As fishes which they expect to keep alive is gibel and carp, most important factor to be 

improved at present water quality of river Sumida is dissolved oxygen concentration. 

Aeration by bubbling at the center of enclosed basin is planned, but as the effects of 

flowing water outside of the enclosing silt silt protector sheet are still unknown, hydraulic 

model tests were carried out at the flow channel of Tokyo University of Fisheries. The map of 

river Sumida neighbourhood of Arakawa Play Garden is illustrated in Fig. 1, and model 

enclosure and the position of bubbling is again illustrated in Fig. 2. 

1 

c c c c ; c OOC c ; ; c 3 O ooo c c 0 '"^ 
c ^ c o c c c c c c i c c c o c c o c i c ; > 
C O O C C C C 0 C O 3 C c c a c o o o o c 

) / C C O 

- -r n 

Fig. 2. Enclosing with silt protector sheet in model 

Hydraulic model tests 

Hydraulic model tests were carried out at the flow channel of Tokyo University of 

Fisheries in order to know the spread of dissolved oxygen concentration improved water mass 

in the enclosure by the bubbling, and the effects of flow velocity outside of the enclosure 

and of blocks which installed in the enclosure for the nest of fishes. Dimensions of the flow 

channel are Im in width, 1.5m in height, 25m in length. Enclosure is scaled as shown in Fig. 

3. Water depth was kept as 1.0m during the tests and flow velocity was kept as 13.3cm/s. Air 

quantity of bubbling was set as 22.01/min. These were the result of 1/6 scaling of actual 

spot. Blocks for nest of fishes also 1/6 scaled. 

Fig. 3 Enclosing model and bubbling pattern 
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Velocity measurements were executed with elctro-magnetic current meters, vertical and 

horizontal 2-dimensional ones, and water blue dye concentration was measured were 

executed to estimate the distribution of dissolved oxygen concentration. Spreading speed in 

the enclosure and leakage quantity from the enclosure were observed using under water 

video camera. 

Since river Sumida carries lot of trash usually, upstream and downstream diagonal 

portions were taken off and bubbling spot removed to upstream end of the enclosing silt 

protector sheet in order to avoid the broken damage by the striking of flowing trash. 

Results of the hydraulic model tests 

Measuring points of flow velocities are distributed as shown in Fig. 4, and typical 

velocity distribution is shown in Fig. 5, the central vertical plane in the enclosure. 

Fig. 5 Velocity vector plot at central vertical plane in the enclosure 

Trajectories of water blue dye form circular circulation each direction from the bubblirig 

column, and water blue concentration of enclosed water mass became entirely uniform in 

several seconds after injection of water blue dye at the center of bubbling. And leakage of 

water blue dye from the enclosure was quite few. Then, this kind of enclosure can be 

possible to make another water mass in certain circumstance as it were the pond in the 

stream. Though the enclosure can hold quality improved water mass to maintain livable 

environments for aquatic living things, the open silt protector sheet is also investigated, 

expecting flowing trash to push away and living things to attract from ill environments. 
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Velocity vector plot for this case is illustrated in Fig. 6. Upward effect of bubbling is 

again obvious but velocity is not diminished so much and small and vertically longer elliptic 

circulation was formed at the upstream of bubbling, and comparatively lager and 

horizontally longer elliptic circulation at the down stream of the bubbling. Injection of 

Fig. 6 Velocity vector plot of open silt protector bubbling at upstream end 

water blue dye just in front of bubbling passed through the bubbling column with slight 

rise. This may suggest water from the upstream enters much more than the enclosed case and 

dissolved oxygen concentration become lower, but living things in ill environments can 

easily run enter. The contour plot of the water blue concentration is indicated if Fig. 7. 

Fig. 7 Contour plot of water blue concentration of open silt protector bubbled at center 

Concentration of injected water blue dye was lOg/1 for every investigation. Float 

trajectories were observed for open and upstream end bubbling to recognize the effect to 

push off the float to the center. This showed the bubbling was effective enough to prevent 

trash from flowing into and from striking the sheet. The method of sheet installation were 

tie to fixed frame and rise up by floats. Rise up by float is investigated for the case without 

diagonal portions. Silt protector sheet, perpendicular to the flow, swelled outward because of 

the velocity decrease due to the bubbling and the existence of fish nest blocks, but it is not 

so big disturbances for water quality improvement and safety of silt protector sheet. Wave 

breaking capacity was investigated for rise up by float, since river Sumida is utilized as a 

navigation canal. Though it depends upon the dimension and velocity of ships, average wave 

after sailing ship at river Sumida is 60cm height and angle of incident to the bank is 20" . 

So that silt protector sheet rose up by floats was installed in wave tank 20" diagonally to 
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wave generator. Many of waves generated changing the period. Wave breaking capacity of 

silt protector sheet rose up by floats is not so high for every range of wave period. 

Especially for longer period it is almost same wave height, incident and passed waves. But 

shorter wave period, that is, O.GSs or shorter, it is possible to expect approximately 25% of 

wave breaking capacity. The breeding test of gibel and carp at the actual spot of river 

Sumida, to recognize the effect of bubbling. They put fishes in two cages, and installed one 

of the cages inside of the enclosure and the the other outside of the enclosure. After a 

month of breeding, no died in the enclosure, on the contrary 20% were died and survived 

were not so vigorous compare with those in the enclosure, that is aerated basin. 

Conclusions 

It is possible to emphasis on dissolved oxygen concentration in case of of water quality 

improvement in connection with living things recovery. Other factors impossible to neglect 

but less important than dissolved oxygen concentration. Water mass enclosing with canvas, 

silt protector sheet quite effective to improve spot and not to mix or leak improved water. If 

the river flows large amount of trash having possibility to break enclosing canvas, 

upstream end bubbling may be effective. But canvas enclosing is not so good to break the 

waves after sailing ships. 
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MODEL-PROTOTYPE COMPARISON OF THERMAL PLUMES 
by 

Prahlad Murthy 
Johannes Larsen 

ALDEN RESEARCH LABORATORY, INC. 
and 

Dominique N. Brocard 
METCALF & EDDY, INC. 

ABSTRACT 
The N-Reactor (NR) facility on the Columbia River near Richland, Washington, is 
operated for the Department of Energy by the Westinghouse Hanford Company. Steam 
generated during the operadon of the Nuclear Reactor is partly piped to the Washington 
Public Power Supply System's (WPPSS) Hanford Generaring Station (HOP) to generate 
electricity. The system works on a once through principle with the waste cooling water 
discharged back into the Columbia river via separate outfalls for each plant. 

In recent years, as part of the regulatory process for both of these outfalls, field and 
model studies were conducted to investigate the environmental impact of the waste heat 
discharges. In the course of the model studies new improved outfalls were designed and 
installed in the field. The new outfalls were shown in the model studies to improve 
diludon characteristics and also to ensure compliance with regulatory requirements. A 
field study conducted at the HOP outfall after installarion of the recommended structure, 
confirmed the model predictions. Earlier field surveys at each of the sites were used to 
validate the operation of the physical model studies. 

INTRODUCTION 
An overall schematic of the NR/HGP system is shown in Figure 1. The HOP outfall is 
situated about 700 feet (ft) upstream of the NR outfall. River width is on the order of 
1500 ft. 

Discharge condidons from NR corresponding to the highest heat rejecdon to the river 
consututes a flow of 730 cubic feet per second (cfs) at a temperature rise of 14 °F. This 
cooling water discharge is handled by a single outlet structure located about 700 ft 
offshore. The HOP discharge is handled by a four riser outlet structure with maximum 
heat rejection being a flow of 1275 cfs at 32.6 °F. 

Two of the field studies were conducted by the Pacific Northwest Laboratory (PNL) 
whereas one other field study and both model studies were conducted by the Alden 
Research Laboratory, Inc. (ARL). 

Except during model validarion, the hydraulic models were operated to maximize dilution 
of the outfall discharge at the highest heat rejecdon discharge rates. This coupled with 
low river flows provided the most adverse environmental condidons to test the outfalls 
under. 
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SHORELINE 

DISCHARGE DISCHARGE 

F I G U R E 1 ARRANGEMENT OF THE N - R E A C T O R / H G P SYSTEM 

CHRONOLOGY OF PROJECTS 
Table I provides a lisdng of the different studies referred to in this paper. 

Data from the field study [1] conducted by PNL was used to calibrate and validate the 
first model study (HOP outfall) [2]. The objecdve of the model study was to investigate 
the performance of the existing outfall structure at HOP and evaluate modifications to it 
if needed. A field study [3] was performed subsequent to the installation of a modified 
HOP outfall shTJcture to verify the predicted results from the hydrothermal model. 

Another field study [4] was conducted by PNL, at the NR site, to characterize the thermal 
plume from the NR outfall. Results from this study were used to calibrate and validate 
the second model study (NR site) [5]. Objectives of the NR model study, conducted by 
ARL, were varied. The primary objective was to recommend a reconfiguration of the NR 
outfall sttucture to improve dilution of the thermal discharge and comply with local 
thermal criteria. Secondary objectives consisted of an evaluation of past and present 
performances of the outfall. Interaction between the HOP and NR plumes was also 
assessed. 

MODEL INSTRUMENTATION 
Similar arrangements were used to measure temperature rises in both the model studies. 
This system consisted of a matrix of copper-constantan thermocouples mounted on a 
movable rack that could be stationed anywhere along the modeled river. The arrangement 
is shown in Figure 2. 

Over a hundred thermocouples were used in the model studies. Temperature 
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Table I REFEÏIENCED STUDIES OF HGP/NR OUTFALLS 

PROJECT SOURCE REMARK REF 

Supplemental Information On The Hanford 
Generating Project In Support Of A 316(a) 
Demonstration, 1978 

WPPSS FIELD 
STUDY 

1 

Hydrothermal Modeling of Cooling Water 
Diffuser Outfall, Hanford Generating Station, 
1982 

ARL MODEL 
STUDY 

2 

Hydrothermal Field Study of Cooling Water 
Diffuser Outfall, Hanford Generating Station, 
1985 

ARL FIELD 
STUDY 

3 

N-Reactor Thermal Plume Characterization 
Study During Dual-Purpose Mode of 
Operation, N-Reactor, 1983 

PNL FIELD 
STUDY 

4 

Hydrothermal Modeling of Cooling Water 
Outfall for N-Reactor, 1988 

ARL MODEL 
STUDY 

5 

VIEW OF RIVER LOOKING UPSTREAM 

SPACIN6=40 f t . 

SOUTH SHORE 

S P A C I N G 
= 10__fti 

N-REACTOR ! i 
OUTFALL I i 
C E N T E R L I N E : ' 

I . . . 

•S^NOARY RIVER BOTTOM 

• THERMOCOUPLE LOCATION 

V E R T I C A L ARRAYS 

T^l foot below Water Surface 
3^feet below Water Surface 

HOOEL 
BOUNDARY 

F I G U R E 2 D I S T R I B U T I O N OF THERMOCOUPLES ON THE MOVABLE RACK 

measurements were automated using a multiplexing circuit and a microcomputer. The 
accuracy of the temperature rise measurements was ±0.2 °F at a 95% confidence band. 

TEST RESULTS 
HGP SITE: The model was validated by simulating thermal and hydraulic conditions 
corresponding to the those in the field study. Thermocouples were located at elevations 
where temperature measurements were made in the field survey so that direct comparisons 

-10B.9-



could be performed. Typical plots of temperature rise contours (isotherms) at an elevation 
of 361.3 ft (prototype) are shown in Figures 3 and 4 for the field and model respectively. 
This elevation is about a foot above the top of the outfall structures. It also represents a 
2/3 water depth level which is significant from a thermal criterion point of view. 

PnOrOTVPÊ TEMPEHAruBE RISE ISOtHSIHS AT EL = 381.3 f t 

OtaCMAflOÉ FLfMUre . 125B c f . R[vei FUOlflATH - OS.5O0 Cft 

oiaCMAflüE rB«ïBun*Ê n is - 3 3 . 5 F B L V E H OJTMIB B . . 3 B 0 . 7 f t 

F I G U R E 3 ISOTHERMS FROM 
F I E L D SURVEY ( R E F : 1 ) 

MOOet TEMPERATURE RISE ISOTHERMS AT ËL = 361,3 

EXI3TIN0 0[R=U9B1 fltVER OMtTtCNS 
aiQQiAPOÊ P L O H R A T E - 1350 ct» RCvER Ri3«nATE * H . S O O ctm 
QI9CHAAQE TBtf^MXjPE RISE • 32.5 F RCVEfl SUVACE a. « 380.7 f t 

F I G U R E 4 ISOTHERMS 
MODEL STUDY ( R E F : 2 ) 

FROM 

While the spatial dishibution of the isotherms is slightiy different, the extent and 
magnitudes of the temperature rises are well reproduced. The only significant discrepancy 
was that the values of the temperature peaks were underpredicted. A reason for this could 
be that the volume occupied by the probe in the model (in prototype dimensions) was 
much greater than the probe volume in the prototype. This impUes that the model 
temperatures are averaged values over larger prototype volumes. Three modifications to 
the existing outfall were tested. A l l three replaced the single port outlets by multi-nozzle 
outlets, generating increased discharge velocities. One of the these modifications was 
recommended and installed in the field. 

MODEL TEMPERATURE R I S E ISOTHERMS AT EL » 360.S f t 

MOOIFIH] OtFBJSEB R I V « CXWOIIIONS 
QISCHAROE FLOWAIE - 1250 c f i RIVSl FLOWflATt • 55.000 c f « 
OISCMAROE TEf^RAIuee RISE 3 32.5 F R[VS^ SURFACE EL a 3Ö0 0 f t 

PBOraTYPE TEMPEHATUfle RISE ISOTHERMS AT EL r 360 0 f t 

MOOIFIEO DIFFUSER RIVS^ CCfCITIQfvS 
OISCMAROE FLOWATE » i r re cf* HlVtfl R.OWATE « 61.000 c f i 
OISCHAflOe TEf*=SUnjPE RISE = 38.0 F flivsi SlflFACE B. - 380.0 f t 

F I G U R E 5 ISOTHERMS FROM 
MODEL STUDY ( R E F : 2) 

F I G U R E 6 ISOTHERMS FROM 
F I E L D STUDY ( R E F : 3) 

A second field study was conducted by ARL to verify the model results. Temperature 
profiles were obtained in the river by towing a thermistor string in a crisscross pattern 
with a boat and recording posirion and temperature at discrete intervals. A microcomputer 
conhoUed the data acquisition and storage. Although the river and plant operating 
conditions varied through the testing, average field conditions were used to compare the 
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field results to model data. Figure 5 and 6 shows respecdvely two isotherm plots from 
the model and the field surveys. 

The plume is located further downstream of the outfall structure in the model compared 
to the field. A possible explanation of this displacement is that the air content in the field 
discharges tended to bring poclcets of discharge water to the surface near the structure. 
The otherwise reasonably close comparison confirmed the predictions of the model. 

N-REACTOR SITE: An underwater survey at the NR site in 1987 found the outfall 
structure partially damaged and upto 85% of the exit area filled in with small rocks. One 
of the objectives of the model study [5], conducted after the underwater survey, was to 
determine the condition of the NR structure at the time of the field study [4] conducted 
in 1983. 

PHOTOTYPE TEMPËRATUFe HISS ISOTHERMS AT QUE FOOT QEPTH 

0fl!0IN*L OIFFUSER RIVER CONOITIONS 
OISCHiROe B-OnflAte • 500 e f . RIVER FLOïRATE . 95.000 c f . 
OISCKAROE TE«=ERATU)E RISE . 12.2 F 

FIGURE 7 ISOTHERMS FROM 
MODEL STUDY - UNDAMAGED 
C O N D I T I O N ( R E F : 5 ) 

PROTOTYPE TEMPERATURE R I S E ISOTHERMS AT 1 FOOT DEPTH 

OHIQINAL DIFFUSER RIVER COfCiriONS 
nISCHAflOE FUOKRAIE • 590 o f . RIVER FLOKRAIE . 95.000 c f . 
OISCHAfiOE rEW=ERAruBE RISE = 12.2 F 

FIGURE 8 ISOTHERMS FOR F I E L D 
SURVEY ( R E F : 4) 

Tests were conducted in the model 
simulating river and discharge conditions 
corresponding to field survey conditions. 
Both an undamaged sttucture and an "as 
found" structure were simulated in the 
model. The "as found" shucture was 
constructed based on the underwater 
inspection report. Figures 7 and 8 show 
isotherm plots for the model study (original 
undamaged structure) and the field survey. 
Figure 9 shows a comparison of the decay 
of temperature rise with distance for the two 
studies. 

HOOa. DATA (RB=ERefCE S) 
FIELD SURVEY (PNL REPORT I 

too 200 30O 400 50O eOO 700 800 

OISTANCE FROM N-REACTOR OUTLET < f = B t ) 

ORIOIffAL UfOAHAQEQ DIFFUSSl 
DISCHARGE FLOWRATE = 596 cfa 
DISCHARGE TBfPERATUfiE RISE = 6.8 F 

FIGURE 9 DECAY OF 
TEMPERATURE R I S E ( 
5 ) 

C E N T E R L I N E 
R E F : 4 AND 

The damaged condition simulation resulted in greater dilution which compared poorly to 
field data. One reason for the increased dilution rates was the increase in discharge 
velocities resulting from blockage of the outfall by rocks and stones. 
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Although the field plume has a greater lateral spread when compared to the model, the 
decay of centerline temperatures and the spadal extent of the isotherms both bear general 
agreement. Other tests conducted in the model also showed greater agreement, between 
model and field results, for an undamaged structure in the model. The inference was 
therefore that the sttucture was probably undamaged during the field survey. 

CONCLUSIONS AND SUMMARY: There are some significant differences between the 
model and field results. Field data tends to show higher peak temperatures than model 
measurements. This may be partly because the spadal resolution of the model 
measurements is less than in the prototype. Another difference is that the field isotherms 
have a wiggly structure to them that is not reproduced in the model. This is parrty due 
to the inadequate sensor resoludon and also partly due to the possibility that the specttoim 
of turbulence length scales is truncated in the model. 

In spite of these problems the series of model and prototype surveys shows that 
hydrothermal models can reproduce prototype characteristics reasonably well. The models 
can therefore be effectively used to design and test new improved outfall structures. 
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EVALUATION OF AUTOMOBILE EXHAUST EMISSION CONCENTRATION IN 
TUNNELS AND DEPRESSED ROADS 

By Yasushi TAKEYAMA 
Department of C i v i l Engineering, Tohoku U n i v e r s i t y 

Aoba, Sendai 980, JAPAN 

Abstract 

In i n v e s t i g a t i n g the behaviors of the exhaust emissions i n tunnels 
and depressed roads, experiments using moving t r a f f i c , such as model 
automobile t r a v e l apparratüs, are generally performed. But, measurements 
of concentration and wind speed are subjected to r e s t r i c t i o n s by the 
existence of moving automobiles. Even i f i t were possible to make 
d e t a i l e d measurements, since the d i s t r i b u t i o n of concentrations and wind 
speeds i n roadway are complex, i t i s necessary to evaluate items such as 
v e n t i l a t i o n volumes properly by an analysis method which enables to take 
these inf l u e n c e s i n t o c o n s i d e r a t i o n . 

In t h i s study, the equations express the emission concentrations i n 
a roadway were derived by t h e o r i t i c a l l y modeling the behavior of the a i r 
induced by moving t r a f f i c . The technique f o r determining the values of 
the i n d i v i d u a l parameters set up were examined applying the measurements 
obtained to t h i s equation. Some past experiments conducted i n Japan were 
introduced, and the appropriateness of the concentration equations was 
examined by means of t h e i r r e s u l t s . 

I n t r o d u c t i o n 

In recent years there has been an increase i n cases of underground 
roads or depressed roads being planned, e s p e c i a l l y i n urban areas, from 
the viewpoints of g i v i n g c o n sideration to the environments of roadside 
areas and e f f e c t i v e u t i l i z a t i o n of land. I t i s necessary to study the 
amount of v e n t i l a t i o n needed to secure good v i s i b i l i t y i n a roadway 
since d i s p e r s i o n of exhaust emission i s r e s t r i c t e d i n these roads. And 
from the aspect of environment of roadside areas, i t i s r e q u i r e d to 
evaluate how much exhaust emissions are discharged to the roadside from 
the various sections of these roads. 

However, concentration c h a r a c t e r i s t i c s i n the roadways cannot be 
adequately grasped through measurements only at a c t u a l roads because 
s t i l l small number of depressed roads are constructed and made 
a v a i l a b l e , and because road s t r u c t u r e s and t r a f f i c c o n d i t i o n s d i f f e r 
according to i n d i v i d u a l s i t e s . I n surveys by measurements at a c t u a l 
roads, because of f a c t o r s which cannot be completely c o n t r o l l e d such as 
t r a f f i c c o n d i t i o n s and meteorological c o n d i t i o n s , i t i s d i f f i c u l t to 
evaluate the i n f l u e n c e s of the various f a c t o r s . Thus, i n v e s t i g a t i o n s of 
the phenomena through model experiments are made, but t h e o r e t i c a l 
supplementation i s required f o r evaluating the r e s u l t s . 

T h e o r i t i c a l Model of Concentration D i s t r i b u t i o n i n Roadway 

(1) Basic Model 
The model considered here i s an extension of the model used i n the 

past f o r depressed roads having one-way t r a f f i c . Conventionally, the a i r 
fl o w caused by automobile t r a f f i c i n the roadway, and the exchange of 
a i r i n s i d e and outside the roadway made through openings are considered 
i n performing a n a l y s i s . 
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As seen i n v i s u a l i z a t i o n experiments, e s p e c i a l l y i n case of 
reproducing continuous t r a f f i c flow using the model automobile t r a v e l 
apparatus, there w i l l be a i r f l o w to some degree i n the i n d i v i d u a l 
t r a f f i c lanes i n two-way t r a f f i c also. From t h i s , by considering 
independent flows f o r the i n d i v i d u a l lanes, and the exchange of a i r w i t h 
outside the depressed road through openings, and exchange of a i r w i t h 
the opposing lane, i t i s possible to derive a basic model. 

In t h i s case, the amount of a i r exchanged w i t h outside the 
depressed road through the openings at the i n d i v i d u a l lanes i s expressed 
as volume per u n i t areas of opening per u n i t length of time, and t h i s i s 
r e f e r r e d to as 'breathing'. As f o r exchange of a i r between opposing 
lanes, t h i s i s expressed as volume per u n i t area of v e r t i c a l cross 
section between lanes per u n i t length of time, and t h i s i s r e f e r r e d to 
as 'mixing'. 

By considering the above, the f o l l o w i n g equations are obtained 
regarding the a i r flow i n and out per minute length of each lane and the 
mass balance of p o l l u t a n t s . 

IN OUT 
Q̂ Ĉ  + q'HdxCg + E^dx = Q^(C^+ dC^) + qw^dxC^ + q'HdxC^ (1) 

Q B ( C B + dCg) + q'HdxC^ + Egdx = Q^Cg + qw^dxC^ + q'HdxC^ (2) 

Rearranging the above equations, 

w + q'H q'H E^ 
C • ^ • -

dC 
A 

dx 

dC 
B 

dx 

where, A , B 

Q 
^ A , B 
C 

A , B 

È 
A , B 

w 
A , B 

H 

q 
q' 

C 
1 ,2,3,. 

x 

q'H q W R + q'H E^ 

: Lane A and Lane B 
: a i r f l o w q u a n t i t y i n each lane 

: concentration i n each lane 

: emission generation rates of automobile exhaust 

i n i n d i v i d u a l lanes 
: width of opening of each lane i n case of depressed road 

: height of roadway i n tunnel or depressed road 
: u n i t breathing 
: u n i t mixing 

^ : constants 

: distance along road 

(2) D e r i v a t i o n of Concentration Equation 
By considering tunnel/depressed road as the road s t r u c t u r e , one

way/two-way as t r a f f i c c o n d i t i o n , and l i n e source/point source as 
emission c o n d i t i o n , a d i f f e r e n t i a l equation (simultaneous equation i n 
case of two-way t r a f f i c ) i s obtained, and the concentration equation i s 
derived as the s o l u t i o n . 

By using these concentration equations, even when the s t r u c t u r e 
c o n d i t i o n s d i f f e r p a r t i a l l y , i t i s possible to express concentration i n 
the roadway by a uniform concept taking i n t o c o n s i d e r a t i o n the 
c o n t i n u i t y of a i r f l o w i n s i d e the roadway. 

In order to s i m p l i f y the explanation of the equation, a to f below 
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were introduced. 

q w q'H q'H E 
^ + = a = b 

e 

q'H q w q'H 

Examination of Equations by Measured and Experimental Values 

(1) Experiments Using Model Automobile Travel Apparatus i n Japan 
The behavior of exhaust emissions i n tunnels and depressed roads 

d i f f e r s g r e a t l y from the phenomena i n normal a i r ducts or waterways w i t h 
respect to the points of a i r flow caused by moving t r a f f i c and the 
tran s p o r t and dispe r s i o n caused through disturbances by automobiles. 
Therefore, i n experiments to grasp these i n f l u e n c e s , i t i s not enough to 
merely reproduce the a i r flow using equipment such as blowers, and 
experiments are being conducted reproducing t r a v e l of automobiles bv 
model automobiles. 

Some experiments using model automobile t r a v e l apparatus and f i e l d 
measurement are given i n Table 1. With the Reynolds number i n a c t u a l 
phenomena as 1, the r a t i o s to Reynolds number i n the various experiments 
are also shown. Here, the t r a v e l i n g speed of a model automobile was 
taken as the re p r e s e n t a t i v e value of fl o w v e l o c i t y and are shown as 
r a t i o s of t r a v e l Reynolds number. The Reynolds numbers of the 
experiments compared w i t h a c t u a l phenomena were lower by an order of 1 
to 3. 

Table 1 Experiments (and Measurement) Using Model Automobile Travel 
Apparatus i n Japan 

Testing Organization Testing 
F a c i l i t y 

Model 
Scale 

Travel 
Speed 
Ratio 

F l u i d 
Reynolds 
Number 
Ratios 

Express Highway 
Research Foundation 

F i e l d 1 1 A i r 1 

Tokyo M e t r o p o l i t a n Ex
pressway Public Corp. 2) Water 1/139 0.4 Water 0.04 

U n i v e r s i t y of Tokyo I n a i r 1/90 0.02 Air 0.0002 

D i t t o Under 
water 

1/90 1.13 Water 0.2 

Public Works Research 
Wind 
tunnel 

I n s t i t u t e , M i n i s t r y of 
Construction ^'^) 

Wind 
tunnel 

1/100 0.66 Ai r 0.007 

(2) Case of One-way T r a f f i c , Depressed Road 

F i e l d measurements were made using sulphur-hexafluoride ( S F B ) a 
the t r a c e r gas i n a sect i o n of semi-shelter ( s i m i l a r s t r u c t u r e to 
depressed road) of the Chugoku Expressway . An o u t l i n e of the road 
s t r u c t u r e at the place of measurement and an example of measurement 
r e s u l t s are shown i n Fig. 1. 

The equation expressing the concentration i n the roadway of the 
one-way t r a f f i c depressed road i n case of point source emission i s a 
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( 5 ) 

f o l l o w : 

= C^exp[ - (a - b ) x ] 

By c a r r y i n g out a p p l i c a t i o n us ing t h i s c o n c e n t r a t i o n e q u a t i o n , 
0 . 1 5 ( m / s e c ) was obta ined as brea th ing v a l u e . The t h e o r i t i c a l 
d i s t r i b u t i o n obta ined i s shown i n F i g . 1. By performing s i m i l a r a n a l y s e s 
f o r other measurement c a s e s , 0.1 to 0 . 2 ( m / s e c ) were obtained as 
brea th ing v a l u e s . Model t e s t s us ing a water tank were a l s o conducted f o r 
the same measurement l o c a t i o n s , and brea th ing v a l u e s of about the same 
degrees were obta ined from the t e s t s r e s u l t s . 2) 

TUNNEL SETO-SHELTER 

SOUND WALL 

280(11 

131r 

INTRODUCED ^ 
V c POINTS 

OPEN SECTION 

(a) cross s e c t i o n 

( s e m i - s h e l t e r ) 
(b) o j t i i n e of measurement s i t e 

0 .5 

« CONCENTRATION OF SF 

A UI";D SPEED 

THEORY 

10 

DISTANCE x(in) 

( c ) -easured yaiues 

280 

F I G . 1 . - F i e l d Measurement at the Chugoku Expressway ^) 

( 3 ) Case of Two-way T r a f f i c , Tunnel 

Exper iments were conducted us ing model automobile t r a v e l a p p a r a t u s 
c o n s i d e r i n g a t u n n e l of two-way t r a f f i c . The c o n c e n t r a t i o n equat ion f o r 
point source emis s ion c o n s i d e r i n g these experiments under the c o n d i t i o n 
of v e n t i l a t i o n f o r c e s equa l (Q =Q-,) of two-way t r a f f i c i s as f o l l o w s : 

n • 
C^ = C^x + C^ 

( 6 ) 

provided that C = C - C b. 
3 2 1 

The e x p e r i m e n t a t i o n a p p a r a t u s and the l o n g i t u d i n a l d i s p e r s i o n 
c o e f f i c i e n t (non d i m e n s i o n a l q u a n t i t y ) obtained a r e shown i n F i g . 2 . 
Regarding these e x p e r i m e n t a l r e s u l t s , the c o n c e n t r a t i o n and f low volume 
by automobile l ane r e q u i r e d f o r a n a l y s i s us ing the model of t h i s s tudy 
have not been r e p o r t e d . 

A n a l o g i c a l l y i n f e r r e d from the c o n c e n t r a t i o n equat ion f o r t u n n e l s 
based on the l o n g i t u d i n a l d i s p e r s i o n c o e f f i c i e n t D, the r e l a t i o n s h i p of 
the f o l l o w i n g equat ion w i l l hold between the l o n g i t u d i n a l d i s p e r s i o n 
c o e f f i c i e n t and amount of mixing q ' . 

D = 
A^q'H ( 7 ) 

where, A.̂  i s c r o s s - s e c t i o n a l a r e a of t u n n e l . 
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sampl ing [ 

h o l e 

tunnel 

(a) model automobile t rave l apparatus 

3.0 

1 .0 

0.5 

0.1 

values denote non-dimensional headway 
|( = headvjay / representat ive diameter df tunnel 

8.1 

• 1 6 . 2 * • • 

Ref. 3 

10 10 
TRAVEL REYNOLDS NUMBER Re 

10 

(b) l ong i t ud ina l d ispersion coe f f i c i en t 

F I G . 2 . - Experiment on Two-way T r a f f i c , Tunnel 

( 4 ) Case of Two-way T r a f f i c , Depressed Road 
The c o n c e n t r a t i o n equat ion f o r point source emis s ion a t two-way 

t r a f f i c depressed road w i l l be as f o l l o w s : 

= C^exp(m^x) + C^expCm^x) 

C = C exp(m x ) + C,exp(m x ) 

(8) 

provided t h a t 

1^ _2 = 4~ ^ ~ ~ ^) + - d ) ^ + (ad - be) ] 

+ a 
C. c. = 

+ a 
- C. 

Using the r e s u l t s of model exper iments , the amount of v e n t i l a t i o n 
can be c a l c u l a t e d by s u b s t i t u t i o n i n t o the above e q u a t i o n . I n the case 
of t h i s s tudy , as a t echnique to take i n t o c o n s i d e r a t i o n s c a t t e r i n 
measurements, an a l g o r i t h m f o r c a l c u l a t i n g the volume of v e n t i l a t i o n was 
d e r i v e d . I n t h i s a l g o r i t h m , f i r s t approximat ions of the amounts of 
b r e a t h i n g and mixing a r e s u i t a b l y g i v e n , the v a r i o u s measured v a l u e s are 
a p p l i e d to the c o n c e n t r a t i o n equat ion by the method of l e a s t s q u a r e s , 
second approx imat ions a r e c a l c u l a t e d from t h i s c u r v e , and by 
subsequent ly r e p e a t i n g s i m i l a r c a l c u l a t i o n s , the volumes of v e n t i l a t i o n 
are d e r i v e d . 

The amount of b r e a t h i n g obta ined from exper iments v a r y i n g 
c o n d i t i o n s such as the width of opening are shown i n F i g . 3 . The t u n n e l 
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opening r a t i o (=opening width/repres e n t a t i v e diameter of tunnel) i s 
given on the abscissa as the index showing the degree of opening. The 
amount of breathing shows a tendency to r i s e s l i g h t l y as the opening 
r a t i o becomes lower, but i s roughly i n a range of 0.1 to 0.3(m/sec). 

0.4 

0.3 H 

5̂  0 . 2 H 

LEGEND A one-ujay, 2-lanes 
O two-ujay, 4-lanes 
Q tuo-way, 6-lanes 

TRAFFIC CONDITION 
UOLUrt 2000 uehicles/hour 
TRAVEL SPEED 60 km/hour (=16.7 m/sec) 

R is as foilou 

O.H 

TUNNEL OPENING RATIO 
hi 

uhere, 

D = 

0 

2(liJ+H) 
u 

1 

tlJ 
TUNNEL OPENING RATIO R 

FIG. 3.- Breathing Value at Depressed Roads ^) 

Conclusion 

The behaviors of exhaust emissions i n depressed roads and tunnels 
have not been adequately understood because of f a c t o r s such as 
d i f f i c u l t y of conducting experiments employing model automobile t r a v e l 
apparatus and hin d e r i n g of measurements due to automobile t r a f f i c . 
Studies on v e n t i l a t i o n according to various road s t r u c t u r e s have not 
necessarily been c a r r i e d out based on a u n i f i e d concept. I t i s 
considered t h a t the technique described i n t h i s paper w i l l be us e f u l i n 
analyses of the r e s u l t s of model experiments and f i e l d measurement, and 
i n studies of v e n t i l a t i o n a t roads which are combinations of various 
s t r u c t u r a l types. I n di s p e r s i o n of exhaust emissions caused by 
automobile t r a f f i c , i t i s considered t h a t dispersion due to t r a n s p o r t i s 
dominant, and i t i s thought explanations can be provided h e r e a f t e r 
regarding the various parameters of v e n t i l a t i o n volumes used here 
through f u r t h e r aerodynamical examinations. 
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Abstract 

The numerical and hydraulic modeling of changes of the 
hydrodynamical regime and transport of pollutants in the 
Neva Bay were performed in connection with conatra/stion of 
the Dam to prevent Leningrad against unundations 30 km far 
fron the city. The results obtained were used to develope 
recommendations to transfer the sites of wastewater 
outfalls in the Neva Bay. 

Introduct ion 

At present the modeling af the water dynamic and 
transport of pollutants in the Neva Bay is a very important 
problem. There are txuo main tasks which must be solved by 
modeling: 1) recommendations to transfer the sites of 
Leningrad urban and industrial wastewater outfalls in the 
Neva Bay, 2) forecast of changes in the water pollution 
regime under the influence of the Dam. Location of the 
outfalls from 3 large treatment plants (with the discharge 
under 30 cub.m/s) is the most important problem because the 
Bay is shallow (the depth is less than 5 m) and the 
effluents after treatment contain large quantity of 
different pollutants. The choice of the location for these 
outfalls is strongly restricted by the presence of the 
resorts along the coasts and by the Kotlin island. The 
degree of pollution of the Neva and the Bay is 
unfortunately very high. 

The Neva Bay dynamics modeling reveals the problem 
of its high sensitivity connected tütth, usually small 
level oscillations and with v a r i a b l e meteorological 
conditions.The analysis of data of field investigations for 
nore than 20 years has shown that the spectrum of current 
has many extremes in the wide range of periode (Belishev 
and Preobrazhensky, 1988). 
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Numerical Modeling 

Two-dimensional 8hallow~water equations and the 
equation of depth-averaged transport and dispersion of 
pollutants are used. A complex shape of the area of 
computations, especially relatively small (110- 240 m)gatea 
in the Dam makes it necessary to use curvilinear 
boundary-fitted coordinates and mapping of the domain 
given onto a canonical one (the system of rectangles). This 
approach is widely used in aerodynamics (Thompson, 19a2)and 
finds an increasing application in oceanological problems. 
Details of the domain geometry can have a dramatic 
influence an the general character of solution. This makes 
it necessary to tuse the boundary conditions directly in the 
nodes of the curvilinear boundary without earring them away 
in the nodes of the regular grid. 

Let us consider the initial boundary-value problem 
for the shallow-water equations 

AW -I¬
X B i . x,y 

u u 0 g 
V A ^ 0 uO 
H H 0 u 

t = 
Iv 

-lu + 
A T ? /U -h a LU. 
Li^ /H + a Lv 

0 

B = 

€ fi. t 

V 0 0 
0 V g 
0 H V 

> 0 (1) 

where (U,V)=Y -velocity vector,H =h + C» h-depth, C - Iftuel-
g -acceleration of gravity,I- Coriolic parameter, A T ^ J A T " 

components of shear stress vector, Q - coefficient of 
horisontal eddy viscosity, Q-the domain with the contour 
dQ. On the impermeable part of contour öü^ we assume » 

where Vj^-velooity normal to dQ^ .On the permeable part aQ̂  

boundary conditions are defined in accordance with the 
requirements of cgrrectness .Assigment of the initial 
conditions W ^ _ ^ W completes the formulation of the 

problem. 
We introduce curvilinear coordinates ^,7] concordant 

with the configuration of Q : on the segments of dQ chosen 
one of the coordinates is fixed, but the other is 
distributed arbitrary, but monotonically. In the plane 
the given domain is represented by the rectangle Q .In the 
new variables , the set of equations (1) written with the 
respect to vector « = Cp,g,C^ p=JHU=H(Uy^-VX^), 

q=JH7=H(VX^-Uy^) is reduced to the form 

A + B = <p, e T) € n* (2) 

0 0 

A = B = 
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4» 

0 

where a = gHJ V ^ , 7 = g H J ' ^ \ ^ = gHr^g^^, 

Cristoffel of the aecond kind, iJ,k=U2, U^^,U^=Y. 
1 2 

t =C»C =T]./or axmmirrg up with repeating index,U,V 

-contravariant components of Y,J=X^y^-X^^>0 - Jacobian of 

t r ana format i on. 

The equation of transport and disperalon of pollutanta 

0^ ^ (W)^ ^ (vC)y= (EC^)^ ^ (EC ) , (|) (3) 

in curvilinear coordinates takee the form 

(JHC)^ f (pC)^ -f (qC)^ = (KHJ-^g^^C^)^ f 

. (KHJ-^^^G^)^ . (KHJ-^g12o^)^ , (EHJ-^S'\). ^Jü^. (4) 

where K- coefficient of diffusion, ip- source function. 

Equations (2) were eolved by seml-impllclt flnlte-
f S r 7 r T * 5 1 ^ ' j ° l " ' * * ' ' r-estrlctlve stability condition 
( mX(U,V}^^).They were approximated by Crank- SI col son's 
^oheme ^]>^oh was realiaed by Peaceman- Rachford'a 
apllttlns (Voltzinger et.al, 1989). 

Equation (4) waa approximated by aecond- order up
stream i m p l i c i t finite- differences and was realised by 
Douglas- Gfunn's splitting. ^ 

Ey draulic Modeling 

The hydraulic model Is 120 m long and 60 m wide. Its 
horisontal scale Is 1/500, the vertical one 1/50. For 
steady conditions velocities in the Neva Bay originated by 
the Neva dlaoharge la about 4- 6 cm/a and Re > Re .In 

the model If Fr=iöem(Fr=V^/^) then fle^<fle^(^. it iV'shown 

i^v^'Jn%:\^^^ ^'^^n^if °^^^omodel of FV-number area. 
If Fr <0.05 In nature Frm 5.10^.ao three-fold Increase of 
dlachargea waa used to reach automodellty of Re-number.The 
bi« problem u s u a l l y i s the choice of roughneaa elementa 
height. We have recieved (Manevitch, 1982) that for the 
condltlona of the Neva Bay model at XX).015 automodellty of 
W f f -number i s reached ( k- friction coefficient, Ö-
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-width).The height of roughneaa elementa and the diatanoe 
between them were determined from the nomograna obtained 
(Manevitch, 1985). 

For unsteady conditlona the automodellty of RB-number In 
model la reached even at small Intenalty of level 
oaolllationa (>3cm/h). The conditions of Fr=iCÏem, St=idem la 
eaayly satisfied also If we aaayme the corresj^ffy^ng scales 
of velocity and time Oty = Ot fi*^t=^l^^'^l'^ h' ^* 
necessary to check the Influence of Increased heights of 
roughness elements on the long wave propagation. In 
(Bolotovski and Levina,1979) it is shown that in the range 
of 14>P>3,p=X/2iQtlme history of characteristic nature level 

oscillations is in a good agreement with numerical ones. Aa 
in our case P Uea in these limits, so the model and nature 
current fields miust be similar. 

Results 

Steady and unateady regimes of the Neva Bay formed by 
the river discharge, sea level o s c i l l a t i o n s originated in 
the Baltic Sea and wind field were Inveatlgated ualng the 
d e s e r i b e d numerical and hydraulic modela (by wind - only 
n u m e r i c a l l y ^ . The model reaulta were t e s t e d ualng current 
and level field data and aufflclent a c c u r a c i e s were 
achieved. The field data are more v a r i a b l e than nusaerloal 
model one -It la an expected r e s u l t becauae depth averaged 
quantities calculated numerically are more s t a b l e than the 
m e a s u r e d or»©s. The deviation between nvMsrlcal model and 
natural time averaged directions of cuurent v^tora a^ 
different atatlona Ilea within the llmita from 5 to 12 . 
Only for one of the atatlona which waa altuated In the^near 
atagnant aouth- e a s t region of the Bay it reacha 27 .The 
deviation In the amplitudes of the current vectora la 
within the range from 0.1 to 2.8 cm/s (Voltzinger Qt 
al,1990). 

A comparison between numerical and hydraulic model 
reaulta ahowed that aa the general current p a t t e r n s a t 
steady state were s I m l I l a r , the relative vortex 
intensification wae obtained with hydraulic modeling 
(figure 1). 

The different hydrodynamic regimes were investigated 
with the models for Dam and u;lt?iout Dam conditions. Modela 
r e s u l t s s?ioii;ed t?iat t o t a l c h a r a c t e r of the fluxes did not 
changed. The main effect of the Dam, according to hydraulic 
and mathematical models is the increasing of reflection by 
the Dam with the Increasing of wave frequency and 
amplitude. The most Important semlduimal waves penetrate 
througt the Dam gates almost without reflection but wavee 
with perloda l e s s than 5 hours are reflected algnlflcantly. 

The reaulta of numerical modeling ahowed that under the 
Dam conditlona coneent rationa of pollutanta may Increaae In 
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Fig. 1 Flow fielda in the Neva Bay 

in Dam. ooncLitiona at the steady state. in the Neva Bay at the ttnateady state. 

Ntuaerical model results. 



th© north enclosed part of the bay near the Dam. (figure 2). 
Near K b t l t n ialand they will increaae in 1.5 - 2 
ttmes.Outside of enclosed a r e a concentratlona under the Dam 
condit iona will be leaa. It la explained by the diaperaion 
of waatewater plume by the Dam gates and by the change In 
current system on thia side of the Dam. 

Both models revealed that transfer of the North 
treatment plant outfalls 1 Jem seaside (2 km from the shore) 
would result plvme movement apart from the shore. The 
pollution level near the shore would decrease In this caee 
in several times and the correapondlng Increaae of 
concentratlona near Kotlln la Inalgnlfleant. Tranafer of 
the South-Weat treatment plant outfalia 2,5 - 3 km to the 
north from the Sea Strait would reault the decreaalng of 
pollution level along the aouth coaat more than 10 times i n 
comparlaon with their location near the weat end of the Sea 
Strait dykea aa It suggested now. 
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MODEL STUDY OF WESTERN C A I R O 
POWER PLANT COOLING WATER SYSTEM 

Mohamed G a s s e r and I b r a h i m E l d e s o u k y 

1. A b s t r a c t 

W e s t e r n C a i r o Power P l a n t (WCPP) was b u i l t i n t h e e a r l y 
s i x t i e s . I t p r o d u c e s 348 MWe a t raaxiraum. The d e c i s i o n h a s been t a k e n 
t o e x t e n d i t s c a p a c i t y t o 1668 MWe. The i n v e s t i g a t i o n s o f t h e c o o l i n g 
w a t e r s y s t e m o f i t s e x t e n s i o n w e r e c o n d u c t e d by t h e H y d r a u l i c s & 
S e d i m e n t R e s e a r c h I n s t i t u t e ( H S R I ) , D e l t a B a r r a g e , E g y p t , on a 1 :65 
h y d r a u l i c s c a l e m o d e l . The m a i n p u r p o s e o f t h e s t u d y was to d e v e l o p an 
i n t a k e - o u t f a l l c o n f i g u r a t i o n w h i c h r e s u l t s i n p r e v e n t i n g t h e r m a l 
r e c i r c u l a t i o n a s w e l l a s f u l f i l l i n g t h e r e g u l a t o r y t e m p e r a t u r e s t a n 
d a r d s . 

2 . B a c k g r o u n d 

WCPP i s l o c a t e d on t h e l e f t bank o f t h e N i l e R i v e r , 7 km 
u p s t r e a m o f t h e D e l t a B a r r a g e . The p l a n t h a s f o u r e x i s t i n g u n i t s , 
p r o d u c i n g 87 M W e / u n i t . I t h a s a o n c e - t h r o u g h c o o l i n g w a t e r s y s t e m , i t s 
h e a t r e j e c t i o n l o a d t o t h e r i v e r i s 492 MWth, i t s c o o l i n g w a t e r 
d i s c h a r g e i s 1 2 . 4 ra^/s a t a t e m p e r a t u r e r i s e o f 9 . 5 ° C . The p l a n t 
w i l l be e x t e n d e d by a d d i n g f o u r u n i t s m o r e , p r o d u c i n g 330 M W e / u n i t . A 
s e p a r a t e o n c e - t h r o u g h c o o l i n g w a t e r s y s t e m w i l l be c o n s t r u c t e d , i t s 
h e a t r e j e c t i o n l o a d t o t h e r i v e r w i l l be 1800 -MWth, i t s c o o l i n g w a t e r 
d i s c h a r g e w i l l be 4 4 . 4 °C a t a t e m p e r a t u r e r i s e o f 9 . 7 ° C . 

3 . H y d r o l o g y 

The N i l e R i v e r a t t h e power p l a n t s i t e i s more o r l e s s 
s t r a i g h t , i t s w i d t h v a r i e s b e t w e e n 5 0 0 - 6 0 0 ra, w h i l e i t s mean d e p t h i s 
6 . 5 ra e x c e p t d u r i n g t h e l ow d i s c h a r g e p e r i o d ( o n e - m o n t h ) when t h e mean 
d e p t h i s 4 . 9 ra. The r i v e r f l o w a t t h e s i t e i s m a i n l y c o n t r o l l e d by t h e 
D e l t a B a r r a g e , 7 km d o w n s t r e a m . R i v e r f l o w c o n d i t i o n s show t h a t ; 
- Minimum d i s c h a r g e : 630 ra'/s, a t a w a t e r l e v e l o f + 1 4 . 9 ra MSL 
- N o m i n a l d i s c h a r g e : 1100 m ' / s , a t a w a t e r l e v e l o f + 1 6 . 4 m MSL 
- Maximum d i s c h a r g e : 1748 m ' / s , a t a w a t e r l e v e l o f + 1 6 . 5 ra MSL 

The a v e r a g e w a t e r t e r a p e r a t u r e d u r i n g summer i s 2 8 ° C and d u r i n g w i n t e r 
15<'C. 

4 . T e m p e r a t u r e s t a n d a r d 

T h e E g y p t i a n M i n i s t r y o f P u b l i c Works & W a t e r R e s o u r c e s ' l a w 
n o . 4 8 , 1 9 8 2 , s p e c i f i e s t h a t t h e raaxiraum t e r a p e r a t u r e i n t h e r i v e r 
s h a l l be l i m i t e d t o a r i s e o f 5"'C a b o v e t h e n a t u r a l w a t e r t e r a p e r a t u r e , 
w i t h a raaxiraum a b s o l u t e v a l u e o f 3 5 ° C . 

1. D i r e c t o r o f t h e H y d r a u l i c s & S e d i m e n t R e s e a r c h I n s t i t u t e , 
D e l t a B a r r a g e , E g y p t 

2 , R e s e a r c h E n g i n e e r , H y d r a u l i c s & S e d i m e n t R e s e a r c h I n s t i t u t e , 
D e l t a B a r r a g e , E g y p t 



5 . Model D e s c r i p t i o n 

5 . 1 S c a l e L i m i t a t i o n s 

D i f f e r e n t s c a l e c o m b i n a t i o n s , w h i c h meet t h e mode l s c a l i n g 
r e q u i r e m e n t s w e r e c o n s i d e r e d , to m a t c h w i t h t h e d i m e n s i o n s and c a p a c i 
t i e s o f t h e f a c i l i t i e s a t t h e I n s t i t u t e . G e o m e t r i c a l s c a l e s w i t h a 
s m a l l d i s t o r t i o n up to a r a t i o of h o r i z o n t a l s c a l e / v e r t i c a l s c a l e = 2 
a t maximum w e r e c o n s i d e r e d [ 3 ] . T a b l e 1 shows t h e s c a l e c o n s i d e r a 
t i o n s . 

5 . 2 Model S c a l e s 

The mode l s t u d y was e s p e c i a l l y c o n c e n t r a t i n g on t h e n e a r - f i e l d 
o f t h e c o o l i n g w a t e r d i s c h a r g e , w h e r e t h e i n e r t i a and b u o y a n c y f o r c e s 
a r e p r e d o m i n a n t . The mode l was o p e r a t e d a c c o r d i n g t o d e n s i m e t r i c 
F r o u d e s i m i l i t u d e r e l a t i o n s h i p s . An u n d i s t o r t e d g e o m e t r i c a l s c a l e of 
1:65 was s e l e c t e d . The s c a l e r a t i o ' s f o r t h e o t h e r q u a n t i t i e s a r e : 

V e l o c i t y 1 : 8 . 0 6 
T ime 1 : 8 . 0 6 
D i s c h a r g e 1 : 34065 

5 . 3 Model D e s c r i p t i o n 

F i g u r e 1 shows t h e mode l l a y o u t . The mode l r e p r o d u c e d a 2854 m 
l o n g s t r e t c h o f t h e N i l e R i v e r and t h e e x i s t i n g and p r o p o s e d i n t a k e 
and o u t f a l l s t r u c t u r e s . A d a t a a c q u i s i t i o n s y s t e m i n c l u d i n g a m i c r o 
c o m p u t e r was i n s t a l l e d to m o n i t o r and s t o r e a l l m e a s u r i n g d a t a o f 
f l o w s , w a t e r l e v e l s and t e m p e r a t u r e s . 

6. P r o p o s e d I n t a k e and O u t f a l l S t r u c t u r e s 

An i n l a n d i n t a k e o f 60 m w i d e , + 10 m MSL f l o o r l e v e l , w i t h a 

s k i m m e r w a l l a t + 1 4 . 0 ra MSL, was t e s t e d . 

A n e a r s u r f a c e o u t f a l l s t r u c t u r e w i t h f o u r c u l v e r t s w i t h a 
c r o s s s e c t i o n o f 2 . 5 x 2 . 5 ra^ e a c h , s e p a r a t e d by 0 . 5 ra t h i c k d i v i d i n g 
w a l l s , was t e s t e d . I t s c e i l i n g l e v e l was + 1 4 . 9 ra MSL and i t s b o t t o m 
l e v e l was + 1 2 . 4 ra M S L . I t was i n c l i n e d i n t h e d o w n s t r e a r a d i r e c t i o n a t 
60 d e g r e e s t o t h e r i v e r a x i s . 

7. Model T e s t P r o R r a r a 

The i n t a k e - o u t f a l l c o n f i g u r a t i o n h a s been t e s t e d a t d i f f e r e n t 
r i v e r d i s c h a r g e s and w a t e r l e v e l s f o r 2 , 3 o r 4 u n i t s i n o p e r a t i o n i n 
a d d i t i o n t o t h e e x i s t i n g 4 u n i t s . T h e s e t e s t s w e r e r e p e a t e d a f t e r 
r e f o r m i n g t h e f i x e d r i v e r bed a c c o r d i n g t o t h e e x p e c t e d e r o s i o n c a u s e d 
by t h e c o o l i n g w a t e r j e t . T a b l e 2 shows t h e t e s t p r o g r a m . 
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T a b l e 1 MODEL SCALE CONSIDERATIONS 

1 

1 s c a l e s n^/n^ AO/80 

1 

1 50/75 

1 

1 65/65 

1 r 

1 50/100 65/100 1 

1 parameter 

1 d i s t o r t i o n r a t i o 2 1 1 ( u n d i s t o r t e d ) 1 2 1 1.5 1 
1 R e ^ j ^ ^ ^ > 2000? (v - 0.23 ro/s , 1 
1 h " JO ID a . s . l . i n p r o t o t y p e ) A5A6 1 3253 1 219A 1 3253 1 219A 1 
1 ' ^ ^ u t l e t 2 ( f " ^ " " > ^ 

5500-15000 1 3900-10800 1 2650-17300 1 3900-10800 1 2650-7300 1 

1 ^ ^ u t l e t i ( e x i s t i n B ) > 7507 2000 1 lAOO-1500 1 950-1000 1 lAOO-1500 1 950-1000 1 

20239 1 26517 1 3A063 1 35355 1 52A05 1 

1 Qj.j.,,g^ (630 - 1750 m /s p r o t o t y p e ) 31-87 1/s 1 2A-66 1/s 1 18-52 l / s 1 16-50 1/s 1 12-3A l / s 1 
1 Q (56.8 m^/s p r o t o t y p e ) 
' power s t 0 J f / 

1 r e j e c t heat (AT<12 C i n the model) 

2.61 1/s 1 2.1A 1/s 1 1.67 1/s 1 1.61 1/s 1 1.08 1/s 1 1 Q (56.8 m^/s p r o t o t y p e ) 
' power s t 0 J f / 

1 r e j e c t heat (AT<12 C i n the model) 1A2 kW 1 108 kW 1 ÖA kW 1 81 kW 1 5A kW 

1 Qj.jygj. (600 - 1800 m^/s p r o t o t y p e ) 29.6-86.9 1/s 1 22.6-67.9 1/s 1 17.6-52.8 1 /s 1 17.0-50.9 1/s 1 11.A-3A.3 1/s 1 

1 e x p e r i m e n t a l f a c i l i t y open a i r h a l l 1 [open a i r h a l l 1 

|12.5 ( o r U ) x70m^ 

jopen a i r h a l l 1 1 h a l l 2 1 h a l l 2 

1 a v a i l a b l e model a r e a 12.5 ( o r l A ) x 7 0 r a ^ 

[open a i r h a l l 1 

|12.5 ( o r U ) x70m^ 1 12.5 ( o r l A ) x70m^ [max l e n g t h 2A m| max l e n g t h 2A m 

1 model dimensions (850 x 2A00 ra ) 10.6 X 30 m^ . | l l . 3 X 32 m^ [13.1 x 36.9 ra^ 1 8.5 X 2A | 6.5 X 2A m̂  

1 ( n e t a r e a t o be modelled) 1 1 



T a b l e 2 T e s t P r o g r a m 

No. RT NU A p / p 

1 630 P 2 3 4 . 6 0 . 0 0 2 1 

2 630 P 3 4 5 . 7 0 . 0 0 2 1 

3 630 P 4 5 6 . 8 0 , 0 0 2 1 

4 1748 P 2 3 4 . 6 0 , 0 0 3 4 

5 1748 P 3 4 5 . 7 0 . 0 0 3 4 

6 1748 P 4 5 6 . 8 0 . 0 0 3 4 

7 630 F 2 3 4 . 6 0 , 0 0 2 1 

8 630 F 3 4 5 . 7 0 . 0 0 2 1 

9 630 F 4 5 6 . 8 0 , 0 0 2 1 

10 1748 F 2 3 4 . 6 0 . 0 0 3 4 

11 1748 F 3 4 5 . 7 0 . 0 0 3 4 

12 1748 F 4 5 6 . 8 0 . 0 0 3 4 

w h e r e : 
Q - r i v e r d i s c h a r g e ( m V s ) RT - r i v e r bed t o p o g r a p h y 
P^ - p r e s e n t c o n d i t i o n F - f u t u r e c o n d i t i o n 
NU - n o , o f u n i t s i n o p e r a t i o n Q - c o o l i n g w a t e r d i s c h a r g e ( m ^ s ) 
p - r i v e r w a t e r d e n s i t y ( k g / r a ' ) Ap - d e n s i t y d i f f e r e n c e ( k g / m ^ ) 

I n e a c h t e s t s u r f a c e w a t e r t e m p e r a t u r e s , v e r t i c a l t e m p e r a t u r e p r o 
f i l e s , f l o w v e l o c i t y d i s t r i b u t i o n s i n t h e p l a n t s i t e v i c i n i t y and 
s u r f a c e c u r r e n t s h a v e been m e a s u r e d . 

8 . S c a l e E f f e c t s 

The h e a t e x c h a n g e w i t h t h e a t m o s p h e r e w i t h i n t h e c o o l i n g w a t e r 
plume i n t h e mode l was n o t c o r r e c t l y r e p r o d u c e d b e c a u s e o f t h e u n d i s 
t o r t e d s c a l e . I n t h e mode l t h i s h e a t e x c h a n g e i s t o o l a r g e by a f a c t o r 
8 but t h i s e f f e c t c a n be n e g l e c t e d . F o r i n s t a n c e , i n t h e p r o t o t y p e t h e 
h e a t e x c h a n g e o v e r a s u r f a c e a r e a o f a b o u t 8000 ra', e n c l o s e d by t h e 
S^C i s o t h e r r a ( m i x i n g z o n e ) a t l o w r i v e r d i s c h a r g e a n d 4 u n i t s i n 
o p e r a t i o n , w i l l r e s u l t i n a h e a t l o s s o f 0.07% o f t h e h e a t d i s p o s a l : 

- s u r f a c e a r e a o f t h e m i x i n g z o n e : A - 8000 m' 
- a v e r a g e t e r a p e r a t u r e r i s e i n t h e m i x i n g z o n e : AT » 7 ° C 

- h e a t t r a n s f e r c o e f f i c i e n t a t t h e a i r - w a t e r i n t e r f a c e [ 4 ] : u = 

22 W/m* "C 

- s u r f a c e h e a t l o s s f r o m t h e m i x i n g z o n e : uAAT - 1 .23 MW 
- h e a t i n p u t f r o m t h e p l a n t ( e x t e n s i o n ) : 1800 MW 

I n t h e m o d e l t h i s h e a t l o s s w i l l be 0.5%, w h i c h i s s t i l l n e g l i g i b l e 

i n c o m p a r i s o n w i t h t h e t e r a p e r a t u r e r e d u c t i o n i n t h e n e a r - f i e l d by 

m i x i n g and t u r b u l e n t d i f f u s i o n . 

9 . C o n c l u s i o n s 

The o u t f a l l s t r u c t u r e f o r WCPP e x t e n s i o n a s p r o p o s e d by H S R I 
i s s a t i s f a c t o r y , a s i t r e s u l t s i n c o m p l e t e p r e v e n t i o n o f t h e r m a l 
r e c i r c u l a t i o n and f u l f i l m e n t o f t h e e n v i r o n r a e n t a l c r i t e r i a . T h e 
maximum m i x i n g zone a r e a i s 100 x 80 ra' ( t h e mean r i v e r w i d t h i s 550 
m ) . F u r t h e r s t u d i e s f o r t h e o p t i m i z a t i o n o f t h e i n t a k e l a y o u t a n d i t s 
pumping s t a t i o n a r e recommended . 
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10. A c k n o w l e d R m e n t 

The c o o p e r a t i o n and v a l u a b l e s u g g e s t i o n s o f M r . A . Q u i s t o f 
D E L F T H Y D R A U L I C S , N e t h e r l a n d s , t o c o n d u c t t h e mode l s t u d i e s and t o 
p r e p a r e t h e p a p e r a r e g r a t e f u l l y a c k n o w l e d g e d . 

11 . R e f e r e n c e s 

1. H S R I R e p o r t " H y d r o t h e r m a l mode l s t u d y o f W e s t e r n C a i r o Power P l a n t 
E x t e n s i o n " , D e c . 1 9 8 9 . 

2 . D E L F T H Y D R A U L I C S and M a s s a c h u s e t t s I n s t i t u t e o f T e c h n o l o g y 
" E u r o p e a n c o u r s e on h e a t d i s p o s a l f r o m power g e n e r a t i o n i n t h e 
w a t e r e n v i r o n m e n t " , D e l f t ( 1 9 7 5 ) . 

3 . H o o g e n d o o r n , D. and Q u i s t , A. " E f f e c t s o f mode l d i s t o r t i o n on t h e 
n e a r - f i e l d b e h a v i o r o f t h e r m a l d i s c h a r g e s " , T h i r d W a s t e H e a t 
Management and U t i l i z a t i o n C o n f . M i a m i , 1 9 8 1 . 

4 . H . E . S w e e r s , "A nomogram t o e s t i m a t e t h e h e a t e x c h a n g e c o e f f i c i e n t 
a t t h e a i r - w a t e r i n t e r f a c e a s a f u n c t i o n o f t h e w i n d s p e e d and 
t e m p e r a t u r e , a c r i t i c a l s u r v e y o f some l i t e r a t u r e " . J o u r n a l o f 
H y d r o l o g y 30 ( 1 9 7 6 ) 375 - 4 0 1 . 

-10B.29-



S U P P L Y TO C I R C U L A T I N G S Y S T E M 

R E F E R A N C E T E M P 

M E A S U R E M E N T IN i — i 

I N S U L A T E D TANK L J 

P R O P O S E D O U T F A L L 

{ g ) — — ^ E X I S T I N G O U T F A L L 

z 
g 

1 

D U 
O t-
U LD 
< 5

Y
 

< 
Q 

M O D E L O U T F L O W 

D O W N S T R E A M GATE 

E X I S T I N G I N T A K E 

P R O P O S E D INTAKE 

5 
o 

UJ 

E 
o 
d 

M O D E L I N F L O W 

3; 
UJ 
1/1 
> 

O 
z 

13 

u 

O 
CE 
U. 
- 1 

< 

Cd 
Q 
X 

C I R C U L A T I N G P U M P S 

FIG. 1 M O D E L L A Y - O U T 



Prediction Techniques For Salt Water Intrusion in Qiajitang E s t u a r y 
by Phys ica l a n d Mathematical Models 

Han Zengcui' Shao Yaqin^ 

Lu Xiangxin3 Shi Ying^ 

Abstract 
The Qiantang Estuary is a faious lacrotidai estuary in China and also in the lor ld . Because of the strong l i i i n g , the 

chlorinity is distributed hoiogeneoasly in the cross-section, especially in the spring tide. This paper presents a 

brief introduction of the nuierical and scale lodels applied Jointly to predict the salt «ater intrusion. Based on 

the calibration of the two kinds of aodei, three different schemes of releasing fresh water f r o i upstreai reservoir in 

a certain period have been studied. A superior water release Scheie has been put forward. By using this scheie, 30X 

of fresh water will be saved. 

For years of pactice, the predicted chlorinity basically conforis to the observed value. The chlorinity at the water 

intake site is kept below the periissible l i i i t by releasing sufficient but not too luch fresh water f r o i the upstreai 

reservoir since 1979 t i l l 1988 during dry seasons. 

introduction 
Hangihou is a large city with population over one liUion loated along the northern bank of the Qiantang Estuary 

(Fig.l). Eighty percent of its water supply for doiestic and industrial uses and irrigation water of 100,000 ha of 

farilands on the southern bank are taken f r o i the Qiantang Estuary. During dry seasons the chlorinity of river water 

eiceeds the l i i i t i n g standard (250 ig /1 for industrial and doiestic uses and 1200 ag/l for irrigation use). Owing to 

salt water intrusion in spring tide. The direct econoiic loss aiounts to 3 l i l l ion Yuan per day. Therefore, the 

lonitoring and prediction of water chlorinity received great attention f r o i the governient and the scientific units. 

In the recent thirty years, lonitoring works and prediction studies have been carried out by leans of statistical 

analysis % nuierical siiulation and scale lodel. This paper presents a brief introduction of latheiatical and scale 

•odels for the prediction of chlorinity in Qiantang Estuary and the counter lesurient to prevent the 

chlorinity value higher than the periissble, 

1. luaerical siiulation 

The siiulation of chlorinity for the strong l ix ing estuary such as Qiantang Estuary can be lade by solving the 

following differential equations: ^ , 

dt B dx 
Q\Q AgHdp 

2p dx 

p = 1000 + 1.355 

1,2J Zhejiang lYovincial Institute of Estuarine and Coastal Engineering ilesearch(ZECER), P,E,China 

4, Zhejiang Dniversity,Bangzhou,P,S.China 
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in wliicii Z,Q,A,S denote the water stage, discharge, cros j -«ct ional area and chlorinity respectively. Ex is the 

dispersion coefficient of chlorinity. I t is obtained by diuensional analysis using a lots of field data in Qiantanf 

Estuary for different stretches naielyl". 

in which uV(gh) is the froude nuiber, QfTf/(Q«T) is the ratio of fiood tidal volune to fresh water voluae in a 

üdal cycle, nV(gh) QfTt/(Q«T)is called the 'nuaber of Estuary'. Bq.(5) deaonstrates the effect of fresh water 

discharge and the tidal flow, especially for the strong lide in the Qiantang Estuary upon the dispersion coefficent. 

The value of the coefficient of dispersion in Qiantang Estuary is 10-100 tiaes larger than the value in other 

estuarine. The characteristic oriented finite scheae which can siaulate the tidal bore is used and the space step of 

4 k i , and tiae step of 180 second are adopted to satisfy the Courant condition. Three runs of different tidal ranges 

(AH=2.7B> l .T i s 1.1B) are used for verification of tidal level and chlorinity. Part of the calculated and observed 

graphs are shown in Fig.2.3. The lean discrepancy of tidal level is about 0.1a with a aaiiua of 0.3t, that of the 

chlorinity is less than 30X and that of the duration of exceeding peraissible value (250 p.p.a) is within M. This 

shows that the discrepancy is within the range of cross-sectional chlorinity variation of a well-aixed estuary and 

this lodel could be used for prediction study of chlorinity. 

2. Scale aodel 

k scAt aodel of the Qiantay Estuary was already established years ago in ZECER with a horiiontal scale 1:1500 and 

vertical scale 1:100. The upstreai and downstreai boundaries of the aodel lies at Fuyang and Jianshan respectively 

with a total river length of 180 ka. The aodel is equipped with apparatus of tide generator, fresh water discharge 

controlling and concentrated recording of tidal levels, velocities and chlorinities. By using eq.(2),(3), the scale 

of Fronde's law ( X , = X l ^ and other scales (such as X s = X i iA • X , , X , = 1 ) can be obtained. The scales 

of the lodel are shown in Table 1 and Fig.l . 

Table 1 The scales of the physical aodel 

teras Foriula or Signor Scale 

horiiontal scale 
vertical scale 
velocity scale 

noughness scale 
Tl ie seal for flow 

discbarge scale 
chlorinity scale 

dispcrsional scale 

X t 
X l 
X , = X i ' / l 
X . = X i V 3 X i l A 
X i = X l / X l 
X j = X i X i X i 

X , 
X | = X i l / l X t 

1500 
100 
10 • 
0.556 
150 
1,500,000 

1 
15,000 

strictly speaking, for siaulating tiie chlorinity distribution along the vertical, an undistorted aodel is neccessary. 

Owing to the w e l l i i i i n g and the shallow depth in Qiantang Estuary, the aodel with a scale distortion of 15 can also 

be used for the siiulation of salt water intrusion. Two periods of in-situ data in 1978 and 1988 are used for 

verification. The tested and observed graphs are shown in Pig. 2.3. 

3. Conparison of the application of two aodels 

Firs t of. a l l , both the physical l o d e l and Batheaatical aodel, there exist certain discrepancy wi th the observed 
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cWorifl i t j . The difference between the leasnrcd laloe u d lodeUinj wines are less than 3(W, this shows that the 

discrepancy is within the range of crosrsectional chlorinity yiriation of a well-iiied estnary (generally, the 

chlorinity variation in cross-section is about 30X). 

Secondly, physical lodel can siiutaneously leasure the values of the chlorinity aside the bank (i.e., at the planned 

» t e r intake) and in the la in streai, but i t is iipossible to calculate in the one-diiensional latheiatical lodel 

(Fig.5), I t shows the difference between the northern bank and l a i i s t r ea is about 30*. In chosing the place of 

water intaie, this difference is neccessary to be considered. Bowever.the prediction of long period salt water 

intrusion and scheie studies, the latheiatical lodel is favourable and advantageous for its saving of t i i c and loney. 

4. Other aPPÜcaüons of the lodels 

4.1 Superior water release scheie 

For a certain fresh water voluie released in a certain period, i t can be released unifori ly (case 1), with 301 lore 

during spring tide and 3ÖX less during neap tide than the average voluie (case 2) and to concentrate 701 of fresh 

water released near the end of the spring üde (case 3). Table 2 shows the results f r o i nuierical aod scale lodels. 

I t iodiates that case 2 is the best scheie. 

Table 2 

Case 1 Case2 Case3 

nuierical 
lodel 

scale 
•odel 

nuierical 
lodel 

scale 
lodel 

nuierical 
lodel 

scale 
lodel 

chlorinity Zakou 
p .p . l Shan 

2610 
UOO 

1760 
1000 

1440 
700 

1040 
560 

4800 
2700 

Days of exceeding 
at Zakou 

6.6 6.0 2.1 2.0 6.2 

4.2 Long period prediction of salt water intmsion 

Table 3 shows the ionthly fresh water voluie required (predicted by latheiaticai lodel) and the actuai voluie released 

as well as the corresponding days of 'exceeding the chlorinity l i i i t ' in 1978 and 1979. Ihen the actual water voluie 

released could not leet the required voluie(such as 1978), the nuiber of days 'exceeding the l i i i t ' is inch lore , and 

the nuiber of days well be less when the actual released water voluie approxiiately equals the predicted voluieOl. 

4 J The OPtiiun site selection of water intakeOI 

By using this two kinds of lodel, the chlorinity and the duration hours of 'KÏCEïï)liG THE LIMIT' for different natural 

discharge, different fresh water release scheie, d i f f w ^ n t tidal range and different river configuration (Qiantang 

Estuary is as alluvial estuary with frequent and heavy bed deforiation) at different sites were predicted and 

analysed. Based on the analysis, the function of a siall-siied regulating reservoir near the water intake is very 

efficient and is therefore strongly recoiiended; an opt iui intake site is finally rccoiiended which can save a lot of 

construction cost 
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Table 3 10» ï ' 

1 9 7 8 1 9 7 9 

Voluie of release days of 

exceeding 

Volune of release days of 

exceeding actual predicted 

days of 

exceeding actual predicted 

days of 

exceeding 

July 7.4 8;5 4 8.6 6.2 0 
August 5.8 9.0 5 8.9 6.5 0 
Septeober 4.1 9.0 13 9.5 6.5 0 
October 2.0 6.5 10 5.2 4.9 0 
loveiber 1.5 4.5 30 3.4 3.1 5» 
Deceiber 1.7 4.5 30 2.4 3.1 0 

Total 22.5 42 92 38 30.3 5 

I haven't released according to the predicted schedule, notwithstanding the total voluie is sufficient. 

Reference 

[1] Han Z-ïngcui, Cheng Hangpin. The Study of Salinity Prediction in Qiantang Estuary. Journal of Hydraulic 

Engineering. 1981.6 (in Chinese). 

[2] Han Zengcui, Shao Yaqin. Salt water intrusion and its counter leasures in soie coastal cities in China. Ocean 

Engineering. Vol 1988 

[3] Study on salt water intrusion for new water worlis of Hangzhou city. ZECE£. Apirl 1989. 

I intake 

o water stage Ganpu 

Zhoupu 

Shanhusha i ^ ^ w e n j i a y a n 
Yuanpu^,^; 

scale 

F i g . l The location for water intake in Qiantang Estuary 
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stage ( 

Pif.2 Verification of tide and chlorinity (JÜLT 29AÜG.2,1988) 

calculated 

~ ~~, observed 

IMO 

• 8 f t • i Ü ë i i* « I I t * f i( • I 
lunar date 

Pi«.3 Verification of tide and chlorinity (Sept 1 9 - 21,1978) 
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1. 

! • 

> 
r 

( 
N 

V s s v / 
.-

/ 
Ï 

M 

/ 1. 

! • 1 r . J ^1 

hour 

I f 

A -r t -f V ~f s 
\ -f / 

-A J •>-ƒ S 

11 Ó l a 11 « u fcour 

t 'ts \ A 1 1 A 
ao* L i r \ 

1,. { s * V ao* 
1 • * - r ^ 

1 1 • •» 11 • 11. 

5»" 
— ^ ^ . 1 

r • — 

c 1 1 i k 1 1 < > 1 < t 1 1 < 1 1 1 

Verification of tide and chlorinity (July 1 9 - 24, 1978) I 

c h l o r i n i t y (PPH) 
Zakou Northern bank 

•ain s t r e a * 

c h l o r i n i t y (PPM) Shanhusha 

44. 

•ain s t r e a i 

11 0 11 « U 0 IX 0 U o 

c h l o r i n i t y (PPM) Yuanpu Z unifor» discharge 

.step discharge 

Fif .5 Chlorinity graphs at three sections (scale lodelling) 
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I n t e r a c t i o n o f a n I n t e r n a l S o l i t o n w i t h a S l o p e 
b y T i m o t h y W. K a o a n d K a m a l S a f f a r i n i a 

T h e C a t h o l i c U n i v e r s i t y o f A m e r i c a 
W a s h i n g t o n , DC 2 0 0 6 4 

L a b o r a t o r y e x p e r i e m e n t s w e r e c o n d u c t e d o n t h e i n t e r a c t i o n o f 
a n i n t e r n a l s o l i t o n w i t h a s l o p i n g b o t t o m . Two c l a s s e s o f 
e x p e r i m e n t s w e r e c o n d u c t e d . I n t h e f i r s t c l a s s t h e s l o p e e x t e n d e d 
b e y o n d t h e f r e e s u r f a c e . I n t h e s e c o n d , t h e s l o p e e n d e d i n a 
s u b m e r g e d s h e l f . T h e s o l i t o n w a s g e n e r a t e d o n t h e p y c n o c l i n e o f a 
s t r a t i f i e d f l u i d o f t o t a l f i n i t e d e p t h a n d p r o p a g a t e d f r o m d e e p 
w a t e r i n t o s h a l l o w e r w a t e r s . T h e d e p t h o f t h e l o w e r l a y e r i n t h e 
g e n e r a t i o n r e g i o n w a s d e e p e r t h a n t h e u p p e r l a y e r s . I n t h e 
e x p e r i m e n t s o f t h e s e c o n d c l a s s t h e l o w e r l a y e r o n t h e s h e l f w a s 
s h a l l o w e r t h a n t h e d e p t h o f t h e u p p e r l a y e r . T h u s , i n b o t h c l a s s e s 
a r e v e r s a l o f t h e p o l a r i t y o f t h e w a v e w a s e x p e c t e d . S u c h a 
p h e n o m e n o n w a s i n d e e d o b s e r v e d . V i s c o u s d i s s i p a t i o n w a s f o u n d t o 
p l a y a c r u c i a l r o l e i n t h e d i s s i p a t i o n o f w a v e e n e r g y i n a d d i t i o n 
t o w a v e b r e a k i n g . 

T o m o d e l t h e p h e n o m e n o n , t h e f u l l N a v i e r - S t o k e s a n d d i f f u s i o n 
e q u a t i o n s w e r e s o l v e d n u m e r i c a l l y . T h e e f f e c t o f v i s c o u s 
d i s s i p a t i o n i s a s s e s s e d a n d c o m p a r i s o n s o f t h e n u m e r i c a l a n d 
e x p e r i m e n t a l r e s u l t s a r e m a d e . 
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M I X I N G D R I V E N B Y T H E B R E A K I N G O F I N T E R N A L W A V E S 
A G A I N S T S L O P I N G B O U N D A R I E S 

by G.N. Ivey and R. I . Nokes* 
Centre for Water Research,University of Western Australia, Nedlands, Western 

Australia 

* Theoretical and Applied Mechanics.University of Auckland.Auckland, New Zealand. 

Abstract 
We extend the work of Ivey and Nokes (1989) on mixing due to the breaking of critical 

internal waves on sloping boundaries by looking at the case of incident wave frequencies 
differing f rom the criücal. We f ind the mixing efficiency decreases for both subcritical and 
supercritical waves compared to the peak mixing efficiencies around the critical frequency. 
The effect of bottom topography is examined and, while we observe strong mixing around 
the topography, the mean f low along the slope is disrupted and we see an overall decrease 
in the mixing efficiency. We show the mixing along the slope may be described by a 
simple eddy diffusion model. 

Introduction 
Since intemal waves are both ubiquitous in nature and contain a considerable amount of 

energy they are of interest as a major source of energy for driving mixing in strarified 
water bodies such as lakes and the oceans. In the oceans, recent work (e.g. Garrett and 
Gilbert 1988) has drawn attention to the possibility of mixing associated with internal 
waves reflecting o f f sloping boundaries. An important aspect of this mixing mechanism is 
the specification of the efficiency of mixing associated with the interaction and breaking of 
an intemal wave against a sloping boundary. This problem has been studied in a laboratory 
experiment by Ivey and Nokes (1989) (hereafter denoted by IN) for the case of critical 
waves (coc = NsinG where co is the frequency of the incident waves, B is the angle the 
sloping bottom makes with the horizontal, and N is the buoyancy frequency ) where the 
slope of the group velocity vector of the wave f ie ld was the same as the bottom slope. 
They found that the mixing efficiency varied f rom 0 to a maximum value of 0.20 and Ivey 
and Imberger (1990) argued this was due to variauons in the turbulent Reynolds number. 

When the frequency of the incident waves is less then the cridcal frequency (subcritical 
conditions) the waves are back reflected and, conversely, when the frequency is greater 
then the critical frequency (supercritical conditions) the waves are forward reflected from 
the sloping bottom.The results of I N were confined to the critical case, and the mixing 
efficiency over this f u l l range of incident wave frequencies is addressed in the present 
work. 

T-ahoratorv Experiments 
The experiments were conducted in the experimental facility described by I N . The tank 

consisted of three coupled sections; two 2 m long sections of glass connected by a 22 cm 
long central section fabricated f rom acrylic sheet in which a plane paddle wave maker was 
cenurally mounted. At the far end of each of the glass sections acrylic sheets were installed 
at an angle of 9 = 30° to the horizontal to form a sloping bottom at one end and a sloping 
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top at the other. The two sloping boundaries were thus installed parallel to one another to 
create a large parallelogram-shaped working section with the paddle in the middle of the 
tank ( see figure 1 ) . 

Paddle / 

Figure 1 Schematic of laboratory experiment 

A n eccentric crank and driving arm mechanism was used to drive the paddle in a 
sinusoidal motion and the paddle amplitude was kept constant during a given run. The 
paddle was connected to the driving arm via a sensitive ± 0.5 N force transducer mounted 
so that it measured the applied force perpendicular to the paddle throughout its swing. A 
displacement transducer was also connected to the paddle and the two transducers logged at 
3.5 Hz in a burst mode fashion about every 30 paddle cycles for about 10 cycles. The 
displacement signal was differendated to obtain velocity and the work done by the paddle 
for each cycle W computed as 

2jt/co 
W = T Fvdt 

0 
where co is the forcing frequency, F the apphed force and v the paddle velocity. 
As in I N , turbulence was confined to the bottom boundary layers along the slopes and 

the continual mixing in this region led to the establishment of a slow cavity-scale 
circularion which weakened the mean density gradient in the tank by differential vertical 
advection in the laminar interior (see I N for a detailed description). The amount of mixing 
was measured by the changes in vertical profiles of density over the course of a run -
usually about 100 wave cycles between profiles. For each profile, the potendal energy 
per unit area was then computed as 

H 
P' = ^ pgzdz. 

and the total increase in potential energy per cycle P computed by dividing the increase 
in P' between two profiles by the number of cycles and multiplying by A ,the horizontal 
cross-sectional area of the tank. The accuracy of the measured steady state mixing rate as 
quantified by the potential energy gain per cycle P f rom this procedure was estimated as 
± 2 % . 

Of the total work or kinetic energy input by the paddle some was lost by viscous effects 

as the waves propagated f r o m the paddle towards the sloping bottom. This viscous 

dissipation D was calculated by using the flap wave maker solution of Thorpe (1968) to 

describe the internal wave field, and then computing the losses due to internal and sidewall 

viscous effects (see IN) . 

Waves on Smooth Bottoms 

Observations of the flow fieid 

The f low field was visualized using a modified form of the rainbow schlieren technique 

( see I N for details). For the case of critical waves, a turbulent bottom boundary layer of 

uniform thickness developed along the sloping bottom and mixing was confined to this 
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region. For subcritical waves, there was some evidence of weak mixing although it does 
not appear uniform along the slope. In the supercritical case, as the wave rays are incUned 
closer to the vertical than the bottom slope, forward reflection occurs and they tend to be 
trapped in the end regions of the tank. Mixing appeared to start preferentially in these 
corner regions until there was active mixing region along much of the bottom slope The 
region with active mixing was always adjacent to the bottom slope although, unlike the 
case for critical waves studied by I N , the turbulent region was not uniform in thickness 
along the slope but rather appeared to be preferentially distributed towards the end or apex 
regions of the tank. 

Mixing efficiency 

The overall mixing efficiency rio was defined as rjo = PAV, where P was the gain in 
potential energy per wave cycle and W the work done per cycle by the paddle. With the 
total laminar viscous dissipation defined by D, the actual mixing efficiency due to turbulent 
mixing by intemal waves breaking on the bottom slope was thus defined by T| = P/(W -
D) . 

To determine the effects of variable wave frequency, a series of 7 runs was made with a 
fixed paddle amphtude of A=2.21 cm . The results for the mixing efficiency are shown in 
figure 2 where the data are plotted against the frequency of the incident wave co normalized 
by the critical wave frequency cOg = Nsin9 = 0.5N for the 30^ bottom slopes used in these 
experiments. 

"•""o.4 ' 0.6 0.8 1.0 1.2 1.4 1.6 

C ü / ü ) c 

Figure 2. Mixing efficiency as a function of incident wave frequency normalized by tiie critical wave 

frequency Wc = 0.5N 

For the sub-critical range where o)/ OD̂, < I , figure 2 indicates a rapid decrease of mixing 
efficiency as the incident wave frequency decreases. Indeed, for « / (»<,< 0.7, there was no 
measurable mixing in terms of an observable increase in potential energy. In this 
subcritical range, waves were being reflected backwards f rom the bottom slope and this 
rapid decrease in mixing efficiency was consistent with the schlieren f l ow visualization 
where there was littie visual evidence of overturning sttuctures or mixing in the f low field. 

For the supercritical range where w / O)̂  > 1 , figure 2 indicates an init ial increase of 
mixing efficiency followed by a ro l l -of f of the efficiency with further increases in wave 
frequency. For example, by co / cô , = 1.6, the efficiency had dropped to about one half its 
value at the critical frequency. It was not possible to extend the data range any higher as i t 
appeared f r o m visual evidence that the required high frequencies were starting to cause 
some local mixing at the paddle and runs were always aborted in such a case. 

It must be remembered that the tank geometry had some influence on the measured 
mixing efficiencies in this supercritical range. In particular, in this frequency range all 
waves were forward reflected and thus trapped because of the f ini te size of the wedge-

U . 1 D 

I 0.12 
CJ 

0 0.08 

1 0.04 
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shaped regions at the ends of the tank. This lead to the preferential overturing and mixing 
which started in the corners of these wedge-shaped regions and ultimately appeared to 
'cascade' down the bottom slope . While this trapping mechanism did operate, figure 2, 
nevertheless, indicated a decrease in mixing efficiency for increasingly supercritical 
waves. This decrease appeared to result f rom the reduction in shear parallel to the sloping 
bottom as the wave rays become increasingly inclined to the slope. The observed shear-
driven mixing then occurred preferentially in the apex of the wedge region and not 
uniformly along the bottom, as in the critical case for example (see IN) . Overall, the 
mixing became less efficient. 

These observations suggest that i f the bottom slope were infinite in extent, and thus no 
trapping of the forward reflected supercritical waves was possible, the mixing efficiency 
when compared to the critical conditions would tend to decrease for all supercritical waves. 
Thus, just as for the case o f subcritical waves, a cut-off in mixing would occur for 
increasingly supercritical waves. This suggestion must remain speculative, however, since 
the configuration of our laboratory experiment does not allow us to test this hypothesis. 
Our experiment does clearly show, however, that even with the trapping wedge present 
the mixing efficiency does decrease for increasingly supercritical waves. 

Effect of Bottom Topography 
In the f ie ld one expects to f ind variations in the bottom topography and certainly f ie ld 

observations (e.g. Imberger 1985, Wolanski 1987) indicate that this can be an important 
feature of mixing at the boundaries. We chose to look at the simplest possible topographic 
feature: a single structure whose scale height was of the order of the turbulent boundary 
layer thickness as measured on a smooth slope. In particular, we installed a semi-cylinder, 
wi th radius 5 cm and length 20 cm with the flat face flush with the bottom slope and at 
mid-height on the sloping bottom boundary. The cylinders were made of wood and turned 
to produce a smooth surface before mounting with the long axis of the cylinder across the 
tank and flush with the glass sidewalls, 

For these runs, attention was confined to the case of critical waves and observations 
showed both a complex wave f ie ld as the incident wave is reflected o f f the topographic 
feature and locaHzed mix ing in the vicinity of the cylinder. Indeed mixing was 
predominantly around the feature with little mixing elsewhere on the slope, even for the 
critical case, and tended to produce a collapse of mixed f lu id into the interior preferentially 
around the location of the topographic feature. 

In figure 3 we show the mixing efficiencies for two mns. For comparison, we also 

0.20 

'? 0.16 

£ 0.12 

,i" 0.08 

i i 0.04 

0.00 
0.04 0.06 0.08 0.10 0.12 

Wave Steepness M 

Figure 3. Mixing efficiency for runs wiili ifie cylindrical lopograpiiic feature ( I ) compared witii 

mixing efficiencies measured for smoolli boiioms (5 . 
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show in figure 3 the measured mixing efficiencies for the case o f a smooth slope 
without any topographic features f rom I N . It is apparent that the effect of the topographic 
feature was to reduce the overall mixing efficiency - contrary to intuitive expectadon. The 
likely explanadon for this effect, as suggested by the observations , was that while the 
topographic feature (with a rado of object height to bottom slope length of 1 to 14.4) 
locaUy enhanced the mixmg, it did so at the expense of mixing along the remainder of the 
slope. In particular, it disrupted the sttong along-boundary oscillatory f low which drove 
the mixing . The disruption of mixing due to the weakening of this latter mechanism lead 
to the overall reduction in the mixing efficiency in the tank. 

Eddv Diffusivities 
A convenient way of characterizing the mixing is in terms of eddy diffusivities. While 

the mixing was confined to the sloping boundary regions, f rom observations of the rate of 

change of the density profile, one can define an effective eddy diffusivi ty for the basin or 

tank K B ( see Ivey 1987a) by: 

where the reference height of zq is taken as the Zq = H/2. Ivey (1987a) argued tiiat the 

eddy di f fus iv i ty in the turbulent boundary layer K in the direction perpendicular to the 

slope was given by 

K = K B 
L \ sin9 

^5 ) cos2e 

where L was the container horizontal length, 5 the turbulent boundary layer thickness 

measured perpendicular to the boundajy, and 9 the bottom slope. 
The dif fus ivi ty K is a true turbulent dif fusivi ty and is representative of the mixing in 

turbulent boundary layers for time scales long compared to the wave period. For critical 
waves incident on a smooth boundary where oo = 0.5N for aU cases, simple dimensional 
reasoning indicates that, since there are no other scales present, K = pco^^ where C, is 
wave amphtude. This hypothesis is tested in figure 4 where the eddy d i f fus iv i ty K is 
computed forthe critical runs on the smooth slope listed in Table 1 of I N . 

coi; (cm-/s) 

Figure 4.Eddy diffusivities in liie bottom boundary layer for critical waves on smooth, slopes as a 

function ofcoC'^, where co and Care wave frequency and amplitude, respectively. Tlie best fil straight line 

shown is K = -0.021 + 0.089 ai^ ( r^ = 0.96). 
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Figure 4 indicates a good f i t with K == 0.09 CD 2̂ over the range of data. The diffusivi ty 
K is actually computed f rom the differences in the density profiles f rom the beginning to 
the end of each run. Additional profiles were taken during each run, and compudng K 
f rom each consecutive data pair indicates that K in figure 4 is probably accurate to ±30%. 
It is instructive to compare the prediction derived f rom figure 4 with deep ocean estimates. 
For the Garrett-Munk spectrum, the r.m.s. wave displacement is ^ = 7.3(N/No)"i''2 m 
(Munk 1981), where the reference buoyancy frequency NQ = 5.2 x 10-3 rg-l, g y ^̂ ây of 
example, let us take N = 10-3 rs-1 and co = f = 7.3 x lO'^s-^ at 30° latitude, then the 
imphed dif fus ivi ty f r o m the least squares f i t in figure 4 is K = 2 x 10-3 m^s-^ . While 
hardly definitive proof that internal waves are driving the mixing at the boundaries, such a 
range of near-bottom diffusivi t ies is plausible when compared w i t h the f i e ld data 
summarized by Ivey (1987b), for example. 

Conclusions 

Flow visuahzation indicated that there was little mixing for subcritical waves. On the 

other hand, mixing was observed for supercritical waves and this was initiated i n the top 

corners of the laboratory facility. Ultimately this produced a mixing region with a tendency 

for decreasing thickness with distance f rom the apex of the wedge-shaped regions. 

Measurements of mixing efficiency were consistent with the observations of the f low 

field. As the incident wave frequency was reduced below the critical frequency, so too the 

mixing efficiency rapidly decreased. For weakly supercritical waves, the mixing efficiency 

increased slightly and we argued this resulted f rom the ttapping of waves in the fmite size 

shoaling regions at the end of the laboratory tank. For strongly supercritical waves, 

however, the mixing efficiency again decreased compared to mixing at critical concütions. 

The effect of bottom topography was studied by placing a single semi-circular obstacle 

along the bottom slope. While this enhanced the mixing in the vicinity of the obstacle, it 

disrupted the strong shearing motion and the associated mixing along the remainder of the 

slope. The overall effect was a net reduction in mixing efficiency. 

The turbulent eddy diffusivi ty parameterizing mixing in the bottom boundary layer is 

given by K - 0.09 coC^ . 
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structure of f low in intemal hydraul ic jumps 

by N . Rajaratnaml and G . A . Johnston2 

A B S T R A C T 

This paper presents the results of an experimental study on the characteristics 

of mean flow in internal jumps in the lower layer in a two layer stratified flow with 

the upper layer essentially at rest. The velocity profiles in the jump have been 

found to be approximately similar with the variation of the velocity and length 

scales being roughly the same as that of the open channel jumps. Some 

observations have also been made on the nature of the flow downstream of the 

internal jump. 

Introduction 

Let us consider a two-layer stratified flow in a rectangtdar channel of constant 

width in which a lower layer with a density of po flows under a lighter f luid of 

density of pa which is essentially at rest. Let UQ and bo be respectively the velocity 

and depth of the lower stream as it leaves the gate (see Fig. 1(a)). If the densimetric 

Froude number FQ of this stream, defined as FQ = Uo/V ^ w ^ w h e r e g is the 

acceleration due to gravity and Apo = (po - Pa)/ is greater than unity, for a particular 
depth b2 of the lower layer further downstream, an intemal hydraulic jump would 
form at the gate. This internal jump has been studied theoretically by Y i h and 
G u h a (1955), H a y a k a w a (1970) and others. Neglecting any entrainment of the 
ambient f luid and the shear stresses at the interface as wel l as at the bed of the 
channel, the sequent depth ratio b2/bo is given by the Belanger-type equation. The 
recent experiments of Rajaratnam and Powley (1990) have shown that experimental 
observations agree reasonably wel l with this equation for Fo up to about 10. It has 
also been found (Wilkinson & Wood (1971), Rajaratnam & Subramanyan (1986), 
and Rajaratnam & Powley (1990)) that in the (intersurface) roller region of the jump, 
there is hardly any entrainment of the ambient f luid into the jump. However , at 
the toe of the j u m p , due to the oscillating nature of the toe, there is some 
entrappment and eventual entrainment of the ambient f luid into the jump. 

E v e n though several investigators have studied the global characteristics of 

internal jumps, apart from some prel iminary observations by W i l k i n s o n and 

W o o d (1971), very little appears to be k n o w n regarding their internal f low 

characteristics. Hence an experimental study was undertaken in the summer of 1986 

and the results are presented in this paper. 

Experimental Arrangement and Experiments 

The lower layer internal jumps were formed in a rectangular channel of 
(constant) width of 0.31 m, depth of 0.5 m and length of 5.5 m. A false bottom of 
thickness of 0.13 m was installed, as shown in Fig. 1(b) inside this flume. C o l d water 
from an overhead tank entered the f lume from a reservoir under a gate wi th a 
convergent lip and formed the supercritical stream. Hot water from the laboratory 
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boiler formed the upper layer of the ambient fluid. Hot wafer and cold water were 
removed at adjustable rates at the downstream end of the flume. In any given 
experiment, by proper control of the hot water supply and cold water withdrawal , i 

steady-state conditions could be maintained for several hours. ; 

The gate opening bo was set precisely to required values by means of metal 
bars. The cold water flow rate was measured by means of calibrated rotameters. ) 
Time averaged velocities (u) in the longitudinal direction (x) were obtained from ' 
the time-lines of hydrogen bubbles generated from eight wires installed in the 
central part of the flume, immediately downstream of the gate, as shown in Fig. 1(c). 
For the range of velocities involved in this work, the hydrogen bubble technique 
was found to be suitable. In the jump region, due to the turbulence, it was 
sometimes difficult to locate precisely the bubble lines in the photographs whereas 
in the region downstream of the jumps, it was relatively easy to locate the bubble 
lines. At each wire , at least two pictures were taken and each velocity u was , 
obtained as an average of four values. Temperature profiles were obtained near j 
each wire with a Fluke digital thermometer. The interface between the two layers 
was also measured photographically. , 

F ive experiments were performed with the densimetric Froude number at ' 
the gate equal to 1.32, 3.26, 4.44, 6.48 and 8.51. The gate opening was given values of 
25 m m for the first experiment and 6 m m for the rest. The jumps were formed such \ 
that the toe was located just at the gate. 

Experimental Results - Jump Region 

Let us consider first the velocity profiles u(y) in the jump region where y is 

the height above the bed, for several values of x, the longitudinal distance from the , 

gate. For each experiment, only a few wires happened to be located in the jump | 

(roller) region with the rest located in the downstream region. The velocity profiles 

for the jump region, with x less than L r j the length of the surface roller are shown i 

together in a dimensionless form in Fig. 2(a) where u / u m is plotted against y / b . In I 

Fig. 2(a) Um is the maximum value of u at any section and b is the length scale, equal 

to the value of y where u = 1/2 Um and 3 u / 3 y < 0. It is interesting to see that the \ 

several profiles for the different jumps fall together. However , this s imilarity 

profile is somewhat different from that of a plane wal l jet. For the plane wal l jet, at 

u / u m = 1-0, y = 0.16 b; the corresponding value for an open channel jump is about | 

0.2b whereas for the intemal jump, the corresponding y = 0.6 b. Further, in the 

region of reverse f low (or surface roller), the maximum values of u are about 0.2 

times Um-

Considering the behaviour of the length and velocity scales. Fig. 2(b) and 2(c) 

show the variation of b/bo and U m / U o with x/bo along with the corresponding j 

curves for the open channel jump (Rajaratnam, 1967). Fig. 2Cb) and 2(c) indicate that ' 

the results for the intemal jump appear to follow the same trend but are somewhat 

different. \ 
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Characteristics of the Downstream Region 

In the region downstream of the end of the surface roller of the internal 
jump, the turbulent f low in the jump degenerates to what appears to be laminar 
stratified flow. Photographic observations of the interface between the lower and 
upper layers indicated laminar motion at the interface. Further, the hydrogen 
bubble lines indicated that for x much larger than L r j , the flow in the lower layer 
appeared to be laminar. 

For the lower layer. Fig. 3(a) shows a typical set of velocity profiles for several 
values of x larger than L r y in a dimensionless form. In Fig. 3(a), the velocity scale Um 
is the maximum value of u at any x and the length scale d is the value of y where 
u = Um- It was found that for all the experiments, the velocity profiles at all sections 
were approximately similar, but were somewhat asymmetrical. The thickness of the 
lower layer with forward velocity is approximately equal to 2.5d. 

The behaviour of the velocity and length scales is shown in Fig. 3(b) and 
Fig. 3(c). In Fig. 3(b), U m / U o decreases continuously with x/bo but each experiment 
has a separate curve. In F ig . 3(c), the relative length scale d/bo increases 
continuously with x/bo with each experiment having a separate end value. 

Conclus ions 

The velocity profiles in the internal jump are approximately similar but are 
somewhat different from those of the plane turbulent wal l jet and the open channel 
hydraul i c jump. The behaviour of the length as wel l as velocity scales is 
approximately the same as that of the open chaimel jump. 

In the region downstream of the jump, the stratified lower layer appears to 

become laminar. In this region, the velocity profiles are similar. Observations have 

been made on the growth of the length scale and decay of the velocity scale. 
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Fig. 1 (a-c) Defimtion sketch of intemal jump and experimental arrangement 
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THERMAL HYDRAULIC JUMPS: 
T w o - D i m e n s i o n a l E x p e r i m e n t s 

B y R a o u f E . B a d d o u r a n d L u - L i Guo 

D e p a r t m e n t o f C i v i l E n g i n e e r i n g 
T h e U n i v e r s i t y o f W e s t e r n O n t a r i o 

L o n d o n , O n t a r i o , C a n a d a 

A b s t r a c t 
T h e r m a l l y - s t r a t i f i e d i n t e r n a l j u m p s i n a f r e s h w a t e r a m b i e n t 

a r e s t u d i e d e x p e r i m e n t a l l y . T h e s t u d y i s b a s e d on i n t e n s i v e 
m e a s u r e m e n t s o f t e m p e r a t u r e f l u c t u a t i o n s i n s u m m e r a n d w i n t e r 
f l o w s . T h e r e s u l t s a r e c o m p a r e d w i t h t h e t h e r m a l j u m p t h e o r y o f 
B a d d o u r ( 1 9 8 9 ) . 

I n t r o d u c t i o n 
T h i s s t u d y d i f f e r e n t i a t e s t h e r m a l j u m p s f r o m d e n s i t y j u m p s . 

T h e t e r m d e n s i t y j u m p i n t r o d u c e d b y W i l k i n s o n a n d Wood ( 1 9 7 1 ) i s 
a d o p t e d t o d e f i n e a j u m p w h e n t h e d e n s i t y f i e l d i s d e p e n d e n t o n t h e 
c o n c e n t r a t i o n o f a d i s s o l v e d s u b s t a n c e ( e . g . s a l t ) . A t h e r m a l 
j u m p , o n t h e o t h e r h a n d , i s t h e r m a l l y - s t r a t i f i e d , a n d t h e d e n s i t y 
f i e l d i s e n t i r e l y t e m p e r a t u r e d e p e n d e n t . T h e r m a l a n d d e n s i t y j u m p s 
a r e s i m i l a r b u t n o t i d e n t i c a l . T h e d i f f e r e n c e s t e m s f r o m t h e n a t u r e 
o f t h e r e l a t i o n b e t w e e n t h e b u o y a n c y a n d t h e p h y s i c a l q u a n t i t y 
c a u s i n g i t . I n a d e n s i t y j u m p t h e b u o y a n c y i s a l i n e a r f u n c t i o n o f 
c o n c e n t r a t i o n , a n d i n a t h e r m a l j u m p t h e b u o y a n c y i s a n o n l i n e a r 
f u n c t i o n o f t e m p e r a t u r e . 

S i n c e t e m p e r a t u r e d i f f e r e n c e s i n m o s t w a t e r a p p l i c a t i o n s a r e 
r e l a t i v e l y s m a l l ( T y p i c a l l y 1 0 - 1 5 ° C ) , s t u d i e s o f t h e r m a l f l o w s 
h a v e g e n e r a l l y i g n o r e d t h e n o n l i n e a r i t y o f t h e b u o y a n c y - t e m p e r a t u r e 
r e l a t i o n s h i p . T h i s a s s u m p t i o n h a s n o t b e e n s c r u t i n i z e d . A n d , a s 
w i l l b e s h o w n , a l i n e a r a p p r o x i m a t i o n o f t h e b u o y a n c y f u n c t i o n 
c o u l d l e a d t o e r r o r s w h e n t h e r m a l j u m p s a r e m o d e l l e d n u m e r i c a l l y o r 
p h y s i c a l l y a s d e n s i t y j u m p s . One o f t h e o b j e c t i v e s o f t h i s s t u d y i s 
t o q u a n t i f y t h e e r r o r o f m o d e l l i n g t h e r m a l ^ j u m p s a s d e n s i t y j u m p s . 

D e n s i t y a n d t h e r m a l 
j u m p s 

C o n s i d e r a s u r f a c e 
d i s c h a r g e o f w a r m w a t e r 
i n a d e e p c h a n n e l a s 
i l l u s t r a t e d i n F i g . l . 
T h e i n f l o w r a t e i s qg, 
d e p t h yg a n d e x c e s s 
t e m p e r a t u r e a b o v e t h e 
a m b i e n t t e m p e r a t u r e T^ 
i s 6g . T h e i n t e r n a l j u m p 
may b e a n a l y z e d i n a 
m a n n e r s i m i l a r t o a j u m p F i g . l D e f i n i t i o n s k e t c h o f a t h e r m a l 
i n a s i n g l e l a y e r o p e n j u m p 
c h a n n e l f l o w . A c c o u n t i n g 
f o r m i s c i b l e b e h a v i o u r a n d e n t r a i n m e n t o f a m b i e n t , t h e d e n s i t y j u m p 
t h e o r y g i v e s [ W i l k i n s o n a n d Wood ( 1 9 7 1 ) ] : 
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w h e r e r., i s t h e c o n j u g a t e d e p t h r a t i o , S = q.,/qo i s t h e d i l u t i o n , 
a n d FQ = [q^^ / ( q^^YQ)]^'^ i s t h e i n f l o w d e n s i m e t r i c F r o u d e n u m b e r . 
T h e b u o y a n c y gg' = g ( p ^ - p ^ ) / , a n d p^ a n d p^ a r e , 
r e s p e c t i v e l y , t h e d e n s i t y o f t h e a m b i e n t a n d t h e d i s c h a r g e . 

On t h e o t h e r h a n d , t h e t h e r m a l j u m p t h e o r y g i v e s [ B a d d o u r ( 1 9 8 9 ) ] : 

M o r e s p e c i f i c a l l y a t h e r m a l j u m p w a s f o u n d t o b e g o v e r n e d b y : 

V ( i>,eoV5) 

i - l 

w h e r e b, [ i = l , n ] a r e f u n c t i o n s o f T^^. When t h e b u o y a n c y f u n c t i o n 
i s a p p r o x i m a t e d w i t h a s t r a i g h t l i n e , o n l y t h e f i r s t t e r m i s 
r e t a i n e d i n e a c h o f t h e s u m m a t i o n s o n t h e r i g h t h a n d s i d e o f t h i s 
e q u a t i o n . H e n c e , t h e l i n e a r a p p r o x i m a t i o n g i v e s : 

2 

w h i c h i s t h e e q u a t i o n 
g o v e r n i n g t h e m i s c i b l e 
b e h a v i o u r o f a d e n s i t y j u m p 
i n a d e e p a m b i e n t . I n t h e 
p r e s e n t e x p e r i m e n t s t h e 
d i l u t i o n w a s c o n t r o l l e d a n d 
i s h e n c e t r e a t e d a s a n 
i n d e p e n d e n t v a r i a b l e . I n 
p r a c t i c e , t h e d i l u t i o n i s 
d e t e r m i n e d b y i n c o r p o r a t i n g 
t h e d o w n s t r e a m c o n t r o l i n t o 
t h e a n a l y s i s [ s e e W i l k i n s o n 
a n d Wood ( 1 9 7 1 ) a n d B a d d o u r 
1 9 8 7 ) f o r m o r e d e t a i l s o n t h e 
h y d r a u l i c s o f t h i s p r o b l e m i n 
d e e p a n d s h a l l o w c h a n n e l s ] . 

T h e t e m p e r a t u r e a n d v e l o c i t y p r o f i l e s , d o w n s t r e a m o f t h e j u m p , 
w e r e a s s u m e d t o b e u n i f o r m i n s h a p e . F i g . 2 i s p r e s e n t e d i n 

2 S 

T E S T MEAN S'MS 

3 F 4 A i . A A 

W F 4 O • • 

0 2 

' 5 

0 .4 0 Ö 0 3 

F i g . 2 M e a n a n d r m s t e m p e r a t u r e 
p r o f i l e s d o w n s t r e a m o f j u m p . 
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s u p p o r t o f t h i s a s s u m p t i o n . I n o r d e r t o c o m p a r e t h e e x p e r i m e n t a l 
r e s u l t s w i t h t h e t h e o r y , t h e d e p t h y^ d o w n s t r e a m o f t h e j u m p m u s t 
b e e s t i m a t e d . T h i s d e p t h w a s c o n s i d e r e d t o b e yg ( i . e . t h e d e p t h 
w h e r e 6 = 0 . 1 0 6p ) . T h i s d e p t h c o r r e s p o n d e d w e l l t o t h e a v e r a g e 
p o s i t i o n o f t h e i n t e r f a c e a s s e e n t h r o u g h a s h a d o w g r a p h . 

T h e r m a l j u m p e x p e r i m e n t s 
T h e e x p e r i m e n t s w e r e c o n d u c t e d i n a c h a n n e l 2 . 5 m l o n g , 0 . 1 5 m 

w i d e , a n d 0 . 5 m d e e p . T h e c h a n n e l h a s d o u b l e w a l l s t o m i n i m i z e h e a t 
e x c h a n g e w i t h t h e s u r r o u n d i n g . A c o o l i n g s y s t e m c o n t r o l l e d t h e 
t e m p e r a t u r e o f t h e a m b i e n t w a t e r a n d a m i x i n g v a l v e t h e t e m p e r a t u r e 
o f t h e d i s c h a r g e . T h e t e m p e r a t u r e o f t h e a m b i e n t c o u l d b e l o w e r e d 
t o a t e m p e r a t u r e c l o s e t o t h e f r e e z i n g p o i n t . T h e s t e a d y s u p p l y o f 
w a r m a n d c o l d w a t e r t o t h e c h a n n e l w e r e m o n i t o r e d w i t h f l o w m e t e r s 
a n d a d j u s t e d t o p r o d u c e t h e d e s i r e d t e s t c o n d i t i o n . T h e t e m p e r a t u r e 
w a s m e a s u r e d w i t h a n a r r a y o f 15 t h e r m o c o u p l e s . T h e d i a m e t e r o f t h e 
t h e r m o c o u p l e s w a s 0 .12mm a n d t h e f r e q u e n c y r e s p o n s e w a s 1 0 0 H z . T h e 
d a t a w a s c o l l e c t e d w i t h a c o m p u t e r i z e d d a t a a c q u i s i t i o n s y s t e m . T h e 
s y s t e m w a s p r o g r a m m e d t o s c a n t h e o u t p u t f r o m t h e 15 p r o b e s 
s i m u l t a n e o u s l y a t a f r e q u e n c y o f l O H z p e r p r o b e o v e r a p e r i o d o f 
1 0 0 s . T h e t e s t c o n d i t i o n s a r e s u m m a r i z e d i n t h e f o l l o w i n g t a b l e . 

TEST 
[ ° C ] [ ° C ] 

S 

S F 4 31 16 1 . 5 5 4 , 0 0 0 

S F 6 31 16 1 . 5 5 6 , 0 0 0 

S F 8 31 16 1 . 5 5 8 , 0 0 0 

S F I O 31 16 1 . 5 5 1 0 , 0 0 0 

WF4 19 4 1 . 5 5 4 , 0 0 0 

S4 31 16 2 . 0 5 4 , 0 0 0 

S 6 31 16 2 . 0 5 6 , 0 0 0 

S B 31 16 2 . 0 5 8 , 0 0 0 

S I O 31 16 2 . 0 5 1 0 , 0 0 0 

W4 19 4 2 . 0 5 4 , 0 0 0 

T a b l e 1. Summary o f t e s t c o n d i t i o n s 
R e s u l t s 

T h e r e s u l t s o f t e s t s S4 a n d W4 a r e p r e s e n t e d i n F i g s 3 a n d 4 . 
T h e i s o - m e a n a n d i s o - i n t e n s i t y c o n t o u r s w e r e o b t a i n e d f r o m a g r i d 
o f a b o u t 1 5 x 1 5 d a t a p o i n t s . T e s t s S4 a n d W4 h a v e t h e s a m e F r o u d e 
n u m b e r , R e y n o l d s n u m b e r , d i l u t i o n , a n d e x c e s s t e m p e r a t u r e . T h e 
r e m a r k a b l e d i f f e r e n c e b e t w e e n t h e r e s u l t s o f t h e s e t w o t e s t s c a n b e 
a t t r i b u t e d t o t h e n o n l i n e a r i t y o f t h e b u o y a n c y f u n c t i o n . N o t e t h e 
a m b i e n t t e m p e r a t u r e o f T e s t S4 i s 1 6 ° C , w h i l e t h e a m b i e n t 
t e m p e r a t u r e o f t e s t W4 i s o n l y 4 ° C . 
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„ ,„ FREQUENCY ( Hz ] 

F i g . 5 A n a l y s i s o f t e m p e r a t u r e f l u c t u a t i o n s a t A 

F i g . 6 A n a l y s i s o f t e m p e r a t u r e f l u c t u a t i o n s a t C 
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T h e t e m p e r a t u r e f l u c t u a t i o n s a t t w o s t r a t e g i c l o c a t i o n s s h o w n 
i n F i g s 3 a n d 4 a r e a n a l y z e d i n F i g s 5 a n d 6 . T h i s a n a l y s i s 
r e v e a l s d i f f e r e n c e s i n t h e s t r u c t u r e o f t e m p e r a t u r e f l u c t u a t i o n i n 
s u m m e r a n d w i n t e r f l o w s . T h e s u m m e r f l o w i s m o r e s t a b l e t h a n t h e 
w i n t e r f l o w ( f o r t h e s a m e PQ /Rep, a n d 9Q) . T h e s u m m e r f l o w d i s p l a y s 
i n i t i a l l y a d o m i n a n t f r e q u e n c y a t a b o u t 2 H z . A t t h e s a m e l o c a t i o n , 
t h e w i n t e r f l o w e x h i b i t s a n u m b e r o f d o m i n a n t l o w e r f r e q u e n c i e s . I t 
i s p o s s i b l e t o s e e t h a t t h e w i n t e r f l o w i s a l s o l e s s e f f e c t i v e t h a n 
t h e s u m m e r f l o w i n m i x i n g t h e d i s c h a r g e w i t h a m b i e n t . T h i s c a n b e 
n o t e d f r o m t e m p e r a t u r e t r a c e s a n d h i s t o g r a m s . T h e h i s t o g r a m o f 
s i g n a l C o f t e s t S4 i s e s s e n t i a l l y G a u s s i a n w h i l e s i g n a l C o f t e s t 
W4 h a s a d o u b l e p e a k . T h e d o u b l e p e a k d i s t r i b u t i o n i s l i n k e d t o t h e 
u n m i x e d n a t u r e o f t h e f l o w , a n d i s c a u s e d b y a l a c k o f s m a l l s c a l e 
e d d i e s . 

T h e e x p e r i m e n t a l d a t a 
a r e c o m p a r e d w i t h t h e t h e r m a l 
j u m p t h e o r y i n F i g . 7 . S i n c e 
t h e t e s t s s h o w n h a v e t h e s a m e 
F r o u d e n u m b e r , R e y n o l d s 
n u m b e r , a n d e x c e s s 
t e m p e r a t u r e , t h e r e s u l t s 
p o i n t t o t h e f a c t t h a t , a s 
p r e d i c t e d b y t h e t h e o r y , t h e 
a m b i e n t t e m p e r a t u r e h a s a n 
i m p o r t a n t e f f e c t o n t h e f l o w . 
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F i g . 7 C o m p a r i s o n o f t h e o r y w i t h 
e x p e r i m e n t s 

C o n c l u s i o n 
I n a d d i t i o n t o t h e 

F r o u d e n u m b e r , t h e m o d e l l i n g 
o f t h e r m a l j u m p s r e q u i r e s 
s o m e c o n s i d e r a t i o n t o b e g i v e n o f t h e a m b i e n t t e m p e r a t u r e a n d t h e 
t e m p e r a t u r e d i f f e r e n c e . T h e s e t w o a d d i t i o n a l p a r a m e t e r s a r e 
c o n n e c t e d t o t h e n o n - l i n e a r i t y o f t h e b u o y a n c y f u n c t i o n . I g n o r i n g 
t h e i r e f f e c t s may l e a d t o s i g n i f i c a n t m o d e l l i n g e r r o r . T h e e r r o r 
w a s f o u n d t o i n c r e a s e w i t h F r o u d e n u m b e r a n d t e m p e r a t u r e 
d i f f e r e n c e , a n d d e c r e a s e w i t h a m b i e n t t e m p e r a t u r e . 

R e f e r e n c e s 
- B a d d o u r R . E . ( 1 9 8 9 ) . " T h e r m a l h y d r a u l i c j u m p s " . U n d e r r e v i e w , 

J . o f F l u i d M e c h a n i c s . 
- B a d d o u r R . E . ( 1 9 8 7 ) . " H y d r a u l i c s o f s h a l l o w a n d s t r a t i f i e d 
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ABSTRACT 

Conjugate two-layer stratified shear flows have been studied in the laboratory using combined laser-
induced fluorescence and laser-Doppler velocimetry. Use of this high-resolution, non-intrusive instrumen
tation has enabled a new evaluation of the intemal hydraulic jump, the entrainment associated with it, and 
the role of upstream and downstream controls in determining the flow structure. 

INTRODUCTION 

Intemal hydraulic jumps are encountered in many flow systems of interest to engineers and environ
mental scientists. Such jumps occurring in nature have been observed in Föhn winds, katabatic flows, and 
fjords (Schweitzer, 1953; Ball, 1959; Lied, 1964; Clarke et al, 1981; Farmer and Denton, 1985). In an 
engineering context, they can occur in discharge channels where the density of the effluent differs from the 
ambient fluid density, and it is usuaUy the mixing within the channel that is of primary concem. 

We consider a dense fluid discharged at a steady rate at the bottom of the upstream end of a rectangular 
mixing channel, as in Figure 1 (a). The channel is horizontal and connected to a receiving body containing 
a finite depth of water with a uniform lower density. The rate of outflow from the channel of this denser 
lower layer is controlled at the downstream end by either a free overfall or a broad-crested weir. The 
discharged and ambient fluids are miscible and their relative density difference is small (less than 2%). 

The complexity of such intemal flows has induced many previous investigators to assume that each 
layer of the flow has a uniform velocity and density distribution (e.g., Baddour, 1987) and introduce a one-
dimensional "hydraulic" theory. The studies reported here evaluate this approach and provide a definitive 
statement of the role of the upstream and downstream flow controls. 

PRELIMIN.ARY OBSERV.A.TIONS 

Laboratory observations have shown that there are four substantially different configurations that can 
occur in a density-stratified channel flow. They are illustrated in Figures 1(a), 1(b), 1(c) and 1(d). 

i l -
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Figure 1. Four channel flow regimes identified (a) free inter
nal hydraulic jump (b) flooded jump (c) critical 
upper flow (d) blocked flow. 
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The most obvious and usual flow field is depicted in Figure 1(a), in which the dense lower fluid is sup
plied at a rate that induces a jet-like flow in the lower layer immediately downstream of the source. A 
second flow control, provided at a downstream overfall, forces an intemal hydraulic jump transition 
between upstream and downstream flows. 

When the downstream control is raised in elevation, the configuration in Figure 1(b) is established in 
which the jump advances upstream and floods the jet. These two flows are analogous open channel flows, 
except that here entrainment occurs from the upper fluid layer into the lower. 

A third situation, as depicted in Figure 1(c), occurs when the depth of the upper layer is reduced to the 
point that the jet entrainment creates sufficient flow velocity within the upper layer that a flow control is 
estabilished in the upper layer. A fourth condition. Figure 1(d), occurs when the lower flow blocks the 
upper flow and an intrusive wedge is created in the layer of upper fluid, a configuration frequently seen in 
estuaries. 

ANALYSIS AND EQUATIONS OF MOTION 

When a layer of dense fluid flows beneath a less dense fluid and both layers are sufficiently shallow for 
fluid velocities to be approximately uniform over the depth of each layer, it can be shown (Schijf and 
Schonfeld, 1953; Armi, 1986) that critical flow occurs when 

F? + F | = l (1) 

where F; = Uj /Vg ' h i and F j = U2Wg'h2 are the densimetric Froude numbers of the two layers, h i and hz are 
the depths of the two layers, Ui and U2 are their velocities and g' = g (pi - P2)/P2> with p i and P2 being the 
respective densities of the lower and upper fluids. 

Now consider the flow depicted in Figure 2. By taking due account of the stagnation point rise in sur
face elevation at section 0, and applying mass and momentum conservation principles at sections 0 and 1, a 
dimensionless flow force conservation equation is obtained (Rasi, 1989). 

2. S V . S - 1 H 
r ( v - i ) - i i = s (2) 

where ri = hi/TiQ, is the depth ratio after the jump; S = qi/qo, is the dilution after the jump; H - d/ho, is the 

dimensionless ambient water depth; FQ = qoWg'oho. is the discharge densimetric Froude number. 

.!S I.S I-n 1 a.iS 2.5 J.rs i 

Figure 3. Solving for a free intemal jump in the (S,r ) plane. 

Figure 2. Upstream problem definition sketch. 

Downstream of the jump, a critical flow occurring at a free overfall downstream imposes condition (1) 

which becomes 
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] = i (3) 

where r. = hjho is the lower layer critical depth ratio. 

The gradually varied sub-critical flow between the jump and the critical control section can be shown to 
satisfy the equation (Rasi, 1989) 

SF^ 
dr 

1 

H - r 
) + 

2L 

B ' H - r 
(4) 

where r = h(x)/ho is the dimensionless lower layer depth; t, = x/ho is the dimensionless distance from the 
downstream control; B = b/ho is the dimensionless channel width. 

In the derivation of Eq.(4), turbulent boundary friction is represented by a Darcy-Weisbach formulation 
where fj,, f;, f^i, and f̂ ,̂ are the friction factors at the channel bottom, fluid interface, and lower and upper 
layer channel walls respectively. It is recognized that fj is simply an empirical representation of the vertical 
momentum transfer mechanisms and energy dissipation at the interface, including that by both waves and 
entrainment. The values of S and r; must satisfy the obvious physical constraints 0 < ri < H and S > 1 
together with 

SFn̂  (S -

(H-r i )^ 
<1 and SFô  

, S L^2 < 2 ( l - r i ) + Fo2 (5a and 5b) 

which state respectively that the flow downstream of the jump must be sub-critical (Harleman, 1960), and 
fliat the speciflc energy cannot increase across the jump (Baddour and Abbink, 1983). 

For any specified value of S, Eq.(2) can be solved for rj if H and FQ are fixed. Only one real root 

satisfies constraint (5b). Note that if S = 1 then Eq.(2) reduces to ri = — ( V l + 8Fo^- 1) flie result for 

immiscible jumps given by Yih and Guha (1955). Baddour and Abbink (1983) show that for H-> °o there 
is a maximum dilution achievable, which is 

1 + 1/2F, •2 
0 (6) 

The gradually varied flow Eq. (4) can be integrated upstream of the downstream control, if values of S 
and FQ are assumed along wifli friction factors. The integration begins at ̂  = 0 where r = r., and r̂ , is deter
mined from Eq.(3). The general solution is flien obtained by finding the location where the r; value deter
mined from the upstream equation matches that found by integrating flie downstream equation upstream. 
The solution technique is shown in Figure 3 for specified values of flie initial jet Froude number F = 8.88, 
dimensionless overall depfli H = 26.6, and a defined location of the downstream control. 

The curve labeled r. is the solution of Eq. (3); that labeled rj^ is the solution for rj obtained from flie 
conservation of flow force Eq.(2). The curve labeled rĵ j is the value of r; at flie jump location determined 
by integrating Eq.(4) using Üie prescribed initial condition. The solution values of S and rj are defined by 
die intersection of fliese two curves. 

It is possible fliat a common intersection point wfll not always exist for the two rjy and r,d curves. This 
will occur when eiflier the rju curve is lowered by reducing FQ, or the r^ curve is raised by either moving 
flie downstream control furflier downstream, or by raising flie sill elevation wifli a weir. In eiflier case, flie 
intemal jump becomes flooded (see Figure 1(b)). 

Anoflier possibility occurs if FQ is increased to produce flie opposite effect, in which case flie rju 
expected from flow force conservation is always higher than flie r,(, expected from flie downstream 
gradually-varied flow integration. When fliis occurs another critical point is created immediately 
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downstream of the jump. This corresponds to Figure 1(c). 

Finally, when FQ is so large that the entire depth of the two layer flow d is occupied by source fluid, 
flien the dilution S = 1 and flie condition in Figure 1(d) results, r,, is specified and the profile is integrated 
untfl it meets the free surface. This can occur if the downstream control is sufficiently far from flie source. 

EXPERIMENTAL ANALYSIS AND METHODS 

A stratified flow was constructed in flie laboratory as shown in Figure 4. Horizontal velociües were 
measured using a laser-Doppler velocimeter system and a density-stratified flow that was optically homo
geneous, as described in Hannoun and List (1988). Vertical density profiles were obtained with a laser-
induced fluorescence system for concentration measurement that profiles an instantaneous record of dye 
concentration along the lengfli of a directed laser beam (Papanicolaou and List, 1988; Papantoniou and 
List, 1989). Typical velocity and density profiles in flie flow established wifli this equipment are shown in 
Figures 5 and 6 respectively. 

flowmeter Q/ 
flowmeter Ij 

Qo 3 

* manifold 

Idrainagel 
77^ 

flowmeter Q, 

valve 

drainage 

Figure 4. Laboratory set up for intemal How experiments. 

A system developed to establish die dflution of flie discharged flow involved constructing a flow skim
ming device at the downstream control as shown in Figure 4. Coloring the bottom layer of fluid wifli an 
intense blue dye, made it possible to set flie skimmer such fliat no blue fluid passed over the skimmer or no 
clear fluid passed below it. The rate of accumulation of flow below the skimmer provided excepüonally 
reproducible measurements of the dflution S. 

2 3 
u ( c m / s ) 

Ó 6.2 oTi 0.6 

Figure S. Typical velocity profile in a subcritical flow region pjgure 6. Typical density profile in a subcriücal flow region 

-11A.24-



RESULTS 

The experimentally measured dilutions are presented in Figure 7 as functions of the densimetric Froude 
number. A comparison is also made with the predicted dilution as obtained by the previously discussed 
theory. It can be seen that the comparison between theory and prediction becomes less agreeable as the 
water depth and Froude number increase. This is 
believed to result from the fact that as FQ and H 
increase, the intersection point of the riu and ri^ 
curves is very sensitive to the location of either curve 
(see Figure 3). Possible sources of error that would 
result in the movement of either of these curves 
include the assumption of uniformity in the profiles 
of density and velocity, and a lack of information 
about the length of the jump zone. 

S i . f l 

o H 
o H 
6 H 

H 
H 

7 6 . 6 ¬
2 6 . 6 } exper iment 
1 5 . 3 
7 6 . 6 , , 
2 6 . 6 } Ü i e o r y 

1 5 . 3 

llhü = 721.5 
B = 14.54 
ƒ6 = 0.037 
Q = 1.3 

2 3 4 S 6 7 10 I I 12 13 M IS 

Figure 8. Mixing mode domains for far downstream control. 

DISCUSSION AND CONCLUSIONS 

Figure 7. Measured and predicted dilutions. 

An interesting result is that the dilutions predicted on the basis of gross mean flow properties and fliose 
measured experim.entally are in good agreem.ent (Figure 7). This is som.ewhat surprising since these dilu
tions are very dependent on the level of entrainment fliat occurs, and yet no entrainment assumptions are 
considered in flie analysis. In addition to predicting flie dilution over a reasonably wide range of den
simetric Froude number, the analysis also indicates a significant dependency of this entrainment on flie 
water depth (see Figure 7). 

The prediction that there is a maximum dilution fliat will occur for any given Froude number and water 
depfli is closely followed. The departure from flie prediction surprisingly occurs as the water depth 
becomes large, which one would imagine would be flie simpler flow to predict. These predictions are in no 
way dependent on a consideration of the turbulence properties of flie discharge jet, and yet, clearly, flie 
entrainment and limiting dilution must depend indirectiy on flie collapse of the turbulence in the jet as flie 
local Richardson number approaches the limiting value. The entrainment actually occurs upstream of flie 
jump and not in tiie roller region that forms flie jump; fliere is very littie entrainment wifliin flie jump. 

One interpretation of the flow is flierefore flie following. The initial flow, as it leaves the source, 
behaves as a two dimensional wafl jet fliat entrains the ambient fluid in flie usual way. However, since flie 
entrainment bofli increases the depth of flow and decreases flie local mean velocity, the local densimetric 
Froude number wfll decrease wifli distance downstream. Equivalently, the local bulk Richardson number 
increases. This reduces the entrainment from that which would occur if flie flow were a pure wall jet. 

The densimetric Froude number continues to reduce with increasing distance downsti-eam as a conse
quence of the entrainment untfl it attains a value that is conjugate to flie downstream Froude number fliat is 
developed from integrating back from the critical depth at flie free overfall. The dflution and maximum 
depfli of the denser flow are therefore determined by flie distance downstream to the confrol. The further 
downstream fliis control is located the deeper is flie subcritical conjugate flow and the lower flie 
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downstream Froude number. This in tum requires that the conjugate upstream Froude number be larger 
and consequently the jump must move upstream. At the point when the depth downstream of the jump 
reaches a value specified by hi = (ho/2)(Vl + SFQ - 1) the jump floods the source, since flie conjugate 
upstream depfli is deeper flian any possible jet flow. Altematively, should the upstream densimetric Froude 
number decrease to the point where flie conjugate depfli is lower than the depth prescribed by the down
stream control, then flie jump will flood the source. In flie situation when the total water depth is limited, 
two possible different conditions can occur when eiflier flie source jet Froude number is increased to flie 
point that flie entrainment demand makes the upper flow layer critical, or the water profile integrated from 
downstream intersects the water surface. 

All of fliese modes of operation can be defined on a dimensionless water depfli H versus Froude 
number FQ plot for a specific downstream control location, as shown for a "long" channel in Figure 8. 
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The Elffiects of Downstream Conditions on 
Mixing in Buoyant Surface Jets 

Steven J.Wright 
The University of Michigan 

Ann Arbor, MI 48109 

A theory of intemal hydraulic jumps may be used to estimate the total near 
field entrainment in a buoyant surface discharge, but requires the specification of a 
downstream control relation. Most model experiments are performed in a transient 
mode as the density current front associated with the initiation of the experiment 
propagates away from the source in a finite tank. After reviewing the relevant 
theory, the results of an experimental investigation in which various downstream 
controls were studied, including this transient situation, are presented. 

Introduction 

Most laboratory investigations of buoyant jets are conducted in a transient mode 
in which it is assumed that the jet flow is steady once the initial density front has 
propagated some distance away from the source region and until the effect of the 
laboratory system boundary is felt. Since the flow is actually imsteady, it is relevant 
to question this laboratory idealization of a steady discharge in a field application. 
Jet mixing models generally originate from an application of the boundary layer 
equations and cannot account for downstream influences, nor do they generally 
account for the influence of limited depth of receiving fluid. In order to investigate 
these influences, a theory of internal hydraulic jumps must be applied. Since the 
distinction between a buoyant surface jet and an intemal hydraulic jump is only 
semantical, both the far field influence and the effect of limited total fluid depth may 
be assessed. 

AnalYsis 

Although there have been a variety of analyses directed towards the description 
of immiscible internal jumps, the work of Wilkinson and Wood (1971) was 
apparently the first to consider the possibility of mass exchange between the two 
layers. The original work was applied to the case of a deep receiving fluid, but has 
since been extended to consider the effect of limited depth (Baddour and Abbink, 1983 
and others). In order to develop the analysis, the case of a dense bottom discharge 
as indicated in Fig. 1 is considered since that corresponds to the experiments 
discussed below. Svirface buoyant and dense bottom discharges are equivalent i f l . ) 
nonuniformities of velocity and density profiles are ignored and 2.) the Boussinesq 
approximation of small density differences is made. Both assumptions are 
employed herein for purposes of clarity in the analysis. Subscript 1 refers to 
conditions in the lower layer, subscript 2 to the upper layer, po is a reference density, 
in this study the density in the upper layer; A p is the density excess above po within 
the dense layer; and g' = g A p / p o is a reduced gravity. 

The analysis applied by Wilkinson and Wood assumes that the energy in the 
upper layer remains constant across the jump. This implies a deviation A in the 
free surface elevation which is given by A = U22/(2g) = q2^l(^Q^2^)- The momentum 
balance applied over the total flow is 
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Fig. 1. Definition Sketch for Internal Hydraulic Jump. 

2 Tt r g' u dy = B (16) 

bo 
h T " + | ( H + A ) 2 - | H 2 + g'obo2 - g'i hi2 

Additional relations required to complete the specification of the problem include 
mass and buoyancy flux conservation: 

fl 

qi = q2 + qo and go qo = gi qi 

Since the jump is assumed to be miscible, there are an infinite number of 
downstream states that can satisfy the above system of equations. In order to provide 
closure, a relation describing the state of the flow downstream from the jump, or 
downstream control, is required. Wilkinson and Wood (1971) generally considered 
applications with a topographic control in the form of a rise in the channel bottom at 
which the flow was assumed to be internally critical. However, they also showed 
that the maximum entrainment occurred when the downstream flow is internally 
critical without a topographic restriction. The internally critical flow condition is 
most ofl;en expressed as 

=2 c2 1 

where F|2 = Uj2/(g'h|). Internally critical flow represents minimum intemal energy 
(defined by Lawrence, 1985 as E | = hi + Ui2/2g' - U22/2g', as defined by Lawrence 
(1986) and others) and maximum q̂  for given E | and qi + q2. However, unlike 
specific energy in single-layer flow, internal energy for given q̂  and q 2 m a y have 
both local maxima and minima, each of which represents critical flow. Critical 
flow with a larger fractional depth hi/H represents a maximum energy state and is 
presumed to represent a physically inadmissible flow state. The constraint 
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necessary to be satisfied such that internally critical flow is associated with a local 
energy minima rather than a maximum, is 

Ul h2 - U2 hi > 0 

Although solutions to intemal jumps may be obtained so that this criterion is not 
satisfied (see Wright, 1986) these flow states are not considered in this paper. 

For the case of a starting flow, the density current that is formed as the flow is 
initiated could serve as a further control on the jet mixing provided that it 
represents a subcritical flow state. Most analyses of density currents utilize a 
formulation proposed by Benjamin (1968). However, it was shown by Wright, et al 
(1987) that such density currents are predicted to be supercritical in many 
circumstances and inconsistent with the requirements to match the conditions 
downstream from an internal hydraulic jump and in the density current. Wright, 
et al (1990) demonstrate that density current propagation may be well described by 
an analysis which minimizes the total energy flux in the two layer flow subject to 
maintaining a constant total depth over the density current firont. This leads to the 
following condition for the flow behind the density current head: 

F f - q r F | = 1 

where qr = - q2/qi with the convention adopted in Fig. 1. Since qr will always have a 
magnitude less than one for the configuration considered, this implies that the 
density current will be slightly subcritical and will approach the internally critical 
state in the case of great dilution (qi » qo). Although the experimental results 
presented below generally only have ratios of qi/qo on the order of 2-4,the difierences 
between the predicted volume flux downstream from the jump with the above 
expression and that with the intemally critical relation are within 1-2 percent of 
each other. Therefore, it may be considered that the density current does not serve 
as a significant control on the jet mixing and that the dilution is nearly the 
maximum possible. 

The analysis for density current propagation does not consider the effect of 
bottom and interfacial shear. If the density current is essentially a critical section 
propagating away from the source region, the influence of shear will be to increase 
the lower layer thickness upstream from the density current. The net effect of this 
will be to develop a more subcritical flow than would exist in the absence of any 
frictional influences and this would serve to decrease jet mixing. The relative effect 
would have to analyzed by a gradually varied two layer flow analysis but should be 
greater in the laboratory because of the lower Reynolds numbers and thus greater 
viscous effects. The bottom discharge would be more greatly affected because of the 
shear along the bottom. In a prototype application, the flow field may not be truly 
two-dimensional so long as the discharge is from a finite length source. This would 
lead to buoyant spreading in multiple dimensions and a reduction in the far field 
influence. Thus, so long as the prototype discharge is not confined laterally, it 
should be anticipated that the internal jump should basically be of the maximum 
entraining type and comparable to the transient flow in a laboratory model. 

E7n?erimgPt(U Verification 

The experiments are reported in Wright (1986) and were performed by 
discharging a cold salt water solution at the bottom of a 14 m long and 40 cm wide 
channel suspended within a larger flume. This allowed for the flow to develop both 
as the density current propagated down the inner channel, but also after a steady 
state condition was reached with the more dense fluid spilling into the bottom of the 
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large flume. Fixed racks of thermistor probes measured vertical temperature 
profiles at four locations along the channel; those reported herein were collected just 
beyond the end of the active mixing region. Characteristic layer thicknesses and 
concentrations were computed from the following relations: 

H H 

where y is the distance from the lower boundary, temperature differences are 
defined relative to the ambient temperature and ATQ is the source temperature 
difference. The average dilution qi/qo may thus interpreted as proportional to the 
inverse of ATa/ATo. The data of Chu and Baddour (1984) may be used to compare with 
the present results since they measured both velocity and density profiles. Using the 
above definitions and their reported profiles, the ratio of this dilution to that 
predicted from the intemal jump model with uniform profiles is about 0.82. 

Two sets of experiments were performed; one with the inner channel set on a 
one percent slope. The purpose of these was to remove the influence of downstream 
interfacial friction since this slope has been found in previous investigations to 
result in supercritical flows. The temperature profiles were measured after the 
starting density current exited from the inner channel and a steady state 
configuration was obtained. The results of several experiments with relatively 
small h i / H obtained with this configuration are presented in Fig. 2 and the observed 
dilutions are consistent with the observations of Chu and Baddour. The other set of 
experiments was performed in a horizontal and temperature measurements were 
made both as the density front propagated down the inner channel and as the steady 
state configuration was approached. Temperature profiles were recorded 
continuously throughout the duration of the experiments which often last 20-30 
minutes; this was found to be necessary to achieve a steady state condition. 

Fig. 3 presents a typical temperature history of measured temperature profiles 
at a location 1 m downstream from the source (and beyond the visual zone of active 
mixing) and a second location about 5.6 m downstream. The two temperature 
records are very similar to each other except for their displacement in time and 
indicate minimal mixing between the two locations. Fig. 3 also indicates a slow 
increase in ATa/ATo with time and a similar behavior is noted for h i . This could be 
interpreted as due to interfacial and bottom shear influences as there was generally 
a three to four cm decrease in hi along the length ofthe channel after steady state 
was established. However, the experiments on the sloping bottom also show a 
similar increase in Ala/ATo but not in hi and so it is not obvious that fii-iction is the 
only cause of the behavior. This provides some difficulty in deciding what to 
compare with the intemal jump model and an arbitrary decision was made to use 
the results as the density current passed the midpoint of the channel, about 2 
minutes after the initiation of the flow. These results are presented in Fig. 2 and the 
results are seen to be very little different than those in the sloping channel and from 
the observations of surface jets by Chu and Baddour. The somewhat larger mixing 
implied for the horizontal channel flows would would, of course, be less if the 
temperature profiles at later times were used in the interpretation of results. In the 
particular experiment presented in Fig. 2, the reduction in apparent volume flux 
would be about 30 percent and this would be suflicient to result in a dilution less 
than observed in the sloping channel experiments. It is apparent therefore that 
interfacial and bottom shear do play a role in reducing the mixing, but that there 
are some residual unsteady effects that may more than compensate for this in a 
transient experiment. 
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Figure 2. Time Histories for Temperature Difference at Two Locations 
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Figure 3. Comparison of Observed and Predicted Volume Fluxes Downstream from 
Intemal Hydraulic Jump. 

Conclusions 

This study was conducted to determine the influence of far field conditions on 
mixing within a dense wall jet and to observe any transient behavior when the 
experiment is conducted as a starting flow. Both oif these effects were found to be 
present, but compensating in the present experiments. The influence of interfacial 
and bottom friction at the laboratory scale are sufficient to partially drown the 
internal jump and decrease the jet mixing, at least for the present situation where 
the channel was 14 m long. At the same time, the mixing was found to decrease 
slowly with time for reasons that are not entirely clear and experiments would need 
to be run for nearly 30 minutes in the particular apparatus before a steady state 
condition was approached. Since the two effects are at least partially compensating. 
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it appears that the differences between a transient laboratory investigation and a 
steady prototype (without topographic control) are reasonably similar. 

It was also foimd a theory of internal hydraulic jumps may be used to estimate 
the near sotirce mixing in a wall jet discharge with a reasonable degree of accuracy 
without specific knowledge of the jet velocity and density profiles. An even more 
important consideration is that in the absence of a specific topographic control, the 
attainment of the internally critical state determines the amount of near field 
mixing. This would be especially relevant to the prediction of dilution from 
discharges that are not laterally confined since the buoyant spreading in the far 
field would serve to reduce the combined influences of topography and shear. 
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Abstract 

Experimental results show that the grain-size distribution of suspended material is 
related to flow parameters and grain-size distribution in the bed. A theoretical model has 
been developed for suspension grain-size distribution on the basis of diffusion equations, 
taking into account the effect of hindered settling due to the increased concentration. Fluid 
velocity closest to the bed is estimated by using the concept of migration velocities of 
particles moving as bed load. Comparisons of data computed by the proposed method and 
data from actual observations are shown. 

Introduction 

Grain-size frequency distributions of sediment populations are believed to be 
environment sensitive. The sediments transported in hydrodynamic conditions have 
received much attention in terms of the basic problems related to the phenomenon of grain 
sorting during transportation. The logarithmic transformation of particle sizes = -log2D, D 
is in mm) of naturally transported sediments, both ancient and modem, often leads to 
normal distributions (Krumbein 1934, Blench 1952, Sengupta 1975). However, grain-size 
distribution other than lognormal have also been reported as log-hyperbolic imder certain 
cases (Bagnold and Bamdorff-Nielsen 1980). An investigation in a fluvial river revealed that 
the suspension deposits on the point bars have a tendency to generate lognormal 
distributions with increasing the distance in the downstream direction (Sengupta 1975). To 
understand the process of grain sorting during transportation in rivers, grain-size 
distributions of suspended loads at different flow velocities over six sand beds of different 
grain sizes were studied in laboratory flumes (Sengupta 1975, 1979; Ghosh et al., 1981). 
Controlled experiments have shown that grain-size distributions of sediments in suspension 
bear a definite relationship to bed materials, flow velocity, and height of suspension above 
the sand bed. These studies have also shown that a sorting process is initiated immediately 
above the bed and that the grain sizes of the bed layer influence the size distribution of the 
suspended load above. A theoretical model was developed by Ghosh et al. (1981) to compute 
the grain-size distribution of bed load and suspended load from bed materials and flow 
parameters. The conditions of symmetry, unimodality and lognormality of grain sizes in 
suspension were also studied by Ghosh and Mazumder (1981). They have shown that the 
suspended load will have a tendency to be log-normally distributed for that size range of the 
bed material for which the settling velocity is linearly distributed on a logarithmic scale. 
Several existing methods for computation of bed load and suspended load were discussed in 
detail in Ghosh et al. (1981). 

The purpose of this article is to develop a mathematical model, based on the diffusion 
equations of sediment and water, for direct computation of suspended grain-size distribution 
from bed material, taking into account that (1) fluid velocity at the top of the bed layer is 
assumed to be the same as the migration velocity of representative size moving in the bed 
layer, and (2) the fall velocity of particles varies with sediment concentration. The efficiency 
of the present method has been tested against observed data. 

*Associate Professor, Indian Statistical Institute, Calcutta 700035, India. 
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Mafhftmatical Model for ComputatioP nf Riisnended Load 

In a steady and uniform turbulent flow, where the concentration C varies only with 
the vertical coordinate y throughout the depth, and the diffusion coefficients of sediment and 
water are assumed to be equal (i.e. Eg = e^), the vertical distribution of the sediment 
concentration profile can be described (Hunt 1954) as: 

dC 
e „ ^ + ( l - C ) C W = 0 (1) 

where W is the sediment fall velocity in a fluid-sediment mixture. Experiments on fluid-
sediment mixtures have shown a substantial reduction of the particle fall velocity due to the 
presence of neighboring particles. The fall velocity of sediment W varies with concentration 
C as a result ofthe hindered effect as defined by Maude and Whitmore (1958): 

a 
W = W o ( l - C ) (2) 

where WQ is the fall velocity in clear water and a is the exponent of reduction of fall velocity, 
which varies from 0 to 5 depending on particle Reynolds number and the size of noncohesive 
sediment particles. 

For fully developed turbulent flow, the momentum diffusion coefficient for sediment Eg 

can be written as 

E3 = x „ ( l - y / d ) / p | (3) 

where 1^ is the shear stress at the bed and p is the density of fluid. The von Karman 
logarithmic velocity distribution is given by 

1/2 
ü : ^ = 1_ r a - v / d f ^ B L n ( ^ - ^ ^ - y ^ ^ ^ )] (4) 

U* K B 

which satisfies the maximum velocity (Um) at the free surface (y = d). B is an integrating 
constant and k is the von Karman constant (0.4). The constant B was determined by Hunt 
(1954) experimentally. Ghosh et al. (1981) determined B from the condition that u = 0 at y = 
kg, the roughness of the bed. In this article, the concept of instantaneous migration velocity 
of particles in the bed layer is used to determine the constant B. The migration velocity (u^) 
of a particle in the bed layer is a function of shear velocity (u*) and critical shear velocity 
(u*c) corresponding to Shield's grain movement condition for different bed materials. The 
empirical relation for particle velocity in the bed layer is given by Engelund and Fredsoe 
(1976): 

Us = p u* (1 - .7 /u*c / u*) (5) 

where the value of p is 9 for sand. The velocity ofthe fine particles (.032 mm - .061 mm) at 
the top ofthe bed layer is assumed to be equal to fluid velocity at that layer, that is, u = Ug at 
y = yĵ  (yi =.25 cm is the height of the bed layer). Hence,using this condition, B is determined 
from (4). Fig. 1 shows the particle velocity at the bed layer for two maximum velocities ( u J 
of fluid over two different sand beds. The velocity distribution (4) with determined B is 
plotted against y/d in Fig. 2 for two maximum velocities ( u J above the sand beds. The 
agreement between the observed and computed velocities is close throughout the depth y. 
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Since the velocity distribution (4) is valid closest to the bed at a height of about .25 cm, a 
linear velocity profile is assumed for the bed layer (from kg to .25cm) as: 

u = — • (y - kg), y i - kg ^ 0 (6) 
(yi - K) 

-i ' 1 i ' ' ! V E L O C I T Y (u), c m s"' 
( m m ) 0.991 0 .495 0.246 0.124 0.061 0.032 0.015 

G R A I N S I Z E 

Fig. 2. Logarithmic velocity distribution 
Fig. 1. Average particle velocity at the bed layer 

A Bed 2 for Um = 121.3 cm/sec; 
X bed 3 for u „ = 97.8 cm/sec 

The vertical distribution of sediment concentration above the bed is obtained by 
integrating equation (1) from kg to y by using equation (2): 

k, ( 1 - C f O k . y / ¬

The expressions of Eg under the integration sign will be found from equations (3) and (6) for 
kg to y i and from equations (3) and (4) for y^ to y. The right side of equation (7) is exactly the 
same as that of equation (15) of Ghosh et al. (1981), except for the values of Ug and B. Once 
the concentration function C is known from equation (7), the relative suspension 
concentration Cy may be obtained as: 

CV = C y / ^ C y (8) 

Equation (8) is used to calculate the relative suspension concentration of a given grain size 
having a settling velocity WQ at any height y > y i above the bed, if the relative bed 
concentration cjjg is known. If y = y i , equation (8) corresponds to equation (7) gives the 
average concentration of sediment of different grain-sizes in the bed layer. 

Experimental Studies 

Data used for the verification of the present model are taken from the earlier 
publications by Sengupta (1975, 1979) and Ghosh et al. (1981). Two closed-circuit laboratory 
flumes, one designed at Uppsala University and other at the Indian Statistical Institute, 
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Calcutta, were used for conducting the controlled experiments. Bed materials of six different 
known grain-size distributions were used. Descriptions of equipment setup, techniques of 
velocity measurement, sample collection, and analysis have been given in the earlier 
publications. The size distributions of two different sand beds (bed 2, bed 3) are used in this 
article for computation (Fig. 3a). The flow parameters used for verification of the model are 
reproduced in Table 1. 

Table 1. Flow Parameters Used for Computation 

Bed 2 Beds 

Depth d (cm) 30.0 30.0 
Sampling height H (cm) 25.0 20.0 
Effective sand bed height h(cm) -1.7 -2.5 
Maximum velocity u^ (cm/sec) 121.3 97.8 
Roughness kg (cm) .0297 .0450 
Vertical height y (cm) 23.3 17.5 
Slope J .0020 .0018 
Temperature (°C) 19.0 19.0 

Comparison with Observed Values 

The computations of equations (7) and (8) have been performed for a = 0, 3, 4. 
Observed and computed values of suspended grain-size distribution above two sand beds 
have been plotted in Figs. 3b,c for various values of the exponent a. The relative errors 
between the observed and computed values are shown in Table 2 for the present method and 
the methods developed by others. On the whole, it seems that the present method is 
somewhat better than the others. 

Table 2. Errors between Computed and Observed Values 

Bed Height y Gessler Ghosh et al. Present methuxi 
no. (cm) method method a = 0 a=3 a=4 

2 23.3 .39 .36 .30 .20 .18 

3 17.5 .29 .36 .36 .43 .30 

Conclusion 

A method of computation of size distribution of suspended sediment from the bed 
material has been developed with the help of the diffusion approach. The method utilizes the 
reduction of grain settling velocity with sediment concentration in suspension. The 
migration velocity of sediment particles moving as a bed load is used to predict the fluid 
velocity immediately above the sand bed. The results obtained by the present method 
compare well with the experimental observations. 
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Fig. 3(a). Grain-size distributions of sand beds 

(b) Grain-size distribution in suspension (Cy at y = 23.3 cm) above the sand bed 2 

(c) Grain-size distribution in suspension (Cy at y = 17.5 cm) above the sand bed 3 
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COHESIVE SEDIMENT AND PHYSICAL MODELS 
by T N Burt BSc CEng MICE 

P r i n c i p a l Engineer, Hydraulics Research 
Wall ingford, England 

A b s t r a c t 

I t i s not p o s s i b l e to s c a l e the p h y s i c a l p r o p e r t i e s of f i n e 
c o h e s i v e sediments i n such a way as to make use of a s c a l e d down 
sediment i n a p h y s i c a l model. C o h e s i v e sed iments , o f t e n termed "mud" 
have a number of p r o p e r t i e s which make i t i m p o s s i b l e . These i n c l u d e 
f l o c c u l a t i o n and c o n s o l i d a t i o n . Numer ica l models , a l though they have 
advanced c o n s i d e r a b l y i n the l a s t 10 y e a r s , have many d i sadvantages 
when i t comes to r e s o l v i n g d e t a i l e d f l o w , s i l t a t i o n and scour near to 
j e t t i e s and o ther s t r u c t u r e s . The author has d e v i s e d a system which 
combines the use of a p h y s i c a l model and a computat iona l t echnique 
"SAP" to s tudy such s i t u a t i o n s . 

SAP t a k e s as i n p u t the hydrodynamics from the p h y s i c a l model , 
sediment p r o p e r t i e s of s e t t l i n g , c o n s o l i d a t i o n and r e - e r o s i o n from 
l a b o r a t o r y and f i e l d measurements and suspended sediment 
c o n c e n t r a t i o n s from s i l t moni tor ing i n the f i e l d . The output i s 
t i m e - v a r i a t i o n of the bed l e v e l over any p e r i o d from a s i n g l e t i d e to 
a nximber of s p r i n g - n e a p c y c l e s . 

The paper d e s c r i b e s the method and how the sediment p r o p e r t i e s 
a r e determined w i t h an example of an i n t e r a c t i v e s tudy drawn from the 
a u t h o r ' s r e c e n t e x p e r i e n c e . 

I n t r o d u c t i o n 

The e r o s i o n , t r a n s p o r t , d e p o s i t i o n and c o n s o l i d a t i o n of c o h e s i v e 
sediment w i t h i n e s t u a r i e s can c r e a t e a wide range of d e s i g n , 
maintenance and management problems i n p o r t s , harbours and docks . 
There i s a need , f o r example, to p r e d i c t the a c c u m u l a t i o n of c o h e s i v e 
sediment i n n a v i g a t i o n channe l s and b e r t h s i n order to e s t i m a t e 
maintenance dredging c o s t s . 

The behav iour of c o h e s i v e sediment i s complex and i s governed by 
many p h y s i c o - c h e m i c a l and hydrodynamic parameters (Ref 1 ) . However, 
f o r the purposes of mode l l ing i t s behav iour i t i s p o s s i b l e to 
c o n s i d e r t h a t t h e r e a r e four b a s i c p r o c e s s e s i n v o l v e d i n c o h e s i v e 
sediment t r a n s p o r t , namely , e r o s i o n , a d v e c t i o n , d e p o s i t i o n and 
c o n s o l i d a t i o n . 

These p r o c e s s e s have been s t u d i e d i n g r e a t d e t a i l u s i n g 
s p e c i a l i s t l a b o r a t o r y f a c i l i t i e s a t H y d r a u l i c s R e s e a r c h and i n f i e l d 
exper iments over a 20 y e a r p e r i o d . The r e s e a r c h has p r o v i d e d a much 
b e t t e r a l though s t i l l incomplete u n d e r s t a n d i n g of the djmamic 
b e h a v i o u r of mud i n t i d a l e s t u a r i e s . 
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While c o n s i d e r a b l e p r o g r e s s has been made i n f u l l s c a l e 
s i m u l a t i n g of the p r o c e s s e s i t i s a l s o c l e a r t h a t to s i m u l a t e them 
a l l i n a s i n g l e s c a l e d model would r e q u i r e a m a t e r i a l of q u i t e 
e x t r a o r d i n a r y p r o p e r t i e s . The p r o c e s s e s a r e a t the p r e s e n t time b e s t 
d e s c r i b e d by a s e r i e s o f s e m i - e m p e r i c a l equat ions which can be e i t h e r 
assumed from p u b l i s h e d r e s u l t s or e x p e r i m e n t a l l y determined 
s p e c i f i c a l l y f o r the mud i n q u e s t i o n . 

The f o l l o w i n g s e c t i o n s d e s c r i b e how the sediment p r o p e r t i e s have 
been determined then how they a r e used i n the "zero" d i m e n s i o n a l 
model SAP to e v a l u a t e ne t s i l t a t i o n or e r o s i o n d u r in g a s e r i e s of 
t i d a l c y c l e s . The t echn ique has been a p p l i e d to a p h y s i c a l model 
s tudy of the e f f e c t s of a t i d e e x c l u d i n g barrage on the s i l t a t i o n of 
a dredged n a v i g a t i o n c h a n n e l . 

C o h e s i v e sediment p r o p e r t i e s 

S e t t l i n g : 

D e p o s i t i o n of f l o c c u l a t e d c o h e s i v e sediment from f l o w i n g water 
has been s t u d i e d u s i n g a c i r c u l a r f lume c a l l e d 'The C a r o u s e l ' 
(Ref 2 ) . Work u s i n g the HR C a r o u s e l has shown t h a t s e t t l i n g from 
s u s p e n s i o n o n l y o c c u r s when the n e a r - b e d f low v e l o c i t y i s v e r y low. 
I n the case of an e s t u a r y i n mid- s t ream t h i s means perhaps o n l y 
d u r i n g a h a l f hour p e r i o d around s l a c k water a t h i g h and low w a t e r . 
For the r e s t of the t i d a l c y c l e v e l o c i t i e s a r e a b l e to m a i n t a i n mud 
i n s u s p e n s i o n . T h i s means f o r example i n the Thames t h a t a p a r t i c l e 
of s i l t may t r a v e l up to about 20 km d u r i n g a f l o o d or ebb t i d e . The 
c a r o u s e l work has f u r t h e r shown t h a t t h i s d e p o s i t i o n t h r e s h o l d i s 
v i r t u a l l y independent of the c o n c e n t r a t i o n of s i l t i n s u s p e n s i o n up 
to a t l e a s t 50,000 m g / l i t r e . I n o ther words i f t h e r e i s a s a t u r a t i o n 
l i m i t , the Thames, w i t h maximum c o n c e n t r a t i o n s i n the r e g i o n of 5 ,000 
m g / l , i s o p e r a t i n g w e l l below i t and i s t h e r e f o r e capable o f c a r r y i n g 
a much h i g h e r suspended s i l t l oad than i t does . 

When c o n d i t i o n s a l l o w s e t t l i n g to occur i t happens a t a r a t e 
dependent on the c o n c e n t r a t i o n . T h i s has been s t u d i e d u s i n g a f i e l d 
s e t t l i n g tube method known as the "Owen tube" (Ref 3 ) . T h i s 
dependence i s a r e s u l t o f the p r o c e s s o f f l o c c u l a t i o n by which 
p a r t i c l e s aggregate toge ther to form l a r g e r p a r t i c l e s which then have 
a s e t t l i n g v e l o c i t y h i g h e r than the i n d i v i d u a l p a r t i c l e s . High 
c o n c e n t r a t i o n s u s p e n s i o n s g ive more o p p o r t u n i t y f o r p a r t i c l e s to 
c o l l i d e hence producing l a r g e r f l o e s which then s e t t l e f a s t e r . 

C o n s o l i d a t i o n : 

T h i s was s t u d i e d by Ginger (Ref 4 ) . S i l t hav ing s e t t l e d on the 
bed beg ins to c o n s o l i d a t e but t h e r e i s an i n t e r v e n i n g p e r i o d l a s t i n g 
from a few minutes to a few h o u r s , depending on the t h i c k n e s s of the 
l a y e r , when i t i s s t i l l i n a s e m i - f l u i d s t a t e . I f i t i s l e f t f o r 
longer i t q u i c k l y g a i n s i n s t r e n g t h as i t reduces i n t h i c k n e s s and 
i n c r e a s e s i n d e n s i t y , making i t more d i f f i c u l t to erode . 
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E r o s i o n : 

E r o s i o n t a k e s p l a c e when the f low v e l o c i t y , or more p r e c i s e l y 
the bed shear s t r e s s , exceeds the t h r e s h o l d v a l u e . The t h r e s h o l d 
v a l u e depends on the d e n s i t y of the s i l t d e p o s i t . I f i t i s s t i l l i n 
the s e m i - f l u i d s t a t e i t i s e n t r a i n e d e a s i l y back i n t o suspens ion i n 
much the same way as would occur a t the i n t e r f a c e of two f l u i d s of 
d i f f e r e n t d e n s i t y . 

Suspended Sediment Conc'n (kg/m-') 
1Ü0 

Dry Density (kg/m-^) 

F i g u r e 1 : Median s e t t l i n g v e l o c i t y 
a g a i n s t suspended 
sediment c o n c e n t r a t i o n 

F i g u r e 2 E r o s i o n shear 
s t r e n g t h a g a i n s t 
dry d e n s i t y 

The e r o s i o n r a t e i s p r o p o r t i o n a l to the exces s s h e a r , i . e . the 
amount by which the a p p l i e d bed shear s t r e s s exceeds the t h r e s h o l d 
f o r e r o s i o n . I n p r a c t i c e the r a t e of e r o s i o n i s m o d i f i e d by the f a c t 
t h a t the bed i t s e l f has a d e n s i t y p r o f i l e and t h e r e f o r e becom.es 
p r o g r e s s i v e l y more d i f f i c u l t to erode as each new s u r f a c e i s exposed 
by e r o s i o n of the one above. 

SAP - P r e d i c t i o n of s i l t a t i o n a t a p o i n t 

A f u l l d e s c r i p t i o n of the model i s g iven i n Ref 5 which i n c l u d e s 
the r e l e v a n t e q u a t i o n s . 

The c o h e s i v e sediment bed i n the SAP model i s r e p r e s e n t e d by t e n 
d i s c r e t e l a y e r s which a r e each assumed to be homogeneous, w i t h a 
c e r t a i n d e n s i t y and t h i c k n e s s . Sediment i s s u b t r a c t e d or added to 
the uppermost l a y e r , a c c o r d i n g to the p r o c e s s e s of e r o s i o n and 
d e p o s i t i o n r e s p e c t i v e l y . I n a d d i t i o n , the l a y e r s are c o n s o l i d a t e d 
under t h e i r s e l f - w e i g h t and the exces s pore p r e s s u r e s w i t h i n the bed 
are d i s s i p a t e d . At each time s tep the d e n s i t y and the t h i c k n e s s of 
each l a y e r i s c a l c u l a t e d . 
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At the s t a r t of the model the e x i s t i n g bed i s descr ibed by a 
dens i ty p r o f i l e . I d e a l l y t h i s should be based on f i e l d measurements, 
obtained us ing e i t h e r a dens i ty probe or a grab sampler. 

When flow v e l o c i t i e s are low enough to permit depos i t ion of 
suspended s o l i d s the fac tor which governs the r a t e i s the 
concentrat ion thus i t i s necessary to know how t h i s v a r i e s wi th time 
by f i e l d observat ion , p r e f e r a b l y by monitoring at the s i t e i n 
question over a per iod of s e v e r a l months to inc lude v a r i a t i o n s due to 
t i d a l range, f r e s h water flow and other weather f a c t o r s (Ref 6 ) . In 
most s i t u a t i o n s because of the r e l a t i v e l y low s e t t l i n g v e l o c i t y of 
p a r t i c l e s only the near-bed values are r e l e v a n t . 

Because both depos i t ion and eros ion are governed by the bed 
shear s t r e s s exerted by the flow i t i s necessary to input the time 
v a r i a t i o n of t h i s parameter for spring and neap t i d e s . Values for 
other ranges are determined by i n t e r p o l a t i o n . For an e x i s t i n g 
s i t u a t i o n these can be determined from f i e l d observat ion of the 
v e r t i c a l v e l o c i t y p r o f i l e . For p r e d i c t i v e work they are determined 
from v e l o c i t y measurements i n a p h y s i c a l model but care i s needed to 
ensure proper c a l i b r a t i o n of the model because the bed roughness 
e f f e c t s w i l l not n e c e s s a r i l y s c a l e c o r r e c t l y . 

A p p l i c a t i o n 

The method descr ibed has been appl ied to a p h y s i c a l model study 
of a proposed t ide excluding barrage (Ref 7 ) , I n order to h indcas t 
the present s i l t a t i o n ra te i n the dredged channel i t was necessary to 
determine the l i k e l y range of the near bed suspended sediment 
concentrat ions and current induced bed shear s t r e s s e s during the 
spring-neap t i d a l c y c l e i n the , channe l . 

The former were determined from the continuous s i l t monitoring 
at two p o s i t i o n s i n the channel . The p a t t e r n during a t ide i s shown 
i n F igure 3 , 

The bed shear s t r e s s e s i n the channel were c a l c u l a t e d using the 
depth averaged prototype v e l o c i t i e s der ived from measurements i n the 
p h y s i c a l model, (F ig A) , 



Assuming smooth t u r b u l e n t f l o w , the shear v e l o c i t y u* i n terms 
of the f l ow v e l o c i t y u , a t a h e i g h t above the bed y , i s g iven by: 

„ 9 .04 y u* 

1=5.75 log 10 (1) 

Where y ~ k i n e m a t i c v i s c o s i t y (0 .84 x 10 ^ m^/s) 

The bed shear s t r e s s x , i s r e l a t e d to the shear v e l o c i t y û ^ and 
d e n s i t y of f l u i d p, by: 

T = pu*2 (2) 

The s e t t l i n g v e l o c i t y of the suspended sediment was measured i n s i t u 
and was found to f o l l o w the r e l a t i o n s h i p 

W 5 Q = 0.0003 c ^ ' ° (3) 

where w^g = median s e t t l i n g v e l o c i t y (m/s) 
c = suspended s o l i d s c o n c e n t r a t i o n (kg/n?) 

A sample of mud taken from the banks of the R i v e r E l y near i t s 
e n t r a n c e to C a r d i f f Bay was t e s t e d i n the HR C a r o u s e l f lume to 
determine i t s e r o s i o n p r o p e r t i e s . 

The r e s u l t s i n d i c a t e d t h a t the r e l a t i o n s h i p between e r o s i o n 
shear s t r e n g t h t , and d r y d e n s i t y p^, of the mud was a p p r o x i m a t e l y : 

= 0 .00022 (4) 

To h i n d c a s t the s i l t a t i o n i n the whole channe l i t was n e c e s s a r y 
to measure the v e l o c i t y o f f low a t a number of p o i n t s a long the 
l e n g t h of the channe l i n the p h y s i c a l model and to run SAP f o r each 
p o s i t i o n . 

SAP was run i t e r a t i v e l y f o r a s p r i n g - n e a p sequence of t i d e s to 
g ive t o t a l net s i l t a t i o n over 14 days which was then m u l t i p l i e d to 
g ive the annual r a t e of 400000 - 550000t . T h i s i s near to the lower 
bound e s t i m a t i o n of the p r e s e n t dredging commitment. Making a l s o an 
a l l owance f o r o c c a s i o n a l l y h i g h e r c o n c e n t r a t i o n s due to storm e f f e c t s 
gave s u f f i c i e n t c o n f i d e n c e i n the method to use i t p r e d i c t i v e l y . The 
b a r r a g e scheme was i n c o r p o r a t e d i n the p h y s i c a l model and the e f f e c t 
on v e l o c i t i e s i n the channe l measured. The i n p u t to SAP was thus 
m o d i f i e d and the model r e r u n to g ive the p r e d i c t e d r a t e s . 

- l l B . l l -



C o n c l u s i o n s 

1. L a b o r a t o r y s i m u l a t i o n of the p r o c e s s e s of s e t t l i n g , 
c o n s o l i d a t i o n and e r o s i o n of c o h e s i v e sediment , has g iven 
r i s e to s e m i - e m p i r i c a l equat ions which can be used w i t h 
r e a s o n a b l e c o n f i d e n c e . 

2. S c a l e mode l l ing of these p r o c e s s e s i s not a r e a l i s t i c 
o b j e c t i v e . 

3 . SAP p r o v i d e s an economic and convenient way of u s i n g the 
equat ions to s tudy the net r e s u l t of a sequence of t i d e s i n 
terms of e r o s i o n or a c c r e t i o n a t a p o i n t p r o v i d e d i t i s used 
s e n s i b l y . 

4. SAP p r o v i d e s a means of combining s t a t e - o f - t h e - a r t knowledge 
of sediment p r o p e r t i e s w i t h the e s t a b l i s h e d p r e d i c t i v e 
c a p a b i l i t y of p h y s i c a l models . 
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Sakyo-ku, Kyoto 606 JAPAN 

Abstrac t 

This paper is concerned wi th the numerical model for open channel flows wi th 
suspended sediments over a smooth bed. The basic equations used here are firstly 
summarized. The five non-dimensional parameters are introduced by transforming 
the basic equations into the dimensionless form. The numerical simulations are 
secondly performed for the various values of parameters. The numerical results are 
compared wi th the previous experimental ones in order to verify the numerical model. 
I t is also pointed out that the velocity reduction in the vicinity of bed is caused by 
the stress transmission due to the falling of sediments. 

Introduct ion 

The velocity distributions and the resistance law of sediment including flows 
over both rough and smooth beds have continuously been investigated after in i t i a l 
experimental studies of Vanoni [1]. The previous experimental studies have been 
summarized as follows [2~5]: 

1. I n the case of smooth beds, the resistance coefficient Cf increases (cf. F i g . l ) 
and the velocity i n the vicinity of bed becomes smaller than that in the clear 
water, w i th the increase of depth avereged concentration of suspended sedi
ments Cm (cf. Fig.2). The velocity increases rapidly toward the free surface 
compared wi th the clear water flow. 

2. I n the case of rough beds, C'ƒ decreases wi th the increase of C'^ (cf. F i g . l ) . 
The velocity increases rapidly compared wi th the clear water flow (cf. Fig.2), 
which is well-known as the decrease of Karman constant. 

Though the characteristics of flow just mentioned above have been examined 
f r o m the theoretical and numerical point of view [3,6,7], i t seems that the flow char
acteristics over a smooth bed such as the velocity decrease near the bed have not 
been well reproduced. In view of this point, the numerical model to describe the 
velocity distributions of sediment including flows over a smooth bed is investigated 
and verified. 

Bas ic Equat ions 

The basic equations, in which the following statements are involved, have been 
derived i n view of the analysis of multi-component flows. Further details are de
scribed in Ref. [8 . 

1. The turbulent velocity differences between sohd and l iquid phase are exam
ined as the interaction term of k (turbulent kinetic energy) equation, which is 
considered in the previous studies [3,6]. 

2. I n order to reproduce the viscous sublayer, the eddy viscosity is related to the 
turbulent Reynolds number. This enable us to introduce the effect of Reynolds 
number. 

3. The eddy viscosity is also related to the Richardson number. 

4. The stress transmission term due to the falhng of sediments is produced in the 
Reynolds equation. This term is originated f rom the exact continuity equation 
of multi-component flows expressed as E q . ( l ) . 
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(Smooth Bed) 

Wo / u » = a 

Wo /u^=a 

(Rough Bed) 

m 

b > a 

o g y l o g y 

Fig.2 Velocity distributions over rough and 

smooth beds 

(Rough Bed) 

Wo; F a l l i n g V e l o c i t y 

u^; F r i c t i o n V e l o c i t y 

F i g . l Relation between Cj and C, 

d 

dxj 

i n which all notaions are listed in the last. Though the te rm is usually ne
glected, i t wi l l be made clear theoretically that the velocity decrease i n the 
vicini ty of smooth bed is caused by the term. 

Referring Fig.3 indicating the coordinate system, the basic equations are ex
pressed as follows [8]: 

(1) 

dUf^ d ( - r - A ^ dUf^ gsinB d'^U 
+ V-

f x 

dk 
= D 

'du f x 

dy 

d_ 

dy 

—c u 

D \ dk 

(7fc / dy 

IR, 

1-C 

] - e - 2iy 
(dVkV 

[ dy ) 

(2) 

f y (3) 

dt 

du f x 

dy 

e' d [ f D \ de\ 

k dy \\a, 1 dy j 

'd^T f x 

d f 

dy 

(4) 

(5) 

dU f x dc 
C , { R e T ) f { R d f D s { y ) 

k' 

in which the turbulent Reynolds number Rex and the gradient Richardson number 

Ri are defined as i2eT = £ , i?. = - ^ ^ f / ( f 

The mathematical expression of interaction term of k-equation has been derived 
by using the calculated results of the sediment particle motion as Eq.(6). 

ISuCk l - f 

Numerical value of e , f , C i and are listed in Table 1. 

(6) 
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The ratio of the eddy viscosity to diffusivity /9 and the relation between the eddy 
viscosity and the Richardson number Ri have been derived by using Gibson^Launder's 
study concerning the thermally stratified flows [8]. 

f{RO = l - § - {R,c = OA), D, = PD ( / ?=1 .2 ) 

The rapid attenuation of depth-wise turbulent velocities near the free surface is 
also involved by mul t ip lying the function fosiy) defined as 

- y)^s 
f v s i y ) = 1 - exp -B-

L3/2 B = 10. 

in which the subscript s indicates the value of free surface. 
and ĉ 2 are related to the turbulent Reynolds number Rej to introduce the 

effect of Reynolds number[10]. 
Introducing the following dimensionless variables 

u f x 
k' 

k 

u* ul ul 
t' = y' 

hu-t.' h 
I 
h 

can transform the original basic equations into the dimensionless form, in which the 
following five non-dimensional parameters appear. 

uj% wo^ pp^ d 

«*' Pf' h 
Re^ 

Pf 

Mechan i sm of Veloci ty Decrease in the V ic in i ty of B e d 

As shown in Fig.2, the velocity distribution of sediment including flow over a 
smooth bed is characterized by the velocity decrease in the vicinity of bed and the 
increace of velocity gradient w i t h the increace of C „ . One of the reasons of velocity 
decrease is confirmed by using the simplified equation. I n the viscous sublayer, the 
Reynolds equation (2) is reduced to Eq.(7). 

20 

' f x 

Fig.3 Coordinate system 

y 

C = C ^ ( l - a f ) 

Fig.4 Definit ion sketch 

10 

^ =1238, w o / u , = 0 . 2 , a = 0 . 3 

E q . ( 8 ) 

4 5 8 10^ 2 

Fig.5 Solution of Eq.(7) 
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, ' ^ ^ c / - ^ + l ^ = 0 (7) 
dy^ dy 1 — C 

The second term of Eq.(7) indicates the stress transmission due to the falUng of 
sediments. The term, which is usually neglected , becomes important in the viscous 
sublayer because of the high concentration of sublayer. Under the conditions illus
trated in Fig.4, the solution becomes to Eq.(8) schematically shown in Fig.5. 

^ io uexp{ï)[l — C) Jo Jo uexp [Yj [1 — C) Jo 

, fv gsine exp jY') dy' ^ ^ _ c^wo ( y'\ 

I t is shown in Fig.5 that the velocity decreases wi th the increase of concentration 
due to the second term of Eq. (7). 

Considerat ion on N u m e r i c a l Resul ts 

In order to examine the flow characteristics wi th the change of dimensionless param
eters, i t is necessary to verify the numerical model in view of the comparison between 
the previous experimental results and the numerical ones. 

(1) Boundary Conditions 

Numerical simulations have been performed under the boundary conditions de
scribed below. 

(y = 0) [/ƒ. = 0, ^ = 0, 6 = 0 

[y = 8^'^-d) -cujy = WoC{C - \ ) , ( y < 5 ) C = Cs 

iy = h) d ' - ^ = 0, i ? | = 0, i ? | = 0, - ^ ; = v J o C i C - l ) 

The interaction term of k-equation is applied for y /h>0.04. The finite difference 
method wi th the spatial variable grid size is used. Under the boundary conditions, 
the numerical procedure was continued unt i l the flow becomes steady. 

(2) Verification of Numerical Results 

Hydraulic variables i n numerical simulations are listed in Table 1. The condition 
for Run 1 is coincident w i th Coleman's experiment {d = 0.105mm). The depth of 
Run 2 is reduced to 1/4 of Run 1 to examine the effect of Reynolds number, which 
indicates one of the scale effects. Model constants are also listed in Table 2. 

Table 1 Hydraulic variables for test runs 

Depth 
(cm) 

u ^ 
V 

Wo 

"* 

Mean Sediment 
Diameter 

(mm) •^f Cm 

Run 1* 17.0 5250 0.028 0.27 0 .105 2.65 0-0.0041 

Run 2 4.25 780 0.028 0.27 0.074 2.65 0-0.0041 

* ; Exp. of Coleman (Run 1 -20 ) , u^ used here i s changed so as 
to f i t U / u , of exp. f o r the l og - law wi th <=0.4 and As=5.5 . 

Table 2 Model constants 

c c c c 0 . a C|̂  1., I 

1.44 1.92 3.0 0 .09 1.0 1.3 2 -2 .5 0.1 5 .0 ^ /pj^.+Q.S 
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Fig.6 Calculated results of velocity and concentration distributions 

Arora e t a l . 

C (ppm)(w,/u.)"'=.1500 to 2000 U ^ , " 

Ca lcu la t ion 
Calcu lat ion 

Run I (C^»O.0O21,u.h/v=6250) 

Run 2 (C " 0 . 0 0 2 l , u , l i / v » 780) 

6 8 10' 

Fig.7 Verification of velocity distr ibution Fig.8 Reynolds number effect 

for velocity distr ibution 

Numerical results of velocity and concentration distributions are shown in Fig.6 
wi th Coleman's experimental results. The figures indicate that the features of veloc
i ty and concentration distributions are fairly good reproduced and i t is important to 
involve the interaction term in k-equation to realize the increase of velocity gradient 
wi th the increase of concentration. 

The comparison of numerical results w i th the velocity distr ibution proposed by 
Arora-Ranga Raju-Garde [11] for Cm {ppm) • (ifo/w*)^^^ = 1500 ~ 2000 also verify 
the usefulness of numerical model as shown in Fig.7. 

(3) Reynolds Number Effect 

Reynolds number effect for flow characteristics can be examined by using the nu
merical model. The velocity distributions for the different values of Reynolds number 
are shown in Fig.8. The feature of distr ibution is not influenced by the Reynolds 
number for y / h > 0 . 1 . I t confirms also the experimental results concerning the resis
tance coefRcient by Imamoto-Ohtoshi [4] in view of the numerical simulation. 

Conclus ions 

The numerical model for sediment including flows over a smooth bed has been 
developed and verified in view of the comparison of calculated results wi th previous 
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developed and verified i n view of the comparison of calculated results wi th previous 
experimental ones. The calculated results indicate that i t is important to involve 
the stress transmission term due to the fall ing of sediments i n the Reynolds equation 
and the interaction term associated wi th the turbulent velocity differences between 
sohd and l iquid phase in the k-equation in order to reproduce the typical features 
of velocity distributions. The numerical model may be applicable to the estimation 
of resistance law of sediment including flows, though further verifications are st i l l 
required. 
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Notations 
Cell c<2oo) c<3, Cjfc, Ci , ĉ oo '• Modcl constaiits 
c' : Concentration fluctuations 
C : Volumetric time averaged 

t : Time 
Rer •• Turbulent Reynolds number 

Ufx : Longitudinal component of 
concentration 

Cm • Depth averaged concentration 
d : Diameter of sediment particle 
D,Dp : Ekidy viscosity and diffusivity 
e, ƒ : Model constants associated with 

liquid phase 
" ' / i i ^ p i • Velocity fluctuations of 

hquid and soUd phase 

interaction term of k-equation 
g : Gravity acceleration 
h : Depth 
i, j : Indices with respect to spatial 

direction (1; longitudinal, 2; 
depth-wise,3; transverse direction) 

k : Turbulent kinetic energy 
Ri : Gradient Richardson number 

sediment particle 
cTfejCJj : Model cnstant 
9 : IncUnation angle of bed 
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F L O W C H A R A C T E R I S T I C S OF SAND-SILT R I V E R BEND 
by Hong-Yuan Lee, Wei-Sheng Yu and Kuo-Chien Hsieh 

Department of Civil Engineering, National Taiwan University 
Taipei, Taiwan, R .O.C. 

Abstract 
It has been shown by several researchers that the existence of sediment concentration 

will change the turbulent structure of the straight open channel flow,and hence the vertical 
distribution of longitudinal velocity, In a sand-silt channel bend, the phenomena are more 
complicated. The existence of sediment concentration alters the vertical distribution of the 
longitudinal velocity which in turns affects the strength of the secondary current and the 
spatial distribution of sediment concentration. An analytical solution is developed in this 
study to simulate the secondary current distributions in a fully-developed sand-silt channel 
bend. Series of experiments were conducted to verify the results. 

Introduction 
Secondary current is one of the most important phenomena in a meandering river. The 

existence of secondary current significantly changes the vertical distribution of the longitudinal 
velocity. The location of the maximum velocity shifts downward from the water surface, and 
the location of the maximum velocity is a function of width-depth ratio and strength of the 
centrifugal force. A summary of this theory is given by Hussein &; Smith (1986). 

Secondary current changes the turbulent structure of the flow, which causes the longi
tudinal velocity profile to deviates significantly from traditional logarithmic law. A detailed 
literature survey has been performed by Lee and Yu (1990), and they also derived a general 
velocity profile for the sand-silt straight open channel flow. 

The purpose of this study is to incorporate the above mentioned theories to the transverse 
momentum equation, for the solution of secondary current profiles in the sand-silt channel bend. 

Theoretical Analysis 
Combining the theories of Hussein & Smith (1986) and Lee and Yu (1990), the depth in a 

river channel is divided into three regions, inner, middle and outer regions, as shown in Fig. 1. 
The Karman constant value inside the inner region is a universal constant which equals to 
0,41. The velocity profile outside the inner region is a function of both sediment concentration 
and flow resistance. The velocity profile in the outer region is additionally affected by the 
strength of the secondary current and it is a function of width-depth ratio and strength of the 
centrifugal force. The velocity profiles in the three regions can be expressed by; 

u - tt» 1 

Ki 

u - 1 

u - u. 1 

u* 

0<rj<p (1) 

P<ri<s (2) 

= —Inri + airj-sf 3 < r? < 1 (3) 

Ko 

where u. is shear velocity, p and s are the relative elevations of the interception points between 
the inner and middle, and middle and outer regions, Ki is the Karman constant in the inner 
region, K Q is the Karman constant outside the inner region, a is a secondary current related 
coefficient, u, is the longitudinal velocity at the free surface, and ri = z/d, z is the vertical 
distance measured from the bed and d is the local flow depth. From Eqs, 1, 2 and 3, u, can 
be expressed as: 
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u, = ü + u 4 - + — + a ( ^ - ^ + a^-^3^)] (4) 
Ki KQ O O 

In the above equations, the relative elevation of the interception points between the inner 
and middle regions is set at f?=0.1, as proposed by Lee and Yu (1990), while that for the 
middle and outer regions is set at ri=Q.5. This is confirmed by the data taken by Nezu and 
Rodi (1985). 

The Karman constant outside the inner region can be separated into two constants Kor 
and Ko, to represent the cases of clear water and sand-silt water respectively. The regression 
relation for Kor is (Lee & Yu, 1990): 

Kor = -0.0062-^ + 0.4914 14 < < 24 (5) 

The variation of K Q due to the effects of suspended sediment is: (Lee ic Yu, 1990) 

— = 0.234(logi2,)^ + 1.777(logiï^)2 + 4.587(logiZi)+4.045 5x10-^ < Ri < S x l O ' ^ (6) 

where Ri = {(p, - pw)/pw](Co.o5<^,/üSf) is the Richardson number, p, and p^ are the densities 
of suspended sediment and water separately, 5/ is energy slope, w, is fall velocity of the 
suspended sediment, CQ.OS is sediment concentration at r?=0.05 and 1/A/c = 1/KO, - l-l Kor-

The value of C Q . O S can be calculated by the following formula as proposed by Lee and Yu 
(1990): 

^ ^ 1 .9(^!^)°-^\-°-«" (7) 

where C is the depth-averaged sediment concentration. The value of KO, can be calculated by 

Eqs. 6 and 7. 

Assuming hydrostatic pressure distribution, the transverse momentum equation can be 

simplified as: 

where r is the radius of curvature, Sr is the transverse water surface slope, g is gravitational 
acceleration, v is secondary current and e is eddy viscosity. By the definition of eddy viscosity, 
T = pe^, the corresponding e distributions in the inner, middle and outer regions are: 

e • 

e='^n{l-r,){ri* - ^ ) 0 < r; < p (9) 

KoUi,d 
^ r , ( l - r ? ) ( r ? * - r / ) p < r, < s (10) 

'/ 

"^'^ 3<r,<l (11) 
2ary* rj - b 

where r/* = {s + y/s^ + (2/aKo))/2; and 6 = (s - + (2/a«o))/2. 

From EJq. 8, assuming v equals to zero at the channel bed, the secondary current profile can 

be derived as: 

v{r,) = d'g[ 
Jo e 
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Letting Sr = a{ü^/rg), and substituting Eqs. 1, 2, 3, 9, 10, 11 into Eq. 12, the secondary 
current profiles for the three different regions are: 

^ = ^^O.M 0 < , < p (13) 

^ = ^ + ^ ^ C ? . ( . ) P < . < 3 (14) 
ud ud Ko Ut 

where 

/2(r?) = r ; ( l n r ; - l ) 

M l ) ='?(ln^r/-21nr7 + 2) 

his, r,) = a(s - n ) - ( ^ ) ^ ( 3 -r,)- i { ^ ) ' l ^ 3 ( 3 ) - ^(r,)] - f ^ ^ [ ^ 2 ( 3 ) - h{r,)\ 

/5(r?) = /4 ( l , r ; ) + / i o ( 3 ) 

/6('7) = /4 ( l , r / ) + / i o ( ' ? ) 

/7(r?) = r,(l-r?)(r?*-r?) 

h{r)) = r}{l-n)l{r}-h) 

hin) = /s(p) - + / : ^ ) ' ( P - 'z) - + A v ) l ' ^ (P) -

/io(r;) = - a 2 ( ^ ) ' ( 0 . 2 - s + 23^ - s^ + 3" - 0.2r,̂  + r?*3 - 2r)\^ + 2»j233 - r)S^) 

- 2 o — 4 ( r - 3 + 3^ - + ,,^3 _ 32^) 
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The a value in above equations can be calculated by vdr/ = 0. Prom Eqs. 13, 14 and 15, 
it can be seen that the factors that affect the strength of dimensionless secondary current, 
vr/üd, are a, p, s, KQ and Q / U « . The (ö /u , ) can be calculated by the equation suggested 
by Keulegan (1938) 

— = 6.25 + 5.75 log ^ (16) 

where R is the hydraulic radius and A;, is the height of surface roughness. In a meandering 
channel bend, the hydraulic radius is larger at the outside bend, but due to hydraulic sorting, 
the mean particle size is also larger there. According to Yen (1967) and Yen & Ho (1990), the 
friction coefficient at the outside bend is smaller than that of the inside bend. Using Eq. 5, 
the transverse variation of Kg value can thus be obtained. 

Experiments 
Series of experiments were conducted to verify the above theories. The experimental 

flume is a 180 degree, 1 m wide, 0.8 m deep and 40 m long channel bend. The radius of 
curvature of the channel center line is 4 m. Three different sediment concentrations, 0%, 1%, 
and 3% by volume were used for fixed bed conditions. Another three concentrations, 0%, 0.7% 
and 1.4% by volume, were used for movable bed conditions. The suspended material used was 
Kaolin with mean grain size equals to 0.004 mm. The average flow conditions at the channel 
centerline are listed as follows: depth = 0.138 m, average velocity = 0.53 m/sec, bed slope 
= 0.00085 and Reynolds number = 81,000. The velocity is measured with a two-component 
electromagnetic meter and suspended samples were taken by a siphon tube. 

The results show that the suspended sediment is fairly uniformly distributed in the vertical 
and lateral directions. This is due to the smalhiess of the suspension index, w,/u*. The typical 
secondary current profiles are shown in Fig. 2. The secondary' current profile were not strongly 
influenced by sediment concentrations due to the small a;,/u« value and low concentrations. 
Smaller experimental flumes and coarser suspended materials can produce better experimental 
data. 

Results and Discussions 
Sensitivity analyses were performed to investigate the effect of coefficients a, and ü/u* 

on the longitudinal and transverse velocity profiles. The effects of coefficient a are shown 
in Figures 1 and 3 respectively. The coefficient a can reflect the downward shiftment of the 
maximum velocity, and if a is large enough, it will generates inward movement of the secondary 
current near the free surface. 

The effects of a/u« are shown in Fig. 4. It shows that the strength of the secondary 
current increases as ö/u« increases. 

The effects of concentration on the secondary currents are shown in Fig. 5. The strength 
of the secondary current increases as the sediment concentration increases. According to the 
field data taken from the Yellow River (Chien et. al. 1987), the sediment concentration at the 
inside bend is larger than that of the outside bend. Hence the secondary current is affected 
more at the inside bend. 

Conclusions 
1. The coefficient a can reflect the downward shiftment of the maximum velocity and if a is 

large enough, it will induce the inward movement of the secondary current near the free 
surface. 

2. The strength of the secondary current increases as o/u* increeises. 
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3. The strength of the secondary current increases as the sediment concentration increases. 
4. The influence of the suspended sediment can not be reproduced in the experiments with 

fine suspended material and low concentrations. 
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S I M I L A R I T Y S T U D Y O F S E D I M E N T T E S T I N D A T E N G X I A R E S E R V O I R 
Y i n H o n g c h a n g a n d Y u a n R u n b a o 

S c i e n t i f i c r e s e r c h i n s t i t u t e o f S h o n g - L i a o W a t e r R e s o u r c e s c o m m i t t e e P . R C h i n a 

A b s t r a c t 

T o c o u n t e r t h e s e d i m e n t p r o b l e m o f D a t e n g x i a r e s e r v o i r , t h e t e s t d i s c u s s e d i n 
t h i s p a p e r i m i t a t e d m o v e m e n t o f s u s p e n d e d a n d b e d l o a d i n o n e m o d e l . I n t h e d e s i g n 
o f t h e m o d e l , a c c o r d i n g t o t h e p r i n c i p l e o f g e o m e t r y s i m i l a r i t y , c u r r e n t m o v e m e n t 
s i m i l a r i t y a n d s e d i m e n t m o v e m e n t s i m i l a r i t y , t h e m o v e m e n t o f s u s p e n d e d a u d b e d 
l o a d w a s i m i t a t e d a t t h e s a m e t i m e u s i n g t h e s a m e m a t e r i a l . A l s o t h e s i m i l a r i t y o f 
f l o c c u l a t i o n o f s u s p e n d e d l o a d w a s i m i t a t e d . T h e b e t t e r r e s u l t h a s b e e n o b t a i n e d 
i n t h e i m i t a t i o n o f m o v e m e n t o f c u r r e n t a n d s e d i m e n t . T h e d i s i g n w a y i n t h i s 
t e s t c a n b e c o n s u l t e d f o r s e d i m e n t t e s t o f o t h e r r e l a t e d , p r o j e c t 

1 I n t r o d u c t i o n 

I n o r d e r t o s t u d y s e d i m e n t p r o b l e m o f D a t e n g x i a p r o j e c t , t h e s e d i m e n t m o d e l t e s t 
w a s d e v e l o p e d . T h e g r e a t a t t e n t i o n s h o u l d b e p a i d t o t h e d e p o s i t i n g l a w o f s e d i m e n t 
i n t h e a p p r o a c h c h a n n e l , r e g i m e o f f l o w w h e n f l e e t c o m e i n o r o u t t h e g a t e 
o f a p p r o a c h c h a n n e l , t h e i n f l u e n c e o f b e d l o a d t r a n s p o r t a t i o n t o i n t a t e o f t h e p o w e r 
s t a t i o n a n d t h e d i s t r i b u t i o n l a w o f s e d i m e n t i n t h e r e s e r v o i r . T h e r e f o r e , t h e 
s i m l a r i t y o f r e g i m e o f f l o w , v e l o c i t y d i s t r i b u t i o n a n d s e d i m e n t m o v e m e n t m u s t 
b e g u a r a n t e e d i n t h e t e s t . 

2 S i m i l a r i t y o f r e g i m e o f f l o w a n d v e l o c i t y d i s t r i b u t i o n 

2 . 1 M a i n c h a r a c t e r i s t i c o f t h e r i v e r r e a c h t e s t e d 

( a ) F l o w s t r u c t u r e i s v e r y c o m p l e x a n d r e g i m e o f f l o w c h a n g e a l o n g t h e r i v e r 
i s v e r y s h a r p 

D a t e n g x i a p r o j e c t i s s i t u a t e d i n t h e v i c i n i t y n f t h e e x i t o f g o r g e . T h e 
t o p o g r a p h y i s v e r y s p e s i f i c i n t h i s r e a c h . T h e r i v e r r e a c h h a s a 9 0 - d e g r e e b e n d . 
T h e d e f l e c t i n g s t o n e s o f t w o b a n k e x t e n d i n t o t h e r i v e r . T h e r e a r e s o m e s t o n e s a n d 
r o c k b e a m s i n t h e m a i n b e d . T h e r e i s a p o o l o f 7 1 . 5 m d e e p i n t h e b o t t o m o f t h e b e d . 
A l l o f t h o s e d e t e r m i n e c h a r a c t e r i s t i c t h a t m a i n f l o w m o v e s a l o n g t h e r i g h t b a n k a n d 
t h e r e a r e s o m e c o m p l e x r e g i m e o f f l o w w h i c h a r e b u b b l e , w h i r l p o o l , c u r r e n t 
l i k e s c i s s o r s , r e f l o w a n d s o o n . T h e r e a r e s o m e s t n e s l i k e s p u r d i k e o n t h e l e f t 
b a n k a f t e r t h e g o r g e . I t n o t o n l y p r o t e c t t h e l e f t b a n k , b u t a l s o f o r c e s t h e m a i n 
f l o w a n d t h e d e e p c u r r e n t f l o w i n g a l o n g t h e r i g h t h a n k . I n t h e e x i t o f t h e g o r g e , 
t h e r e i s t h e t r i b u t a r y n a m e d G a n w a n g r i v e r . T h e c u r r e n t s u d d e n l y d i f f u s e s i n t h e 
t e s t r e a c h . 

( b ) T h e r o u g h n e s s o f u p s t r e a m a n d d o w n s t r e a m o f t h e d a m s i t e i s v e r y d i f f e r e n t 
i n t h e t e s t r e a c h 

B e c a u s e o f t h e r e s i s t a n c e i n f l u e n c e o f p a r t i a l t o p o g r a p h y , t h e r o u g h n e s s o f 
u p s t r e a m i s c o m p a r a t i v e l y l a r g e , n = : O . O Ï 0 . 1 2 3 - t h e d o w n s t r e a m o f t h e d a m s i t e 
g r a d u a l l y b e c o m e s o p e n . n = 0 . 0 4 0 . 0 6 , h a v i n g c h a r a c t e r i s t i c o f m o u n t a i n s t r e a m . 

2 . 2 D e s i g n p r i n c i p l e o f t h e m o d e l 

I n o r d e r t o m a k e r e g i m e o f f l o w a n d v e l o c i t y d i s i r i b u t i o n s i m i l a r , t h e 
f o l l o w i n g p r o b l e m m u s t b e c o n s i d e r e d 

( a ) T o a d o p t u n d i s t o r e d m o d e l i n o r d e r t o g u a r a n t e e g e o m e t r y s i m i l a r i t y 
B e c a u s e c u r r e n t s t r u c t u r e i s v e r y c o m p l e x i n t h i s r e a c h , t h e b o u n d a r y c o n d i t i o n 
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o f t h e r i v e r g i v e s a l a r g e i n f l u e n c e t o t h e c i r c u l a t i o n a n d b u b b l e s t r u c t u r e . I t 
i s v e r y d i f f i c u l t t o e x p r e s s t h i s i n f l u e n c e e l e m e n t b y t h e o r e t i c a l f o r m u l a s . 
T h e r e f o r e , g u a r a n t e e i n g g e o m e t r y s i m i l a r i t y a n d a d o p t i n g u n d i s t o r e d m o d e l i s a 
i m p o r t a n t c o n d i t i o n t o g u a r a n t e e r e g i m e o f f l o w a n d v e l o c i t y d i s t r i b u t i o n s i m i l a r i t y 

( b ) T o m e e t t h e s i m i l a r i t y o f r a t i o o f i n i t i a l t o g r a v i t y a n d r a t i o o f 
r e s i s t a n c e t o g r a v i t y . 

T h e p l a n e c u r r e n t m o v e m e n t e q u a t i o n s a r e 

SVx aVx Vx 
V x -Vy = 9 Jx 

d x 3y c ' h 

3Vy 3Vx Vy 
Vx - V y = 9 J> 

a x a y c ' h 

i n w h i c h 
Vi v e l o c i t y 
J : s l o p e 
c : c h e z y c o e f f i c i e n t 
h : d e p t h o f w a t e r 
g : a c c e l e r a t i o n o f g r a v i t y 
t h e f o l l o w i n g c a n b e o b t a i n e d 
A V = A , " ' ( 1 ) 
A n = A ; - ' ' ( 2 ) 
w h e r e 

s c a l e 
r o u g h n e s s 
l e n t h 

T h e g e o m e t r y s i m i l a r i t y p r o v i d e s m a i n c o n d i t i o n f o r t h e s i m i l a r i t y o f r a t i o o f 
i n i t i a l t o g r a v i t y . T o g u a r a n t e e t h e s i m i l a r i t y o f r e g i m e , o f f l o w a n d v e l o c i t y 
d i s t r i b t i o n , t h e s i m p l e m u l t i p l e r o u g h n e s s s i m i l a r i t y i s n o t e n o u g h . T h e s i m i l a r i t y 
o f r o u g h n e s s d i s t r i b u t i o n a l o n g t h e r i v e r w i d t h a n d t h e s i m i l a r i t y o f r o u g h n e s s o f 
b e d a n d b a n k o f t h e r i v e r m u s t b e g u a r a n t e e d . T h e p a r t i a l r e s i s t a n c e l o s s c a u s e d b y 
t h e p a r t i a l t o p o g r a p h y i s i m p o r t a n t p a r t o f r e s i s t a n c e l o s s i n t h e r i v e r r e a c h 
t e s t e d , e s p e c i a l l y i n t h e u p s t r e a m r i v e r r e a c h o f t h e d a m s i t e . T h e r e f o r e , i t i s a 
i m p o r t a n t e l e m e n t t o r e a c h t h e s i m i l a r i t y o f r a t i o o f r e s i s t a n c e t o g r a v i t y t h a t 
p a r t i a l t o p o g r a p h y i s s i m i l a r t o p r o t o t y p e i n t h e d i s i g n o f t h e m o d e l . 

2 . 3 C o n t r a s t t e s t 

I n o r d e r t o c h e c k t h e s i m i l a r i t y o f t h e r e g i m e o f f l o w , t h e v e r i f y i n g t e s t h a s 
b e e n m a d e . 

( a ) C o n t r a s t o f t h e r e g i m e o f f l o w b e t w e e n p r o t o t y p e a n d m o d e l 
W h e n Q = 5 8 0 0 m ' . s t h e m a i n f l o w m o v e s a l o n g t h e d e e p t r o u g h o n t h e r i g h t 

b a n k a f t e r t h e g o r g e , r r a n w a n g r i v e r d o n o t d i v i d e t h e c u r r e n t . T h e w a t e r d e p t h u p 
t h e s h o a l i s v e r y s h a l l o w . F l o w d r o p s a n d t h e r e g i m e o f f l o w b e t w e e n m o d e l a n d 
p r o t o t y p e i s v e r y s i m i l a r i n t h e p l a c e o f d e e p s l o p e . W h e n Q = 2 4 1 0 0 m' s . b e c a u s e 
o f t h e i n f l u e n c e o f t w o b a n k i n t h e b e n d o f t h e r i v e r , t h e c u r r e n t s e p e r a t e s o n e s e l f 
f r o m b o u n d r y o b v i o u s l y a n d f r o m a l a r g e f l o w l i k e s c i s s o r s . T h e f l o w r o l l a n d f o a m 
v e r y v i o l e n t i n t h e d e e p p o o l r e g i o n . L a r g e r a n g e b u b b l e r e g i o n o c c u p y 2 3 o f t h e 
r i v e r w i d t h . T h e r e i s a l a r g e r a n g e r e f l o w d o w n s t r e a m t h e G a n w a n g r i v e r m o u t h . T h e 
m a i n s t r a m c o n c e n t r a t e i n t h e r i g h t b a n k . T h e r e g i m e o f f l o w o f p r o t o t y p e i s 
s i m i l a r t o m o d e l . I t c a n b e s e e n i n F i g . l . 
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rei j i i i i i of hi ihlt l i i iy v o r t e x lltl / ^ l l 

Kif). I. (idfliiiarisoiis of flow i:utif l it iun and i l i s l r i l m 

iuiil i l i s t r i l i i i t ion of vo lo i i l y iielwoen 

Iho nmU'.l and tiio p r o t o t y p p . 

—1 

' ?) : "i) 14) 

1 I - 1 
1 

11-11 

VpCm^s) 2.H 3.3 ; 3.6 4.2 
-

3.2 

3. 2 

1 I - 1 
1 

11-11 

VBK m r s ) 2.6 3. 2 3.5 4.2 

-

3.2 

3. 2 

1 I - 1 
1 

11-11 
Vp( tü /s ) 2.3 3.4 3.6 4.3 ,'2.3 

1 I - 1 
1 

11-11 
VniC i n ' s ) 2.1 3.1 '3.3 4.4 

4.5 

4.(1 

2.3 

4.1 1 

' 111 - 111 
VpCni, s : 3, 1 3.T : 4.5 

i.l 4.0 

4.4 

4.5 

4.(1 

2.3 

4.1 1 

' 111 - 111 
V'mCm. s ) 3. 1 

3.T : 4.5 

i.l 4.0 

4.4 

4.5 

4.(1 

2.3 

4.1 

IV - IV 
: arid 

V - V 

VpCnt-s; 2. 2 3.3 IV - IV 
: arid 

V - V 1.7 
1 

3.Ï 

( b ) C o n t r a s t o f t h e v e l o c i t y i n t h e s u r f a c e b e t w e e n p r o t o t y p e a n d m o d e l 
T h e f l o w d i s o r d e r s a n d m o v e s r a p i d l y i n t h e f l o o d p e r i o d . W h e n Q = 24100m'- s , t h e 

c o n t r a s t o f v e l o c i t y i n t h e s u r f a c e b e t w e e n m o d e l a n d p r o t o t y p e c a n b e s e e n i n 
F i g . 1. 
T h e v e l o c i t y t l i s t r i b u t i o n i s s i m i l a r , 

( c ) C h e c i ; o f r o u g h n e s s 
W h e n Q = 5 3 0 0 m' s . t h e r o u g l i n e s s o f d e e p t r o u g h w a s c h e c k e d . W h e n Q : = 1 1 1 6 0 m'..-s, 

1 1 5 2 0 in' s ; t h e r o u g h n e s s o f t h e r i v e r w h e n c u r r e n t o v e r f l o w w a s c h e c k e d . W h e n 
Q - 3 3 6 0 0 m'. s , t h e r e s i s t a n c e c o n d i t i o n o f w h o l e s e c t i o n i n c l u d i n g s h o a l w a s 
c h e c k e d . T h e s i m i l a r i t y o f w a t e r s u r f a c e i s v e r y g o o d t h r o u g h t h e t e s t 
r e l e a s i n g w a t e r r e p e a t e d . I t c a n h e s e e n i n F i g . 2 ' . I t m e e t s t h e d e m a n d o f 
r e s i s t a n c e s i m i l a r i t y . 

Ipv.. 1 

Z ( . ) 
Jirntulypi. 

lolrl 

I ' ig. 2. Compar isons of h y d r a u l i c grade t ine hetween model arid p i o l o t y p e 

uinil | , ( „ 

il i ^ I dnce 

T h e ^ s i m i l a r i t y o f v e l o c i t y d i s t r i b u t i o n a n d r e g i m e o f f l o w e s t a b l i s h a 
f o u n d a t i o n f o r t h e s i m i l a r i t y o f t h e s e d i m e n t m o v e m e n t . I n o r d e r t o s t u d y t h e 
s e d i m e n t p r o b l e m o f t h e p r o j e c t , t h e s i m i l a r i t y o f s e d i m e n t m o v e m e n t i s n e c e s s a r y . 

3 S i m i l a r i t y o f s e d i m e n t m o v e m e n t 

3 . 1 D e s i n g p r i n c i p l e 

S c o u r i n g a n d d e p o s i t i n g o f e a c h s i z e s e d i m e n t i n t h e r i v e r i s e n t i r e t y 

- 1 1 B . 2 7 -



o f o n i t y . I t i n f l u e n c e s a n d r e s t r i c t s e a c h o t h e r . I n o r d e r t o s o l v e t h e p r a c t i c a l 
p r o b l e m o f p r o j e c t b e t t e r . i t i s n e c e s s e r y t o d e p l i c a t e m o v e m e n t o f e a c h 
s i z e s e d i m e n t i n o n e m o d e b t h a t i s t o d o s y n t h e t i c a l t e s t o f s u s p e n d e d a n d b e d 
l o a d i n o n e m o d e l . 

T h e s e d i m e n t o f t h e r i v e r r e a c h t e s t e d c o m e s p r i n c i p a l l y i n t h e f l o o d p e r i o d . 
T h e r u n o f f i n t h e f l o o d p e r i o d o c c u p y IQH o f r u n o f f i n t h e w h o l e y e a r . T h e 
s e d i m e n t i n t h e f l o o d p e r i o d o c c u p y 9 5 * ' t o f t h e s e d i m e n t i n t h e w h o l e y e a r . T h e 
m e d i a n d i a m e t e r o f s u s p e n d e d l o a d d . ^ = 0 . 0 2 3 mm. T h e s a n d b e d l o a d d „ = 0 . 2 9 m, 
t h e c o b b l e b e d l o a d d „ = 3 1 mm. B e c a u s e t h e i l i a m e t e r o f s u s p e n d e d l o a d i s t o o 
s m a l l , f l o c c u l a t i o n i n t h e r i v e r w a t e r i s v e r y v i o l e n t . T h e a t t e n t i o n m u s t b e p a i d 
w h e n i m i t a t i n g . 

T h e c o m m o n d i s e q u i l i b r i u m f o r m u l a o f t r a n s p o r t i n g s e d i m e n t a r e 

d s a-w 
= ( S - S ' ) 

d x q 

i n w h i c h 
S : a v e r a g e c o n t e n t o f s e d i m e n t 
S * t t r a n s p o r t i n g s e d i m e n t a b i l i t y o f t h e f l o w 
a : c o e f f i c i e n t 
q : d i s c h a r g e o f u n i t w i d t h 
w : s i n k i n g v e l o c i t y 
I t c a n b e o b t a i n e d t h a t s u s p e n d e d l o a d s i m i l a r i t y m u s t m e e t 

( 1 ) s u s p e n s i o n s i m i l a r i t y c o n d i t i o n / w = A v ( 3 ) 
( 2 ) t r a n s p o r t i n g s e d i m e n t s i m i l a r i t y c o n d i t i o n A . s = X s * ( 4 ) 
( 3 ) t i m e s c a l e o f s c o u r i n g a n d d e p o s i t i n g 

A ;''A r ' 
/• , = ( 5 ) 

A s 

r ' ; u n i t d r y w e i g h t 
t I t i r a e 

A s t o h e d l o a d , i t m u s t m e e t 
( 4 ) c r i t i c a l s i m i l a r i t y c o n d i t i o n A > ^ = / v ( 6 ) 
E q u a t i o n o f v a r a t i o n o f t h e r i v e r b e d c a u s e d b y b e d l o a d i s 

= - r ' 
a x 3t 

i n w h i c h 
q,^; s e d i m e n t d i s c h a r g e o f i m i t w i d t h 
T h e t i m e s c a l e o f s c o u r i n g a n d d e p o s i t i n g c a n b e o b t a i n e d 

A,..A, A , 
A t . = 

T h e s c a l e s o f t h e m o d e l c a n b e o b t a i n e d t h r o u g h t h e c a l c u l a t i o n . l t c a n b e 

s e e n i n t a b l e i . 
T h e r e i s a q u a n t i t a t i v e i n t e r c h a n g e b e t w e e n b e d l o a d a m i s u s p e n d e d l o a d . 
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Table I . nuiber of each scale 

Ilea 
scale 
name 

scale 
symbol number Ilea 

scale 

naiie 

scale 
sysbol 

number 

geoaetry geometry I i ; o cobble diameter ) d 4.3 3 

Velocity A V 12. 23 
bed load 

transport rate 
per uni t width A 3 , 148 

roughness >.n 2.303 

bed load 
tiae of 

scouring silt A 1̂  433 

suspended 
load 

diauetcr >• d 0 . 5 4 coarse d i aae t e r ^ A d 0 . 6 4 

suspended 
load settling A W ; ^• grain transport rate 

per uni t width 3< 140 

cri tical 
veloci ty > 12. 23 bed load tiae of 

scouring silt ' A t , 330 

sediiient 
concentralion 

>• s C . O U ö d e r s i t . . ' velocity ! >• 'J 1 2 . 2 3 

time of / t , J 3 3 time of : A 330 

scouring silt scouring silt 

I n o r d e r t o m e e t i n t e n r h a n g e c o n d i t i o n a n d s i m i l a r i t y o f s h a p e v a r i a t i o n o f 
s o u r i n g a n d d e p o s i t i n g , t h e m o d e l s a n d o f s a m e m a t e r i a l m u s t b e a b o p t e d , 
t h a t i s p o l y s t y r e n e p l a s t i c b a l l w h i c h s p e c i f i c g r a v i t y i s 1 . 0 5 I ' m ' , F o r m t h e 
s i n k i n g v e l o c i t y a n d c r i t i c a l t e s t . I t c a n b e s e e n t h a t m o d e l s a n d m e e t s t h e 
s i m i l a r i t y o f c r i t i c a l a n d s i n k i n g . 

A f t e r r e s e r v o i r i s c r e a t e d , s u s p e n d e d l o a d w i l l f l o c c u l a t e a n d d e p e s i t i n 
t h e u p s t r e a m a p p r o a c h c h a n n e I . T h e r e f o r e , t h e s a n d m u s t b e a d d e d a c c o d i n g t o g r a d e 
c u r v e a f t e r s u s p e n d e d l o a d f l o c c u l a t e d w h e n t e s t i n g ( s e e n i n F i g . 3 ) . . ^ l ] . 

5 III 

\ 

N S 

\ 
\, 

\ \ 
\ \ 

\ ..pi.ii.i 1 1.11. 

I V, 

[ le s ill li • 
\ 

lul 1 
\ 
\ 

1̂ 

\ 
\ 

llil 
\ 

1 Ul J ll<m jg f IIJI .• 

\ 

I''i!i.3. p a r l i i le s i z e ili s I r ihut ion c u r v e s of suspend l o a d , o f f Im i i i t a t ion ac) ! j r f ( )a le ,of p l a s t i c 

peI t e t s in lhe mode I. 

3 . 2 S e d i m e n t v e r i f i c a t i o n t e s t 

I n o r d e r t o c h e c k t h e c o r r e c t i o n o f s e l e c t i n g s a n d i n t h e m o d e l , m o d e l t e s t w a s 
d o n e a c c o r d i n g t o w a t e r a n d s e d i m e n t p r o c e s s i n t h e p r o t o t y p e . 

( a ) C o n t r a s t o f s c o p e a n d v o l u m e o f s c o u r i n g a n d d e p o s i t i n g b e t w e e n m o d e l a n d 
p r o t o t y p e 

F r o m t h e t e s t , t h e r e a r e t w o s t a b l e d e p o s i t i n g d i s t r i c t w h i c h a r e a r o u n d 
G a n w a n g r i v e r m o u t h a n d f r o m 5 0 ' t o 6 4 ' s e c I i o n , d e p o s i t i n g a p p e a r w h e n d i s c h a r g e 
i s s m a l l , a n d s c o u r i n g a p p e a r w h e n d i s c h a r g e i s l a r g e ( Q > 2 0 0 0 0 m' s ) . F r o m 3 5 ' t o 
4 9 ' s e c t i o n , s c o u r i n g a n d d e p o s i t i n g o n t h e s h o a l i s s i m i l a r t o p r o t o t y p e , d e p o s i t i n g 
v o l u m e i s s m a l l w h e n d i s c h a r g e i s s m a l l , a n d s c o u r i n g v o l u m e i s U r g e w h e n d i s c h a r g e 
i s l a r g e . T h e p h e n o m e n o n o f s c o u r i n g a n d d e p o s i t i n g i s v e r y o b v i o u s . B e s i d e s , t h e r e 
a r e s o m e d e p o s i t i o n i n t h e r e f l o w d i s t r i c t f o r m e d b y t h e i n f l u e n c e o f r i v e r b a n k . 
T h e s c o p e a n d s e c t i o n v a r i t i o n o f s c o u r i n g a n d d e p o s i t i n g b e t w e e n m o d e l a n d 
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p r o t o t y p e i s b a s i c a l l y s i m i l a r ( s e e n i n F i g . 4 ) . T h e d e p o s i ' t i n g v o l u m e o f e a c h 
d i s t r i c t i s v e r y c l o s e . 

( b ) V e r i f i c a t i o n o f s u s p e n d e d a n d h e d l o a d m o v e m e n t 
B e c a u s e o f a c t i o n t h a t c u r r e n t r o l l a n d f o a m i n t h e b u b b l e r e g i o n , t h e 

d i s t r i b u t i o n o f s e d i m e n t i s v e r y e v e n i n t h e e x i t o f t h e g o r g e . T h e l o w e r i t i s . t h e 
l a r g e r t h e s e d i m e n t c h a r g e d i f f e r e n c e b e t w e e n r i g h t a n d l e f t b a n k i s , w h i c h c a n 
r e a c h 2 o r 3 t i m e s . I t c a n b e k n o w n t h a t b e d s e d i m e n t m o v e s a l o n g t h e d e e p t r o u g h i n 
t h e r i g h t b a n k . T h i s c o r r e s p o n d s t o n a t u r a l s i t u a t i o n . 

4 C o n c l u d i n g r e m a r k s 

4 . 1 B e c a u s e o f t h e c h a r i c r i s t i c o f t h e r i v e r r e a c h t e s t e d , a d o p t i n g u n d i s t o r e d m o d e l 
a n d p a y i n g a t t e n t i o n t o p a r t i a l t o p o g r a p h y p r o v i d e i m p o r t a n t c o n d i t i o n f o r 
g u a r a t e e i n g t h e s i m i l a r i t y o f c u r r e n t m o v e m e n t e s p e c i a l l y s i m i l a r i t y o f t h e r e g i m e 
o f f l o w a n d v e l o c i t y d i s t r i b u t i o n o u t o f t h e g a t e o f a p p r o a c h c h a n n a l . T h e t e s t h a s 
s h o w n t h a t c u r r e n t m o v e m e n t i n t h e m o d e l i s s i m i l a r t o t h a t i n t h e p r o t o t y p e . 

4 . 2 S o l o n g a s c u r r e n t , s u s p e n d e d l o a d a n d b e d l o a d a l l m e e t t h e s i m i l a r i t y o f 
g r a v i t y , r e s i s t a n c e , c r i t i c a l S i n k i n g t r a n s p o r t i n g s e d i m e n t , t i m e s c a l e o f s u s p e n d e d 
a n d b e d l o a d a n d d e n s i t y c u r r e n t , a n d t h e m o d e l s a n d i s s a m e m a t e r i a l , t h e 
s c o u r i n g a n d d e p o s i t i n g o f s e d i m e n t c a n b e i m i t a t e d i n o n e m o d e l . 

4 . 3 A c r o r d i j i g t o c h a r a c t e r i s t i c o f t h e p r o j e c t a n d t h e r i v e r r e a c h t e s t e d , t h e t e s t 
h a s s h o w n t h a t d e s i g n o f m o d e l a n d s e l e c t i o n o f s a n d a r e r e a s o n a b l e . I t c a n m a k e 
f l o v , r o n d i t i o n I n c l u d i n g r e f l o w a n d b u b b l e s i m i l a r t o p r o t o t y p e . I t c a n r e p e a t 
m o v e m e n t l a w o f s u s p e n d e d a n d b e d l o a d , t h e p l a c e a n d v o l u m e o f s e c u r i n g a n d 
d e p o s i t i n g a r e s i m i l a r t o p r o t o t y p e p r a c t i c a l l y . 

T h e c o r r e c t i o n o f m o d e l d e s i g n a n d s e l e c t i n g s a n d p r o v i d e f a v o u r a b l e 
c o n d i t i o n f o r t h e s t u d y o f s e d i m e n t p r o b l e m o f T a t e n g x i a p r o j e c t . 

R e f e r e n c e s 

; i ; Y i n H o n g c h a n g a n d Y u a n r u n b a o , " A n a l y s i s a n d S i m u l a t i o n o n S u s p e n d e d L o a d 
F l o c c u l a t i o n i n D a t e n g x i a R e s e r v o i r " 
P r o c e e d i n g s o f 6 t h C o n g r e s s o f t h e A P D - l A H R , 1 9 3 3 , 1 . 

-11B.30-



Session 12A 

Density Currents 





THE INTERNAL HYDRAULICS OF TUNNELLED OUTFALLS 
LESSONS FROM THE MODEL STUDIES OF THE SYDNEY OUTFALLS 

by D L Wilkinson 
Water Research Laboratory, University of New South Wales 

Manly Vale NSW 2093 Austraha 

Introduction 

The ability to successfully purge seawater from an ocean outfall is a basic design 
requirement. Failure to do so wiU cause forced circulation of seawater through the diffuser 
section of the outfaU which at the very least wül result in substantial hydraulic inefficiency 
and at the worst lead to partial or complete blockage of sections of the diffuser due to 
accumulation of sediment and/or marine growth. Purging capability is required at 
commissioning of the outfall and foUowing any subsequent shut-down of effluent infiow 
causing seawater to intrude into the risers. 

An outfall wiU purge itself of seawater when the effluent flow reaches a critical value. This 
flow rate increases as the half power of the length of the risers. Once an outfall has been 
purged of seawater, the ports themselves become the intemal control points for any 
subsequent intrusion of seawater. Port velocities can typically reduce by an order of 
magnitude below that required for purging before the outfall wil l again become flooded with 
seawater. 

The purging capability of outfalls has only become an issue over the past decade following 
the construction of turmelled outfalls with risers which are very much longer than those of 
conventional outfaUs. 

This paper examines various strategies which were investigated as a means of minimising 
the effluent discharge required to purge seawater from ocean outfalls. The studies formed a 
component of the hydraulic model investigations associated with the Sydney Ocean Outfalls. 
Before proceeding further however, the purging criterion is briefly reviewed. 

Purging Criterion 

The geometry of a typical turmeUed outfall is shown in Figure 1. The first section of the 
tunnel is steeply inclined to a point of maximum depth which is determined by geological 
integrity of the surrounding strata, thereafter the tunnel gently slopes upwards to facilitate 
dewatering of the tunnel during construction. The tunnel terminates at a riser section 
through which the effluent is conveyed to seabed diffiasers from where it is finally 
discharged into the ocean. 

Purging of the outfall consists of several phases. Firstly there is the displacement of 
seawater from the incline [Figure 1(a)], on reaching the bottom of the incline the effluent 
flows along the gently sloping section of the tunnel [Figure 1(b)]. The buoyancy of the 
effluent wi l l tend to produce a layered flow however behind the front where the layer depth 
is determined by friction, the effluent may occupy the fuU depth of the tunnel i f the flow 
exceeds a certain value. On reaching the riser section of the tunnel, effluent wi l l flow into 
some risers while ofliers remain filled with seawater [Figure 1(c)]. It is at this stage that 
seawater may commence to circulate through the riser section of the outfaU. The presence 
of relatively buoyant effluent in a riser causes a reduction in the hydrostatic pressure at the 
bottom of that riser compared with the pressure at the bottom of a riser which still contains 
seawater. The magnitude of this pressure differential 5p is given by 
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8p = Po - pe gh 

in which Po 
Pe 

g 
h 

seawater density 
effluent density 
gravity 
height of die riser 

This pressure differential causes a downward flow in the riser containing the seawater which 
wiU then mix with effluent in the tunnel before returning to the ocean through the 
discharging risers. Only when the dynamically and frictionally induced pressure drop 
through the discharging riser-diffuser combination is sufficient to offset the densimetric 
pressure difference wfl l the seawater cease to circulate. The purging criterion can therefore 
be expressed as 

Po gh = Q 
PeV^ 

in wtiich C L 

V 

combined friction and dynamic loss coefflcient 
for the riser-diffuser combination 
mean velocity of discharge through the diffuser ports 

A relationship of this form was first put forward by Munro (1981) and has been verified in 
subsequent experimental studies [Wilkinson (1984, 1985)]. For the purposes of the 
foUowing discussion the purging criterion is most conveniently describied in teims of the 
exit velocity from the diffuser ports when it becomes 

1/2 

(1) 

where 

V = 

A = 

2 A g h 

C L 

/Pe 

Recent major tunneUed outfaUs have risers some 50 m to 60 m in length and with 
A = 0.026 for typical densities of seawater and effluent and C L of order unity, Eq. 1 
indicates that port velocities in excess of 5 m/s are required to purge these outfaUs. Port 
velocities of between 10 m/s and 15 m/s are generaUy recognised as Üie maximum for 
deepwater outfaUs where replacement of worn nozzles is a difficult and cosUy exercise. 
Consequenüy purging of the outfaUs requires an effluent inflow of between one third and 
one half of the design maximum and such flows may not be achieved on a regular basis. 
This is particularly true i f there is significant stormwater flow into a sewage system. 
Consequently means by which purging can be achieved at reduced flow rates are weU worth 
investigation. 

Strategies for Facilitating Outfall Purging 

Single riser outfalls 

Purging of high riser outfaUs would be much facihtated i f there were only a single riser in 
which case the work by Jorg and Scorer (1952) and Wilkinson (1989) has shown that 
seawater would be displaced from the riser when a densimetric Froude number based on the 
diameter and mean velocity in the riser attained a value of order unity. For a single riser 
outfaU with a diameter of say 2 m, this would amount to purging at a comparatively modest 
velocity of about 0.7 m/s in the riser. The remainder of the outfaU could be of conventional 
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design utilising much lower port velocities tiian would be employed on a multi-riser outfall. 
Construction of tiie diffuser section for such an outfall in deep water does pose problems 
however. 

Premixing of the effluent with seawater 

It can be seen from Eq. 1 tiiat a reduction of the buoyancy of tiie effluent which can be 
produced by mixing it with seawater before it reaches tiie risers, wUl result in a lower 
purging velocity. This reduction in die buoyancy of tiie effluent can be produced in a 
number of ways. 

Salt water can be pumped into the outfaU witii tiie effluent during initial purging and once 
tills is completed tiie pumped flow of seawater can be graduaUy shut down. The 
disadvantage of this method is the cost associated with the seawater pumping facility which 
would only ht used intennittentiy. In fuUy pumped systems premixing may be cost 
effective in tiiat larger port sizes could be adopted tiiereby saving in ongoing pumping 
costs. AdditionaUy tiie premixing pumps could be used as booster pumps during periods of 
high effluent inflow. 

Mixing devices in the tunnel 

Charlton (1985) has advocated tiie use of a horizontal contraction of the tunnel waUs to 
form a venturi just upstream from the riser section of an outfaU tunnel, as shown in 
Figure 2. The original purpose of tiie venturi was to inhibit seawater intrusion into the 
tunnel at extremely low rates of effluent flow once seawater had intruded into tiie difiusers. 
Such a device was tested in Sydney OutfaU studies and it was found to be of minor 
assistance with purging at one outfaU (Malabar) where because of tiie relatively large tunnel 
cross-section, layered flow persisted in the tunnel even after tiie riser section itself had 
purged. 

The salt water residing in tiie tunnel after initial purging of the risers was slowly entrained 
into tiie upper effluent layer and eventuaUy aU of die salt water was removed. It was found 
that at flow rates which were appreciably less tiian die purging flow for this outfaU, the 
venturi began to function as an intemal control and an intemal hydraulic jump formed 
downstream of the venturi, as shown in Figure 3. Entrainment of seawater into this jump 
caused a reduction of tiie buoyancy of effluent and a reduction of between 4% and 10% in 
tiie purging flow, depending on the form of tiie effluent hydrograph. The effect of the 
venturi was most pronounced when the starting flow was close to tiie purging flow. Under 
tiiese conditions a deeper saline layer existed in the tunnel than was tiie case if the same 
flow rate was achieved through a hydrograph commencing with a much lower starting flow. 
In these circumstances considerable seawater had already been removed from the turmel by 
interfacial entrainment before critical flow developed in the venturi. 

More effective mixing devices than the venturi could have been built into the tunnel, for 
example a helical screw to fuUy invert tiie layers as shown in Figure 4. Some courage 
would be required to instaU such a device in an effluent turmel due to the possibility of 
grease accumulation, restriction of access and tiie increased possibility of blockage. 

Mixing produced by boundary friction in the tunnel 

When the effluent first reached the gentiy inclined section of the tunnel, its buoyancy 
caused it to propagate up tiie incUne towards tiie seaward end of the tunnel. The form of 
tiie intrusive layer depended on tiie rate of effluent inflow. At low rates of inflow a layered 
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flow developed witii the effluent fonning an intnisive layer above the nearly static seawater 
stiU residing in the tunnel. As the effluent inflow increased its layer depth in the tunnel 
increased until ultimately it occupied tiie entire tunnel cross-section. The flow in tiiese 
circumstances was the densimetric equivalent of fuU pipe flow in a culvert witii a simple 
force balance existing between the along slope component of buoyancy and boundary 
friction. This flow state is described by 

1/2 

A g D ^ S o l (2) Of = 
L 32f 

where Qf = flow rate required to first establish 
ful l effluent flow in tiie turmel 

f = tunnel friction coefflcient 
D = tunnel diameter 
So = timnel slope 

Figure 5 shows the form of tiie intrusive layer when the flow rate was less than Qf 
[Q/Qf = 0.71 (crosses)] and when tiie flow rate exceeds Qf [Q/Qf = 1.04 (circles)] and in 
botii instances layered flow existed at the front of tiie intiusion where tiie force balance was 
dominantiy inertia and gravity ratiier than friction and gravity as exists further behind tiie 
front. With Q/Qf = 0.71 tiie effluent layer ultimately became a uniform flow over a nearly 
quiescent seawater layer. With Q/Qf = 1.04 tiie effluent layer ultimately occupied tiie ful l 
tunnel cross-section so tiiat tiie seawater lying beneatii tiie front was pushed forward with 
the front. In this case boundary friction botii above and below the interface produced 
turbulence which caused the interface to become increasingly diffuse as it progressed along 
tiie turmel. Ultimately no clear interface was visible and Üie effluent was difflised across 
the entire tunnel cross-section. The initial depth of the front when it first formed at the 
base of the steeply inclined section was very nearly one half the turmel depth as predicted 
by Benjamin (1968) in his classic paper on the motion of gravity currents. Thus tiie 
mixing of tiie effluent frontal region witii tiie seawater t)elow, caused by tiirbulence due to 
boundary shear,locaUy reduced tiie buoyancy of the effluent by a factor of two. 

This was confirmed by a reduction in the flow required to purge the outfaU by a factor of 
0.68 which compared closely with tiie anticipated reduction of 1/(2)^'^ = 0.71 due to the 
mixing. To take maximum advantage of this mixing process the tunnel diameter should be 
designed so that ful l pipe flow develops when tiie flow rate is 1/(2)^^ that required to 
satisfy tiie purging condition expressed in Eq. 1. However, for the mechanism to be 
effective, it is necessary that the effluent inflow be close to Qf otiierwise tiie outfaU would 
faU to purge. Advantage can only be taken of tiiis means of reducing the purging flow i f 
the effluent inflow can be regulated. 

Conclusions 

A number of means by which the flow required to purge a high riser outfall can be reduced 
were investigated. It was pointed out tiiat i f only a single riser is utiUsed purging would 
generally not be a problem. In multiple riser outfaUs various mechanisms for reducing the 
buoyancy of tiie effluent by mixing with seawater were discussed and while all produced 
some reduction in the purging flow they placed restrictions on how tiie outfaU could be 
operated. These various options should certainly he investigated by outfall designers but 
their limitation carefuUy considered. 
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SEAWATER PURGING OF THE BOSTON WASTEWATER OUTFALL 
by E . E . Adams, D. Sahoo, and C. R. L i r o 

Massachusetts I n s t i t u t e of Technology 
Cambridge, MA 02139 USA 

Abstract 

An 83:1 h y d r a u l i c s ca le model was b u i l t to study the mechanism of 
seawater purging i n the tunnel o u t f a l l designed f o r Boston's new 
sewage treatment p l a n t . Th i s paper d iscusses the model design 
strategy and summarizes model r e s u l t s . Further d e t a i l s are found i n 
Adams et a l . (1990). Under the o r i g i n a l o u t f a l l design an e f f luent 
flow of over 800 mgd would be required to purge the tunnel and a f low 
of over 900 mgd would be required to purge the r i s e r s . These 
requirements f a r exceed average flow r a t e s meaning there would be 
s u b s t a n t i a l i n t e r v a l s when purging was not p o s s i b l e . However, 
construct ion of a tunnel c o n s t r i c t i o n (Venturi sec t ion) j u s t upstream 
from the r i s e r s s u b s t a n t i a l l y reduced the tunnel purging requirement. 
I n combination with the Venturi s ec t ion , a short- term increase i n 
e f f l u e n t flow caused by in termit tent duii5)ing of the ch lor ine -contac t 
tanks s i g n i f i c a n t l y reduced the r i s e r purging requirement. 

Introduct ion 

Ocean o u t f a l l s that extend severa l miles o f f shore and include a 
mult i -port d i f f u s e r are an economical means of e f f l u e n t d i s p o s a l . 
Such o u t f a l l s may be constructed e i ther by tunnel ing , or by lay ing a 
p i p e l i n e i n a trench cut i n the seabed. The former option, which has 
been chosen f o r the Boston o u t f a l l , al lows protec t ion from waves and 
reduces environmental d i s rupt ion during cons truc t ion . There are 
present ly fewer than ten tunneled o u t f a l l s throughout the world, wi th 
s e v e r a l under construct ion or i n design stage, inc lud ing three i n 
Sydney, A u s t r a l i a . 

Severa l e x i s t i n g tunneled o u t f a l l s have not performed w e l l due to 
the f a c t that e f f l u e n t discharges only from some of the r i s e r s . T h i s 
condit ion i s accompanied by seawater i n t r u s i o n into the remaining 
r i s e r s and r e s u l t s from incoit5)lete purging of seawater r e s i d i n g i n the 
tunnel p r i o r to s t a r t - u p . The presence of seawater i n an o u t f a l l 
r e s u l t s i n h y d r a u l i c i n e f f i c i e n c i e s , causing decreased d i l u t i o n with 
ambient r e c e i v i n g water and increased head l o s s . More important ly , 
seawater c i r c u l a t i o n can cause marine b io fou l ing and c o l l e c t i o n of 
sediments i n the tunnel r e s u l t i n g i n p a r t i a l f a i l u r e of some tunnels 
(Bennet 1981, Charl ton 1982). 

The tunnel f o r the new Boston Wastewater Treatment Plant w i l l 
discharge t rea ted e f f l u e n t into Massachusetts Bay (Figure 1) at d a i l y 
average flow r a t e s ranging from 320 to 1270 mgd. Instantaneous ly , 
however, f lowrates as low as 150 mgd may be expected. The tunnel w i l l 
be about 24.3 f t i n diameter and 50,000 f t i n length with a 1:2000 
upward s lope, and w i l l end i n a 6600-ft d i f f u s e r sec t ion with about 55 
r i s e r s (Figure 2 ) . The r i s e r sec t ion w i l l be tapered with decreasing 
cross sec t ion area to allow near-constant tunnel v e l o c i t i e s . The 
decreasing cros sec t ion w i l l be obtained by i n c r e a s i n g the slope of the 
tunnel inver t while l eav ing the s o f f i t slope e s s e n t i a l l y 
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unchanged. Each r i s e r w i l l have a d i f f u s e r cap at the top with eight 
ports per cap. The ports are designed to discharge flow h o r i z o n t a l l y 
with a r a d i a l d i s t r i b u t i o n . The r i s e r s w i l l be connected to the 
bottom of the tunnel and r i s e about 250 f t to the sea f l o o r . 

T h e o r e t i c a l Purging C r i t e r i a 

Purging r e q u i r e s that seawater be d i sp laced from both the tunnel 
and the r i s e r s e c t i o n of the o u t f a l l . Purging of seawater from the 
d i f f u s e r tunnel r e q u i r e s , t h e o r e t i c a l l y , that the tunnel "flow f u l l " 
of e f f l u e n t which should occur i f the flow r a t e i s large enough and 
the tunnel slope i s smal l enough. Under condit ions of uniform pipe 
diameter, Wilkinson (1988) gives t h i s c r i t e r i o n as 

j2D kp/p gs in^l^ TD2 
tun f 4 

where Qtun i s the e f f l u e n t f low, Q i s the tunnel s lope , and D i s the 
tunnel diameter. Thi s c r i t e r i o n i s s i m i l a r to that governing the 
inver ted s i t u a t i o n of having f u l l pipe f low where a i r i s the f l u i d 
being expel led by water. E q . (1) assumes uniform flow and, even i f 
t h i s c r i t e r i o n i s s a t i s f i e d , a sa l twater wedge may s t i l l p e r s i s t 
upstream from the d i f f u s e r sec t ion (gradual ly v a r i e d f low) depending 
on downstream boundary condit ions ( i . e . , depth of s a l t w a t e r at the 
beginning of the r i s e r s e c t i o n ) . 

Purging of an i n d i v i d u a l r i s e r r e q u i r e s t h a t , at the r i s e r 
o f f t a k e , the t \mnel pressure exceed the h y d r o s t a t i c pressure 
a s s o c i a t e d with the weight of seawater above the o f f t a k e (Munro, 1981; 
Brooks, 1988). Using the e l eva t ion of the r i s e r cap as a datum 
(Figure 3 ) , the tunnel pressure head c o n s i s t s of a h y d r o s t a t i c term 
(as soc ia ted with the e f f l u e n t dens i ty) and an i n t e r n a l head l o s s due 
to downstream l o s s e s i n the tunnel and r i s e r s . Hence r i s e r purging 
r e q u i r e s that the i n t e r n a l head l o s s (h^) exceed the differential 

h y d r o s t a t i c pressure head based on the r i s e r height and the d i f f e r e n c e 
i n dens i ty between seawater and e f f l u e n t or ApH/p where H i s the r i s e r 
he ight . The l a t t e r head i s r e f e r r e d to as the Munro head and t h i s 
b a s i c c r i t e r i o n i s known as the Munro C r i t e r i o n , h^ w i l l con^rise 

mainly the e x i t head l o s s at the r i s e r discharge port and w i l l be 
proport iona l to the square of the discharge flow i n each r i s e r , qi , 
i . e . , 

\ = aqi2 (2) 

I f we assume equal f low through a l l r i s e r s , that r i s e r heights are a l l 
equal , that there i s no downward flow through unpurged r i s e r s , and 
that the number of r i s e r s N i s l a r g e , the Munro c r i t e r i o n becomes 

(3) 
ap 

Q i s the Munro flow and a i s a p r o p o r t i o n a l i t y constant wi th 
M 

dimensions of time2/length5. 

I t i s c l e a r that both the tunnel purging c r i t e r i o n (Eq . (1 ) ) and 
the r i s e r purging c r i t e r i o n (Eq. (3) ) invo lve some i d e a l i z a t i o n s 
( e . g . , uniform f low, equal f low through a l l r i s e r s , e t c . ) . Hence the 
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t h e o r e t i c a l formulae require experimental v a l i d a t i o n . Such 
v a l i d a t i o n was a major purpose of the p h y s i c a l model development. 

Hydraul ic Model 

A hydrau l i c model was b u i l t to study the process of seawater 
purging, both i n the r i s e r sec t ion and i n the tunne l . From the outset 
i t was recognized that complete geometric s i m i l i t u d e could not be 
achieved. For one th ing the number of prototype r i s e r s and the exact 
geometry of t h e i r o f f takes and caps was s t i l l being r e f i n e d at the 
time of our study. (See Roberts et a l , , 1989.) Thus our philosophy 
was to design the model to resemble the expected prototype design; to 
study the purging phenomena i n the model ( e . g . , by summarizing the 
observed purging f low as a percentage of a t h e o r e t i c a l v a l u e ) ; and 
then to t r a n s l a t e t h i s understanding into prototype design. 

Model s c a l i n g was based on densimetric Froude s i m i l a r i t y us ing a 
nominal diameter/height r a t i o of 83:1 (prototype to model). To 
account f o r lower model Reynolds number (hence higher f r i c t i o n 
f a c t o r ) , lengths were d i s t o r t e d by a f a c t o r of two. The s trategy of 
basing d i s t o r t i o n only on f r i c t i o n and not on cons iderat ions of tunnel 
entrainment d i f f e r s somewhat from the Sydney models (Wilkinson, 
1988) . To maximize model Reynolds number, seawater-e f f luent dens i ty 
d i f f e r e n c e s were exaggerated by a f a c t o r of 3. Resu l t ing nominal 
s ca le r a t i o s are summarized i n the fo l lowing t a b l e . 

Froude number 1:1 densi ty d i f f e r e n c e s 1:3 
diameter and heights 83:1 Reynolds numbers 440:1 
f r i c t i o n 1:2 flow ra te s 36000:1 
slopes 1:2 times 16:1 ( r i s e r s ) 
lengths 166:1 32:1 ( tunnel) ' 

Model R e s u l t s . Observations, and Summary 

• During s tar t -up with low to moderate f lows (up to at l e a s t 
1000 mgd) observations showed the freshwater wedge advancing 
downstream along the tunnel s o f f i t . Due to the upward slope of 
the tunnel i n v e r t , the downstream r i s e r s (with highest o f f t a k e 
e levat ion) purged f i r s t . Sal twater was observed to intrude 
downward through unpurged r i s e r s . I n between the purged and 
unpurged r i s e r s s e v e r a l r i s e r s exhibi ted exchange f low and/or 
mixed upward f low. (See Figure 3 . ) 

• As f low ra te increased , a d d i t i o n a l r i s e r s purged, working 
backwards. R i s e r 1 ( f u r t h e s t upstream) was c o n s i s t e n t l y the l a s t 
to purge. Thus f o r the Boston o u t f a l l the t h e o r e t i c a l purging 
c r i t e r i o n (Munro c r i t e r i o n ) should be based on R i s e r 1. 

• When flow was increased very slowly ( r e f e r r e d to as a s t a t i c 
purge t e s t ) , purging occurred at a flow r a t e of around 930 mgd or 
94*/, of the Munro flow Q . Thi s performance was not s e n s i t i v e to 

small changes (± 4 f t ) i n r i s e r cap e levat ion due to v a r i a t i o n i n 
bathymetry along the d i f f u s e r alignment. 

• S a l t water penetrat ion wi th in the tunnel upstream of the r i s e r s 
depended on flow r a t e and p e r s i s t e d at r a t e s up to about 830 mgd, 
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near ly 2.5 times the tunnel purging c r i t e r i o n of E q . (1) and 
about 90'/, of the observed r i s e r purging f low. The reason f o r the 
much higher observed tunnel purging flow i s the increase i n 
tunnel i n v e r t slope which occurs downstream i n the r i s e r sec t ion 

Rapid purging t e s t s ( s imulat ing a tenyorary f low increase due to 
discharge from ch lor ine -contac t tanks) were run us ing generic 
hydrographs c h a r a c t e r i z e d by a constant base f low, fol lowed by 
increas ing flow at a f i x e d r a t e of i n c r e a s e , fo l lowed by a 
constant peak f low. The minimum peak flow at which rap id purging 
occurred ranged from 88-92'/, of which i s not s i g n i f i c a n t l y 

d i f f e r e n t from the s t a t i c t e s t s . 

Because of seawater stored i n the tunne l , the time required f o r 
r a p i d purging depended strongly on the base f low r a t e . The 
volume of excess flow required f o r purging became compeirable with 
the a c t i v e volume of the ch lor ine-contact tanks at a base flow of 
around 500 mgd. Because t h i s flow ra te i s greater than most dry 
weather f l o w s , there was a strong incent ive to explore ways to 
reduce tunnel i n t r u s i o n ( i . e . , through use of a V e n t u r i ) . 

To l i m i t sea water penetrat ion i n the tunnel a "Venturi sect ion" 
was i n s t a l l e d j u s t upstream of the f i r s t r i s e r . The Ventur i 
cons i s ted of a l a t e r a l c o n s t r i c t i o n with throat width of 10 f e e t . 
I n genera l , the Ventur i s u b s t a n t i a l l y reduced tunnel i n t r u s i o n . 
The wedge was e l iminated f o r f lows greater than about 340 mgd 
which corresponds to the o r i g i n a l tunnel purging c r i t e r i o n based 
on f u l l pipe f low. 

T h e o r e t i c a l c a l c u l a t i o n s , based on a condit ion of dens imetr ic 
c r i t i c a l f low at the throat and assuming no mixing i n d i c a t e that 
the wedge should be expel led at a flow of about 420 mgd. The 
l e s s e r observed f low i s a t t r i b u t e d to mixing downstream from the 
V e n t u r i . I n addi t ion to helping decrease the e f f e c t i v e tunnel 
purging f low, t h i s mixing f a c i l i t a t e s purging of the upstream 
r i s e r s with the r e s u l t that "middle r i s e r s " ( t y p i c a l l y numbers 
10-30) were the l a s t to purge. 

The f low requ ired f o r s t a t i c purging with the Ventur i was between 
88-93'/, of Q,,, which i s s i m i l a r to observations without the 

Ventur i . On the other hand r a p i d purging was g r e a t l y improved. 
Beginning with a base f low of about 400 mgd (no tunnel wedge), 
purging occurred at peak f lows as low as 66'/. of Q^. The excess 

volume of water requ ired was always l e s s than about 6 x lO^ft^ or 
50'/, of the a c t i v e volume wi th in the ch lor ine -contac t tanks . 
Therefore i t i s concluded that a tunnel design which inc ludes the 
Ventur i s ec t ion and prov i s ions to dump the ch lor ine -contac t tanks 
using a motorized gate w i l l be s u c c e s s f u l at purging seawater 
from the o u t f a l l , during condit ions with no tunne l wedge. 
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Model dimenjionj: 
tunnel diameter = 3.5 in 
riser height = 35.6 in 
diffuser section = 40 ft 
number of risers = 80 
flow rate = 6.2 to 25 gpm 

Prototype dimensions: 
tunnel length = 50,000 ft (9 miles) 
tunnel diameter = 24 ft 
tunnel depth (from seabed) = 235 ft 
number of risers = 80; later changed to 55 
diffuser section = 6600 ft 
flow rate = 500 to 2000 cfs 

F i g u r e 2 S c h e m a t i c d i a g r a m of t h e B o s t o n t u n n e l o u t f a l l 

unpurged 

( • " ^ partially purged 

( ) purged 

F i g u r e 3 S k e t c h of p a r t i a l l y purged c o n d i t i o n i n d i f f u s e r 
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Experiments on the motion of buoyant clouds 
on weakly inclined boundaries 

by 
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Zürich CH-8093, Switzerland 

A b s t r a c t 

Depth averaged quantities and flow visualizations of two-dimensional bouyant thermals 

descending on slopes less than 5° are presented. The similarity assumption is employed in the 

analysis. Experimental results were obtained in a 20m long water tank in order to determine 

the mean shape and temperature field. The internal structure was further examined using 

flow visuahzation in a I m long aquarium. Good agreement is found between the laboratory 

and analytical results. In partictdar, the water depth at the source of an inclined thermal 

has no sigiuficant influence on its front velocity. 

1. Introduction: 

When a volume of dense fluid is released on an incline into a less dense environ

ment, i t spreads under the influence of forces produced by its own buoyancy. The 

resulting flows are often referred to as buoyant clouds or inclined thermals. 

There are many situations in the environment where such flows can arise. Powder 

snow avalanches, airborne debris created by volcanic eruptions, tu rb id i ty currents 

in the ocean set i n motion by earthquakes and storm waves, for example, are of 

considerable practical importance. 

Beghin et al (1981) studied inclined thermals by using Mor ton et al's (1956) sim

i la r i ty solution for free thermals. Their analysis agreed well w i th the experimental 

results when the incline was i n excess of 5°. Laval et al (1988) extended this investi

gation to,small slopes. Previous studies on this subject have focused mainly on the 

global shape and mot ion of inclined thermals, while less is known on their internal 

structure and temperature field. 

This investigation emphasizes on local depth averaged parameters and the tem

perature field for inclined thermal on slopes less than 5°. The concept of self-similarity 

of the process was used in the analysis. Temperature distributions were measured at 

four fixed cross-sections through which the thermal was passing. These measurements 

were made to verify the model. Flow visualization was performed by means of Laser-

induced Fluorescence ( L I F ) to show the essential flow features of an inclined thermal. 
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2. Assumptions and Analysis: 

For the analysis of inclined thermals, as shown in F i g . l , the fol lowing assumptions 

are made which are similar to those adopted for free thermals by M o r t o n et al (1956): 

• There is a geometrical and mechanical similarity in the development of a fu l ly 

turbulent two-dimensional thermal. 

« [p — pa)/Pa = ^p/Pa <^ 1) w-here p is the local density w i t h i n the thermal and 

pa is the density in its environment, i.e. the Boussinesq approximation is valid. 

• B o t t o m fr ic t ion is neglected. 

Fig. l Definition sketch of a thermal moving down an inchne 

A n assumption of constant buoyancy is not required when B is defined as 5 = 

JJg'dx'dy' = BQ = ffó-^o, where g' = {Ap/pa)g and g is the gravitat ional accel-
0 0 

eration, and g'^ and AQ are the im t i a l reduced gravitational acceleration and in i t i a l 

thermal area. 

For a slope of given angle, 0 , the inclined thermal motion and density d is t r ibut ion 

depend only on thermal source buoyancy Bo, the distance a:ƒ of the f ront f r o m the 

v i r tua l origin of the thermal , and possibly on whether the water depth at the v i r tua l 

origin is zero or can be considered as inf ini te . Altematively, the flow can be described 

i n terms of the time i s tart ing at v i r tua l origin. Note that x and t are different from 

the co-ordinate x' and t' w i t h origins at the lower edge of the inf low box and at the 

t ime of release. 

From dimensional arguments i t is found that the front position X f , and its velocity 

Uf are given by the foUowing relations: 

Xf^CBl^h'/' (1) 

Uf = C,B]!\-f"' (2) 

where Ci and Ci are proport ional i ty constants for a given slope and configuration, 

and C i - ( | C 2 ) 2 / ^ 

When the flow is self-similar, x f is the only relevant length scale and the shape 

of the thermal at different times can be compared, e.g., by means of the transforma

t ion ^ = s/a;/ and T] = t y / i / t a n © . The local depth averaged velocity u must also 

correspond to 
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u{x) = (Uf 

The local densimetric Froude nuinber w i l l be defined as 

(3) 

Fr = - r = (4) 

where g'^ is calculated using the depth averaged density p^. which was computed 

f r o m ATj (Schlapfer, 1990). ATj and h are defined by two intergrations based on 

the temperature profiles: 

ATjh = I ATdy 

0 

oo 

ATdh^ = 2 ƒ ATydy 

Furthmore, the local temperature excess A T is normalized as: 

A T i U a n O 

3. Experiments: 

Experiments were performed in a plexiglass channel 0.4m wide, 1.0m high and 

16.0m long. The channel was suspended in a 20.0m long water-filled external tank 

and could be t i l ted f r o m 0 to 5°. A salt solution w i t h a temperature of about 6°C , 

made visible by dye, was introduced into a 0.8x0.4x0.2m box at the upper end of the 

channel. The water depth at the source, ^o, could be varied. To start an experiment 

the gate i n front of the box was quickly wi thdrawn by hand, allowing the salt solution 

to flow downslope f r o m rest. Af te r arr iving af the end of the channel the thermal 

spilled out onto the bo t tom of the external tank at some distance below. The tota l 

depth thus increased along the channel, while Beghin et al (1981) conducted their 

tests in a prismatic duct. The position r ƒ of the thermal front was recorded by taking 

photographs at constant t ime intervals. Temperature was measured w i t h a set of 74 

thermistors, which were distr ibuted along the bo t tom of the channel as well as among 

four vertical racks at distances of a;!,i=3.45m, a;,2=7.7m, x , 3 = 7 . 8 m and a; ,4= 12.0m 

f r o m the source (Schlapfer, 1990). 

L I F was used for a more detailed study of the internal structure and the mixing 

of inclined thermals. Because the size of the i l luminated region is l imi ted for this 

method, we conducted the experiments i n an aquarium 0.4m wide, 0.5m high and 

1.0m long. The incline could be varied f r o m 0 to 10°. A 8W argon ion laser was used 

to i l luminate a t h i n vertical plane passing through the long axis of the aqarium. A 

cylindrical lens was used to obtain a t h in sheet of less than 1mm. 

4. Results: 
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4.1 F l o w V i s u a l i z a t i o n : 

T y p i c a l successive luminous profiles of the buoyant thermal spreading down an 

incline of 4° are shovi^n in F ig .2 . T h e dye was concentrated near the front, which has 

a length of around 1/5 of the visible length of the thermal. A comparison of the four 

photographs shows that the frontal structures progress rapidly, while those in the 

wake s tand almost stil l . 

Fig.2 Photographs of an inchned thermal resulting from the release of a smaU volume of 

salt solution (.4o = lOOcm^) of density p = l .OlTg/cm^ in ambient fluid of density 

Pa = 0.996g/cm^] © = 4° , Af=0.6 sec. Lengths are represented on a scale 1:5. Re=2500, 

based on the maximum height of the front and the front velocity. 

The illumination was made by L I F . 

Fig.3 A close-up view of the front and the lateral intrusion of frontal lobes. Length scale is 

1:4, At =0.4 sec, other experimental conditions are the same as those shown in Fig.2. 
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4.2 G l o b a l B e h a v i o u r of an incl ined thermal : 

T h e virtual origin x^ was determined as shown in Fig .4 . Similarly, i'^ was found 

by plotting Bo/u^f vs. t . 

o 

O.O 2.0 4.0 6.0 a.o 10.0 12.0 14.0 
-m] 

Fig.4. Determiimation of the virtual origin 2;̂ . x'^=-0.&7m, Q = 2°; o 5o=0.022 /s^, 

/io = 0.19m; + 5o=0.006 m^/s^, /io = 0.20m; 0 5o=0.022 m^/s^ /io=0.38m. 

The data show two flow regions, an in i t i a l region where the flow accelerates, and 

a later one where i t becomes self-similar. The self-similar state is established after 

the thermal has travelled a distance of about .5/, where / is the length of the inflow 

box. Fig.4 also shows that the data of the three experiments are well represented by 

a straight Hne, although each experiment had a different values of BQ and ho- This 

can be expected for a change in BQ- However, the insensitivity to ho suggests that 

the thermal behaves the same as i f the depth at the source were inf in i te . 

4.3. L o c a l behaviour of a incl ined t h e r m a l : 

A temperature signal, recorded by the first rack at y '=0 .6cm during the t ime 

when the thermal was passing is shown in Fig.5a. A strong f ront can clearly be 

distinguished f r o m a long wake. Fig.5b presents temperature profiles measured at 

the same rack at different times. 

Fig.5 a) Typical temperature pulse as recorded by a single probe during transit of the 

thermal, b) Vertical profiles measured by 15 probes at the first rack at three times, (1) 

<i=34sec, (2) <2=40sec, (3) 4=50sec. 

The local depth h normalized by x y t a n O in the ^ and T] co-ordinate is shown in 

Fig-6a. -12A.17-



The variation of the Froude number, which is defined in eq. (4), is shown i 
Fig.6b. 

.2 

Fig.6a. Reconstruction of thermal shape. — data at 2 : ' = 3.45m; data at x'-Um; 

data at x = 12.0m; Fig.6b Local Froude nimaber of the thermal. —data at a;' = 3.45m; 

x'^l.lm; 2 ; ' = 12.0m, 0 = 2 ° , fio=0.022 m^/s^ /io=0.19m. 

5. Discussions: 

The results support the validity of the similari ty assumption for buoyant ther

mals on inclines. Similari ty is thus a resonable assumption, which agrees w i t h the 

conclusion of Beghin et al (1981). An incl ined thermal can be well determined by i ts 

own source buoyancy and a length scale. 

The location of the v i r tua l origin for difierent water depths at the source suggests 

that the thermal behaves as i f the water was in f in i t l y deep. 

Turner (1973) argued that buoyancy flows on small slope may be treated approx

imately as i f they did not mix. Our qualitative observation show that large eddies 

engulfed the external fluid and mixed i t into the deep center w i t h i n the thermal . The 

flow pattern of lobes and clefts at the head of a gravity current described by Simpson 

and Br i t t e r (1979) was also detected in our visualization. 
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Abstract 

Previous theories for density currents using a one-dimensional momentum 
balance in a frame of reference moving with the density current head are 
inadequate to predict the propagation characteristics. An alternate theory utihzing 
energy principles is proposed. An experimental investigation was performed with 
density currents discharged into both co-flowing and counter-flowing ambient fluids 
and the experimental results are shown to be consistent with an analysis that 
minimizes the total energy flux. 

Introduction 

Density current propagation has been previously analyzed with a variety of one-
dimensional analyses, each of which predict the propagation velocity as a function 
ofthe layer thickness. Most previous analyses are based upon the work of Benjamin 
(1968), who formulated a momentum balance in a frame of reference moving with 
an air cavity intruding into a water filled duct. It was presimied that this would be 
analogous to the intrusion of a more dense fluid along the bottom of a similar 
channel. Benjamin showed that energy dissipation must be present at the density 
current head and assumed that it was confined to the continuous layer above the 
density current. For flows with energy dissipation, the maximimi allowable value 
of Tl = hi/H (Figure 1) is 0.347 (Kranenburg, 1978). 

Fig. 1. Density Current Definition Sketch. 

Simpson and Britter (1979) performed experiments with density currents 
arrested on top of a moving boundary which indicate slower propagation speeds 
than suggested by Benjamin's theory. They account for this difference by 
considering a super-elevation (h.^ in Fig. 1) of the stagnation point at the density 
current nose which allows the momentum balance at the front to be satisfied with 
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decreases in density current speed. However, the nose super-elevation was an 
observed quantity, and leaves open the question of whether the density ciurent head 
adjusts to a local momentum balance or whether the head adjusts to some other 
criterion with the required momentum balance satisfied by this mechanism. 
Kranenburg (1978) accounted for the reduction in the density ciirrent speed by 
considering a locaUzed energy loss at the density current head. 

Wright, et al (1987) considered that either of Simpson and Britter's and 
Kranenburg's mechanisms were simply explanations for the lack of agreement 
between Benjamin's model and observations and the occurrence of intense energy 
dissipation near the head of the intrusion voided the assumption of hydrostatic 
pressure variations through that region. It was suggested that the density currents 
simply adjusted to a minimum energy state and data was presented to substantiate 
this notion. This concept is further amplified in this paper and additional 
experimental findings presented to reinforce the previous findings. 

Experiments 

In order to differentiate between the various theoretical descriptions, a series of 
essentially nonmixing (near the soiurce) experiments were performed in a 10 m long 
flume with a pump to circulate the upper layer. The important feature of this setup 
is that co-flows or counter-flows could be established. By switching the location of 
the discharge gate, the density current could be introduced into a flow in the same 
or opposite direction. Difierent values of the ratio qr = q2/qi were found to be 
important in the analysis and this ratio could be easily varied with the experimental 
configuration. Since the water level in the channel was held constant with an 
overflow weir at one end, zero pump discharge resulted in the conunonly studied 
cases starting flow (qr = 0, with qr the ratio of the ambient layer to density current 
discharge) and lock exchange flow (q^ = -1) with the two discharge gate locations. 

In order to properly formulate a two-layer model, some representation of the 
actual density and velocity profiles is required, at least in order to interpret 
experimental results. In the present study, density profiles were measured behind 
the density current head. The following definitions for the layer properties hi and g' 
are made: 

H 

g'hi = I g ^ d y 
hi2 

2 

H 

g — ydy 

with Po a reference density, in this study the density in the upper layer; Ap is the 
density excess above po within the density current, g' = g A p / p o is a reduced gravity, 
and y the distance above the channel bed. The profile measurements were obtained 

at a location 4-5 meters downstream from the discharge gate where the density 
current was well defined. Density current speeds were taken from visual 
observations. In general, the propagation speed decreased slightly with distance 
along the channel due to interfacial friction effects. Only the data from the 
experiments are presented herein since they provide the most significant results. 

Analvsis 

I n order to describe density current propagation characteristics, all limits on 
physically admissible solutions must be established; these are conceptually similar 
to the constraint proposed by Benjamin (1968) (with his model assumptions) that the 
requirement of no energy gain in the direction of flow limits solutions to t] < 0.5. 
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There are additional constraints on density cvirrent propagation that may be 
determined by energy considerations as described below. The analysis is simplified 
if 1.) nonuniformities of velocity and density profiles are ignored and 2.) the 
Boussinesq approximation of small density differences is made. Both assumptions 
are employed herein for purposes of clarity in the analysis. The flow system is 
mdicated schematically in Fig. 1; subscript 1 refers to conditions behind the density 
ciurent head and subscript 2 to the upper layer. 

Velocities relative to the density current head are introduced since all previous 
theories analyze the problem in a frame of reference moving with the speed Uf of the 
current head. is the approach velocity when the current head is brought to rest. 
From Fig. 1, it is seen that = U, - Q/H with Q = qi+q2 with q2 positive i f i n the 
same direction as the density current. With the modifications of density current 
head super-elevation introduced by Simpson and Britter (1979) and an energy loss in 
the head by Kranenburg (1978), Benjamin's theory gives the density current speed as 
a function of the fractional layer thickness T] as 

V l+Ti + k ( l - T l ) 

with k an energy loss coefficient. Simpson and Britter introduced other 
coniplications in the analysis that are not included in Eq . (1). It can be seen that 
positive k and hs both serve to reduce C i which is consistent with observations. 
However, at present, these factors are selected to provide agreement with 
experimental data rather than having a basis in underlying principles. Fig. 2 
presents the variation of k as a function of the relative flows in the two layers fi^m 
the experimental data. The systematic variation raises a question of whether some 
other principle controls the density current propagation and the so-called 
momentum balance at the head is altered by intemal mechanisms so that it can be 
satisfied. 

Wright, et al (1987) suggested that this must be the case and developed a simple 
argument to conclude that the flow immediately behind the density current head 

i;a -
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Fig. 2. Variation of Kranenburg's loss coefficient with qr. 
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should be intemally critical except for cases of strong covmterflow, (qr < 0) in which 
the momentxun balance provides a more restrictive constraint on density current 
propagation. The derivation of critical flow is somewhat analogous to single layer 
open channel flow. Since two layer flows generally involve different velocities in 
each layer, energy flux shovdd be xised to define the critical flow condition where 

Ef = (qi +q2)pogH + qi Apghi + 
( PQUI^ ^ _ fp0U22 > 

+ q2 (2) 

I f the energy in the upper layer is considered to be a constant, setting the derivative 
of Ef with respect to hi equal to zero yields the famihar relation: 

F ? + = 1 (3) 

where F|2 = U|2/(g'hj). However, the assumption of constant energy in the upper layer 
is incompatible with the original momentimi analysis of Benjamin where all the 
dissipation was assumed to occvu* in the upper layer. An altemative assumption is 
that the total depth H be fixed in which case the differentiation yields 

F f - q r F | = 1 (4) 

Note that in the case of starting currents (qr = 0) and lock exchange flows (qr = -1) the 
two relations are equivalent. In terms of the density current propagation speed C i , 
Eq . (3) yields 

= [ i - ( i + q r ) n ] A / 7 r ^ 5 T ^ ^ (5) 

while Eq. (4) yields the alternate expression 

^ , C 1 - a . q , w V , , (6) 
Vg'H \ (1-q)3-qr3n3 

Fig. 3 is a plot similar to that presented by Wright, et al (1987) to demonstrate 
that E q . (4) was appropriate. Also provided on the plot are the predictions of Eqs. (1) 
(with hs and k = 0), (5) and (6) along with the experimental data for coflows (qr > 0) in 
which the differences between the various predictions become more obvious. The 
theory by Benjamin is independent of qr as presented, while the predictions for 
either intemally critical flow relation is presented as a family of curves with 
different qr values. An inspection of Fig. 3 indicates that both critical flow relations 
fit the data equally well and clearly more satisfactorily than E q . (1). Although is it 
possible to conclude that the momentvun balance is inappropriate unless the 
coefficients are introduced to force a fit to the data, it is not possible to distinguish 
between the two different critical flow relations. In order to investigate the 
differences an alternate variable qi (= Ufhi) is examined. From Eq. (3) 

g'H3 V VgÏH3 V ( i - t i ) 3 + qr2n3 

while from Eq. (4), the following result is obtained: j 
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Tl 0.3 + 

I r 

a 0.7-1.0 

O 1.5-2.0 

A 2.0-3.0 
1 

— Eq. 5 

Eq. 6 

0.6 

Fig. 3. Predicted and Observed Relative Propagation Speeds. 

Tl3(l-Tl)3 

(1 -ri)3-qr3ri3 
(8) 

These are plotted in Fig. 4 along with the experimental data. Here it is seen that E q . 
(7) predicts the wrong trends while E q . (8) is qxiite consistent with the observed 
results. A plot of F-i^ + in Fig. 5 yields the same conclusion. 

ri 

0.1 0.2 0.3 0.4 

Fig. 4. Predicted and Observed Intrusion Volimie Fluxes. 
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Cftnclufflons 

The results of this study have demonstrated previous density current 
propagation theories to be insufficient to predict experimental observations. The 
momentum balance at the front of the density current must be discarded as a 
predictive tool as the conditions at the front adjust to those imposed upon it by other 
requirements in most situations. For relatively small density cvirrent thicknesses, 
the source discharge condition is found to be the important aspect of the problem as 
the flow adjusts to a state of minimum energy flux and the density ciurent head 
dissipates sufficient energy to maintain this flow state. The traditional method for 
defining internally critical flow requires that the energy in the upper layer be 
constant. The data do not correspond to this condition and instead require that the 
energy flux be minimized under the condition of a constant total depth. It is 
stressed that these arguments do not apply to intruding air cavities in which no 
energy dissipation is possible within the intrusion. 

0 1 2 3 4 

Fig. 5. Predicted and Observed Sum of Layer Froude Numbers. 
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Abstract 

A n air intrusion develops when one of the end walls of a long, horizontal and 

water - filled box is suddenly par t ly or entirely removed. By arresting the f ront of 

the cavity i n an opposing ducted flow, instead, i t is found that a continuous range 

of cavity depths smaller than one - half of the duct height is realizable when the 

duct is t i l t ed to counteract b o t t o m f r i c t ion . The conditions are also outlined which 

lead to a parallel flow under a cavity which intrudes into a ducted flow. 

In t roduct ion 

The flowrate i n a nearly horizontal pipe connecting two reservoirs can change 

considerably when the water level i n one of them drops below the roof of the duct, 

creating an air intrusion. A subsequent rise of this level can also lead to a j u m p 

travelling into the duct which either lags behind the f ront of the cavity or catches 

up w i t h i t . These phenomena are of particular interest for the operation of pipe 

networks involving free surfaces during variable or transient load conditions. 

The analysis of such flows is generally based on work by Benjamin (1968) who 

examined an air cavity advancing into a long, water-filled box after one of its end 

wall is suddenly removed. He showed that a loss of mean energy occurs i n the 

flow past slender cavities, which occur when the outf low is party obstructed. His 

model also includes a singular loss-free solution for which the intrusion in to the 

box occupies one-half of the water depth, and he suggested that cavities i n a depth 

range between about 35% and one - half of the duct height are not possible. 

Hydraulic jumps moving w i t h i n the cavity can be produced by obstructing the 

outflow after a deep (loss - free) cavity has been established. Benjamin determined 

the conjugate depth of such a j u m p for the special case that its velocity is just the 

same as that of the f ron t . The corresponding cavity depth is then about 22% of the 

duct height. 

Benjamin assumed that the air /water interface i n the lee of the front is basically 

horizontal i n the absence of boundary shear. I t is then of interest to examine the 

conditions under which this assumption holds for the entire lengthening part of an 

air intrusion into a box or a ducted flow. 

Predictions based on this model for the velocity of cavities intruding into a water 

- filled box were experimentally verified by Wilk inson (1982) after making necessary 

corrections for real fluid effects. He also confirmed the realizability of the loss - free 

solution but found that even for flows w i t h cavity depths of less than 35% of the 

duct height the free surface was basically unsteady. However, as Keller and Exley 

(1985) pointed out, the realizability of flows in a range of cavity depths between 
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about 22 and 35% of the duct height may depend on the way the intrusion is es

tablished, i.e. on whether a weir at one end of the box is gradually lowered to its 

f inal posit ion or whether i t is suddenly lowered completely and then raised again. 

Wilkinson's boundary conditions d id not correspond to either one of these scenarios 

and i t therefore remains uncertain whether cavities i n the depth range between 22 

and 50%) of the duct height are realizable and can have steady interfaces. 

Analysis 
For the analysis of air intrusions into a horizontal duct, Benjamin (1968) ne

glected the effect of surface tension as well as any energy dissipation along the 

boundaries. The flow was considered as being essentially steady i n a frame of refer

ence moving w i t h the f ron t , and the downstream interface as being horizontal. The 

relevant quantities i n this frame of reference are defined in Fig . 1. The slope, s, 

is zero; UA and u are the approach and downstream velocities, h and H the cavity 

depth and the duct height. The density of the heavy fluid is denoted by p, and the 

density of air is neglected. The positive direction is to the right in this frame of 

reference, and only flows i n this direction are considered. Add i t iona l velocity scales 

are the phase speed A of long, interfacial waves (and jumps) of l imi t ing amplitude, 

and the intrusion velocity Uj , i.e. the velocity of the duct relative to the f ron t . 

The flux of volume is conserved through the transi t ion, such that 

UAH = u{H-h) (1) 

The same holds for the flow force, which is the integral over the duct height of the 

local momentum flux and pressure. By setting the pressure p at the stagnation 

point B and i n the cavity arbi t rar i ly equal to zero, one may wri te this balance as 

pujE + \p9H^ + PAH = ^pu\H - h) + ^pg{H - nf (2) 

Here i t is assumed that any deviations f r o m a un i fo rm velocity dis t r ibut ion i n the 

(slower) approach flow can be neglected, while they are considered in the (faster) 

flow under the cavity. I n analogy to open channel flows the corresponding momen

t u m coeflftcient (3 is defined as 

H-h 
0u\H -h)= f u'dy 

Jo 

where the star denotes a mean local value. W i t h r] = h/H, equations (1) and (2) 

can be combined to give 

^ = l z J Z ( ^ + ^ , ( 2 _ , ) + 2 ) (3) 
2 \pul ul J 

Benjamin also conserved energy along the streamline A - B , which leads to 

P A = - \ p u L (4) 
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and by setting /? = 1 his result can be wr i t t en as 

= (5) 

where U = u/{gHy^^. (Capi ta l letters w i l l be used to denote quantities normalized 

w i t h appropriate powers of g and H). Von Karman (1940) conserved energy rather 

than momentum across the f ront , as i t is often done for weak flow discontinuities. 

By considering eq. (4), energy conservation along the streamline D - E leaves 

U'=2r^, (6) 

which also corresponds to Benjamin's solution for the case of 'great depth' (77 —> 0), 

and for 

7? = 1/2, U = l (7) 

which represents the loss - free solution. For larger values of U and 77 energy would 

be gained through the transi t ion, and Benjamin showed that the corresponding 

flows are not realizable under the assumptions he made. Eqs. (5) and (6) are 

shown in Fig. 2 in terms of UA = U{1 — 77), and the loss-free solution (7) is marked 

by a solid circle. 

Further informat ion can be obtained by considering the propagation of long, 

waves of l imi t ing amplitude on the downstream interface ( F i g . l ) . The nondimen-

sional phase speed, A, of such waves is, approximately 

A± = [ / ± \ / l - 7 7 - t 7 2 ( / 3 - l ) ( 8 ) 

and for A~ = 0, i.e. for/3?7 ̂  = 1 —77 the flow is just critical (Chow, 1959). By setting 

/3 = 1 i t is found f r o m eq. (5) that the downstream state is supercritical (A~ > 0) for 

cavities deeper than about 35% of the duct height and subcritical for more slender 

ones. Benjamin suggested that , except for the loss - free case, no supercritical 

downstream flows can occur. What one can definitely conclude is that no waves of 

l i m i t i n g amplitude can reach the f ront of intrusions w i t h supercritical downstream 

flow, i.e. that the f ronta l speed and depth of the cavity cannot be affected by 

slightly changing the height of a weir at the outlet of the duct. Any dissipative 

flows i n this region must therefore be controlled by the upstream conditions or a 

slope of the duct. Depending on the cr i t ical i ty of the downstream state, one may 

thus distinguish between slender, subcritical intrusions w i t h 77 < 0.35, and thicker, 

supercritical ones w i t h a cavity depth of and possibly less than that . Whether 

one or the other type of intrusion occurs during an intrusion into a box essentially 

depends on whether the end wall is entirely or par t ly removed. 

Benjamin considered the flow in a frame of reference moving w i t h the f ron t , and 

assumed the air /water interface i n the lee of the f ront to be horizontal in the absence 

of boundary shear. I n the general case of an intrusion into a ducted flow, the flow 

under the cavity is determined both by the conditions at the f ron t , expressed by eq. 

(5) , and those at the source of the intrusion. A mismatch between these boundary 
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conditions may lead to an expansion wave (rarefaction), or to a j u m p which moves 

along the interface. I n bo th of these cases the interface level under the intrusion 

changes i n space and t ime. A rarefaction on the interface appears when a control is 

established at the source, i.e when the flow i n this cross - section becomes crit ical 

i n the frame of reference of the duct. The condition for a horizontal interface is 

therefore that the flow is subcritical (A+ > Ui) near the source for slender, subcrit i

cal intrusions (A~ < 0), where h and u are taken just behind the f ron ta l region. I n 

contrast, the flow must remain supercritical (A~ > Uj) for supercritical intrusions 

(A~ > 0). For given values of 77 and Ui one may then use the first one of eqs. (5) 

to determine the (positive) flow rate of air and the (positive or negative) one of 

water in to the duct which satisfy the requirements for a horizontal interface. The 

same considerations apply to flows i n circular ducts; which were also analyzed by 

Bemjamin . 

Experiments 

A number of experiments were conducted to examine the possibibty of cavity 

depths i n the range 0.22 < ry < 1/2. They were carried out i n a t i l table 8 m long 

Plexiglass flume of 206 m m w i d t h , i n which an adjustable, sealed Ud was installed 

to obtain a duct. The f ron t of the cavity was arrested at a backward facing step 

of 0.7 m m height which was located at the roof of the duct and 6.7 m f r o m its 

downstream end. Two 4 m m honeycombs of 30 m m thickness were inserted, and 

centered at 195 and 350 m m upstream of the step, where the flow depth H was 90 

m m . The pressure at the upper flow boundary was measured at half - w i d t h and 

15mm upstream f r o m the step w i t h an accuracy of about ± 0.5 m m head (out of 

about 7 m m ) , while the resolution was considerably better. 

For a given flow rate and subcritical intrusions the f ront was first nudged up

stream by increasing the slope, while a free outflow at the end ensured that the flow 

there remained cri t ical . A n obstacle which had the same effect as a weir was then 

used to obstruct the downstream flow un t i l i t became normal, i.e. of constant depth, 

to obtain a more reliable estimate of the water depth H-h. Supercritical intrusions 

w i t h normal downstream flow could be readily produced, but the discharge did not 

appear to depend on the cavity depth, which could be varied by changing the slope. 

A distinct 'nose' of the f ron t , i.e. a depression of the stagnation point below the 

l i d as was noted by Wilk inson (1982) for intrusions into a box, was not discernible. 

Once the f ront was at any location in the duct, however, i t d id tend to remain there 

even after slight changes i n either control parameter. This location also remained 

unchanged when some detergent was added to the inflow. The f ron ta l adjustment 

region was exceptionally long (about 1.5 m) in Runs 3 and 7. Stationary waves 

of about 10 nmi height were observed along the entire surface downstream of the 

f ron ta l region for Run 4. 

The results of the experiments are shown in Table 1 and Fig.2. Runs 7 and 8 

were undertaken specifically to produce cavities i n the range 0.22 < r; < 0.35 and 

close-to the loss-free case . For Run 7 we started out w i t h a subcritical flow at 
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the end of the duct and adjusted both the slope and the flow rate to get a un i fo rm 

flow. The maximum depth of the cavity near the f ront was particularly large for 

this run , and corresponded to rjf — 0.42. Table 1 shows that the nondimensional 

value of the underpressure —pA is considerably smaller than 1, as would follow f r o m 

eq.(4). This is at least par t ly due to the fact that the stagnation point is w i t h i n 

the boundary layer of the l i d , and that the local velocity of the approaching fluid 

is less than u ^ . Jirka and A r i t a (1987) conducted similar experiments for gravity 

currents. They showed that a steep arrested f ront in an opposing flow cannot be 

maintained, and that a slender wedge controlled by interfacial f r i c t ion is formed 

instead. The momentum coefflcient /? is computed f r o m eq. (3). I t varies i n a range 

which is typical for open channel flows (Chow, 1959) except for Run 7. The Froude 

number F is larger than one for the deeper cavities, which shows that supercritical 

intrusions w i t h steady downstream flow are realizable when the downstream depth 

is controlled by the slope and bo t tom f r i c t ion . I t remains to be clarified whether 

the observed supercritical flows represent some deviation f r o m the loss-free case, 

which would have F"^ = 2, or whether the flow rate corresponds to the max imum at 

critical flow and a fur ther acceleration to a supercritical state occurs near the lower 

end of the f ront . 

Conclusions 

For intrusions of air into a ducted flow i t is shown that the interface under the 

cavity can be horizontal i n the absence of f r i c t i on un t i l a control at the source of the 

intrusion is established. I t is found that arrested fronts w i t h steady downstream 

flow are possible i n a continuous range of cavity depths smaller than one half of the 

duct height when b o t t o m f r i c t ion is offset by a slope of the duct. 
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Table 1 Experimental parameters and results 

Run 1 2 3 4 5 6 7 8 

UA = UAligHY" 0.54 0.55 0.59 0.59 0.60 0.51 0.57 0.58 

7) = h/H 0.11 0.13 0.33 0.36 0.43 0.09 0.24 0.43 

s • 10^ - 1.8 2.7 4.0 7.2 1.4 2.7 6.0 

-2PA/{PUA) 0.35 0.35 0.33 0.32 0.30 0.45 0.31 0.31 

/? 1.05 1.07 1.08 1.09 1.02 1.00 1.14 1.06 

F = UAf3'/'/{l-vr^' 0.66 0.71 1.14 1.19 1.41 0.59 0.92 1.39 

6 

O.O o.l 0.2 0.3 0.4- 0.5 0.6 0.7 

Fig. 2 Data for cavities i n an inclined duct 
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MOTION OF AN AIR CAVITY IN A SLOPING DUCT 

by W. Douglas Ba lnea 
Department of Mechanica l E n g i n e e r i n g 

U n i v e r s i t y of Toronto , Toronto , ON, Canada, M5S 1A4 

A b s t r a c t 

Exper iments on the motion of an a i r c a v i t y formed i n a square duct when 
a gate a t the lower end i s opened suddenly a r e d e s c r i b e d . I f the opening i s the 
f u l l depth of the duct a f r o n t i s formed which i s h a l f the depth and which moves 
u p h i l l a t c o n s t a n t speed. Behind the f r o n t a q u a s i - s t e a d y g r a d u a l l y v a r i e d f low 
extends to the o u t l e t . I f a we ir a t the lower end c o n t r o l s the depth of the 
out f low t h e r e are s e v e r a l c a s e s . A low w e i r produces a j e t d e f l e c t i o n and no 
e f f e c t on the c a v i t y shape. As the he ight i s i n c r e a s e d a l e v e l i s reached where 
an h y d r a u l i c jump i s formed. At l a r g e r h e i g h t s t h i s moves upstream and s t o p s . 
However, i f the w e i r he ight exceeds a v a l u e dependant on the s l o p e , the f r e e 
s u r f a c e s touches the roof and the c a v i t y i s c l o s e d . I t p r o g r e s s e s upstream and 
a new c a v i t y forms. The r e s u l t i s the g e n e r a t i o n of a s e r i e s of c l o s e d c a v i t i e s , 

I n t r o d u c t i o n 

The a i r c a v i t y formed by the opening of a gate at the lower end of a duct 
c o n t a i n i n g water i s one example of the g r a v i t y c u r r e n t f i r s t s t u d i e d by 
Keulegan(1958) , In a l l c a s e s a smooth f r o n t i s c r e a t e d which moves at c o n s t a n t 
speed. The same shape of f r o n t i s seen i n more complex duct f l o w s such as the 
d i sp lacement of f r e s h by s a l t water and c o - f l o w i n g a i r and w a t e r . Other f e a t u r e s 
of the c a v i t y motion such as the p r o f i l e behind the f r o n t depend on the mode of 
c a v i t y g e n e r a t i o n but the a n a l y s i s of the f low i s s i m i l a r i n a l l c a s e s . A s t eady 
f low approach can be used because of the cons tant f r o n t speed and the one-
d imens iona l approximat ion i s v a l i d because the c u r v a t u r e of the i n t e r f a c e i s v e r y 
s m a l l behind the f r o n t . T h i s i s demonstrated i n the s imple case c o n s i d e r e d i n 
t h i s note . 

The exper iments of Keulegan(1958) were the i n s p i r a t i o n f o r the a n a l y s i s of 
the d e t a i l e d shape of the f r o n t p r e s e n t e d by B e n j a m i n { 1 9 6 8 ) . T h i s showed t h a t 
f o r the two-d imens iona l case w i t h an i d e a l f l u i d i n a h o r i z o n t a l duct the c a v i t y 
he ight i s e x a c t l y h a l f the depth of the duct and the v e l o c i t y of the f r o n t i s 

V , ' ^ ^ ( 1 ) 

where the v a r i a b l e s are d e f i n e d i n F i g u r e 1. C o n s e r v a t i o n r e q u i r e m e n t s are 
s u f f i c i e n t f o r the development of E q . ( l ) but the shape of the f r o n t r e q u i r e s the 
p o t e n t i a l f l o w f r e e - s t r e a m l i n e a n a l y s i s . W i l k i n s o n ( 1 9 8 2 ) measured the shape of 
an a i r c a v i t y i n a h o r i z o n t a l duct and demonstrated t h a t the f r o n t matched 
B e n j a m i n ' s p r o f i l e except near the s t a g n a t i o n po in t a t the w a l l . R e a l f l u i d 
e f f e c t s produced a d i sp lacement away from the w a l l of the s t a g n a t i o n p o i n t and 
the d e p o s i t i o n of a t h i n l a y e r of water between the c a v i t y and the w a l l . T h i s 
and the s u r f a c e t e n s i o n f o r c e r e s u l t e d i n a f r o n t v e l o c i t y of up to 10% l e s s than 
t h a t g iven by E q . ( l ) . Measured agreed w e l l w i t h e s t i m a t e s of the r e a l f l u i d 
e f f e c t s . 
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F i g . l . D e f i n i t i o n s k e t c h of a i r c a v i t y . 

The e f f e c t of duct s lope on the a i r c a v i t y shape and motion were e v a l u a t e d 
i n t h i s s tudy . A s e r i e s of experiments was conducted u s i n g a square duct 10 cm 
on a s i d e mounted a t s l o p e s from h o r i z o n t a l to 8 ° . At the lower end a gate 
s e a l e d the 4 m long condui t f i l l e d w i t h w a t e r . When the gate was opened suddenly 
an a i r c a v i t y w i t h a smooth f r o n t formed and moved a long the roof at c o n s t a n t 
speed. Photographs taken every t h i r d of a second showed t h a t the motion was two-
d i m e n s i o n a l a c r o s s the w i d t h . The p r o f i l e was r e a d i l y s c a l e d from en largements . 
Another f a c t o r i n the s tudy was a w e i r a c r o s s the o u t l e t . Weir h e i g h t s of 0 .25H, 
0.5H and 0.75H were i n s t a l l e d f o r a l l s l o p e s . A few t e s t s were s u f f i c i e n t to 
d e f i n e the f low regimes and i n d i c a t e the a n a l y s e s which would d e f i n e both the 
shape of the c a v i t y and the water d i s c h a r g e . Duct s lope i n t r o d u c e s a p o t e n t i a l 
energy v a r i a t i o n which does not m a t e r i a l l y a f f e c t the f r o n t v e l o c i t y but changes 
the one-d imens iona l f l ow i n the a f t e r p a r t of the c a v i t y . 

F r o n t v e l o c i t y 

F i g u r e 2 i s a t y p i c a l photo w i t h the f low at the o u t l e t f a l l i n g f r e e a t the 
open end. The c a v i t y shape i s seen to be a f r o n t which occup ie s the upper h a l f 
of the duct fo l l owed by a smooth f r e e s u r f a c e w i t h c o n t i n u o u s l y d e c r e a s i n g depth . 
Measurements of the f r o n t p r o f i l e showed i t to be the same a t a l l s l o p e s and f o r 
a l l w e i r h e i g h t s . The measured was cons tant f o r each s lope but i n c r e a s e d 
s l i g h t l y w i t h 6 i n agreement w i t h the momentum e q u a t i o n , 

F i g . 2 . C a v i t y formed by open d i s c h a r g e on a 4 ° s l o p e . 
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Open d i s c h a r g e 

The f low f a l l s f r e e from the end of the duct i f t h e r e i s no w e i r , R e l a t i v e 
to the f r o n t t h i s i s a s teady s u p e r - c r i t i c a l f l ow . The g r a d u a l l y - v a r i e d f low 
equat ion can thus be a p p l i e d to determine the shape of the p r o f i l e from the end 
of the f r o n t to the o v e r f a l l . However, the s u r f a c e f r i c t i o n i s due to the 
v e l o c i t y r e l a t i v e to the duct and not t h a t r e l a t i v e to the f r o n t . The normal 
depth f o r a l l c a s e s i s much l e s s than 0 .5 H so the f r e e s u r f a c e f o l l o w s the S2 
curve up to the o v e r f a l l . A numer ica l s o l u t i o n of the d i f f e r e n t i a l equat ion f o r 
g r a d u a l l y - v a r i e d f low agreed e x a c t l y w i t h the p r o f i l e on F i g . 2, 

The out f low from the duct i s the product of the f r o n t v e l o c i t y r e l a t i v e to 
the duct and the depth VQ. T h i s i s i d e n t i c a l to the a i r i n f l o w 

g ^ - V , { H - y , ) ( 2 ) 

which i n c r e a s e s s t e a d i l y w i t h time u n t i l yQ reaches s teady f l ow . 

D i s c h a r g e over a w e i r 

Three d i s t i n c t f low regimes were observed f o r the range of we ir h e i g h t s . 

No upstream i n f l u e n c e 

A low w e i r i n s u p e r c r i t i c a l f low a c t s a s imple d e f l e c t o r . The shee t of 
water i s d e f l e c t e d upward and i n e r t i a i s s u f f i c i e n t to c a r r y i t over the w e i r 
p l a t e . A r o l l e r forms upstream of the p l a t e f o r l a r g e r h e i g h t s but the l e n g t h 
and hence the upstream i n f l u e n c e i s of the order of w which i s the we ir h e i g h t . 
Outf low i s e x a c t l y the sane as t h a t f o r open d i s c h a r g e . 

H y d r a u l i c jump produced by w e i r 

For a s u f f i c i e n t l y h igh w e i r a h y d r a u l i c jump forms upstream of the p l a t e 
as ske tched on F i g . 1 and as can be seen on F i g . 3 . 

F i g , 3 . C a v i t y formed i n a duct of s lope 4 ° , w e i r he ight = 0 ,25H. 

Flow approaching the w e i r i s s u b - c r i t i c a l and consequent ly the d i s c h a r g e over the 
w e i r can be d e s c r i b e d by the wel l -known weir formula quoted by R o u s e ( 1 9 4 6 ) . The 
jump may move upstream r e l a t i v e to the weir depending on the depths y^ and y j and 
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the speed can be determined from the momentum equat ion . For a d i s s i p a t i v e jump 
the equat ions of c o n t i n u i t y and momentum r e l a t i v e to the jump are 

^ 1 ^ 1 - ^ ^ 2 y 2 ( 3 ) 

(4) f ( y i - y 2 ) c o s 9 ^ g J c L , s i n e ^ ^ ^ 7 ' ^ -Qivi-Vi) 

where ' denotes v e l o c i t y r e l a t i v e to the jump 
k d e s c r i b e s the p r o f i l e of the jump 
L j i s the length of the jump. S o l v i n g f o r V' ^ and combining w i t h the 

v e l o c i t y of the jump I n a frame r e l a t i v e to the w e i r , t h a t i s , 

( 5 ) 

the v e l o c i t y of the jump i s g iven by 

V. 

V, 
1 - 2 [ ^ ^ 0 3 6 ( 1 + - ^ ) ( l + J c L . t a n e / ( l - ^ ) ) ] ^ - ( J L - i ) ( 6 ) 

Vx y i y i 

I t should be noted that t h i s equat ion does not i n c l u d e r e a l f l u i d e f f e c t s on the 
f r o n t . N e v e r t h e l e s s the v a l u e s do agree w i t h the exper imenta l measurements of 
jump v e l o c i t y . The same c o n c l u s i o n was noted by W i l k i n s o n f o r the h o r i z o n t a l 
c h a n n e l . The moving f r o n t means t h a t the a i r and water d i s c h a r g e s are 

Y. 
( 7 ) 

Between the top of the jump and the w e i r the v e l o c i t y i s v e r y s m a l l and 
hence the energy equat ion reduces to the statement t h a t the f r e e s u r f a c e i s 
h o r i z o n t a l and the e l e v a t i o n of the f r e e s u r f a c e at the we ir i s 

( 8 ) 
i2 + V - 72 + s i n 6 

The s e t of equat ions ( 6 ) , ( 7 ) , (8) and the r e l a t i o n s f o r and w e i r 
d i s c h a r g e d e s c r i b e a s o l u t i o n f o r a l l of the v a r i a b l e s . These can be s o l v e d 
n u m e r i c a l l y i f the I n i t i a l c o n d i t i o n s are s p e c i f i e d . The format ion of the c a v i t y 
cannot be d e s c r i b e d because i t i s an unsteady f r e e - s u r f a c e f low and would r e q u i r e 
the s o l u t i o n of a more complex s e t of e q u a t i o n s . The u t i l i t y of the e q u a t i o n s 
w i l l be demonstrated by comparing the r e s u l t s to a t y p i c a l case p r o v i d e d by 
Experiment 086 which was a 1° s lope w i t h a we ir 0 ,5 H. Measurements p l o t t e d on 
F i g . 4 show the expected cons tant v e l o c i t y of the f r o n t , the s teady s l o w i n g of the 
jump as y j i n c r e a s e s and hence the s teady i n c r e a s e of h + w, y | d e c r e a s e s as the 
f r o n t recedes from the jump. 
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F i g . 4 . C a v i t y p r o p e r t i e s f o r a 1° s lope f o r we ir 0 .5H. <r> f r o n t l o c a t i o n , 
Q Xj l o c a t i o n of foot of jump, x y j depth at foot of jump, - f h + w 
e l e v a t i o n of f r e e s u r f a c e a t w e i r . 

Numerical comparisons of these r e s u l t s w i th the s o l u t i o n s of the equat ions are 
l i s t e d i n Table 1. The f i r s t 5 columns are the measured v a l u e s . P a r t i c u l a r 
i tems are used i n the equat ions noted i n the next three columns to d e r i v e v a l u e s 
which should i n d i c a t e the v a l i d i t y of these e q u a t i o n s . The v a l u e s i n the n i n t h 
column were found from the n u m e r i c a l s o l u t i o n of the f r e e s u r f a c e behind the 
f r o n t and the tenth column i s the v a l u e s g iven by the we ir e q u a t i o n . The on ly 
v a l u e s s e r i o u s l y a t v a r i a n c e w i t h the measurements i s the p r e d i c t i o n from the 
jump v e l o c i t y equat ion f o r t = 7 . 7 s . 

Table I 

C a v i t y i n a 1° s lope duc t , Experiment 086 

F r o n t v e l o c i t y = 44 .8 cm/s 

E q . ( 8 ) E q . ( 7 ) E q . ( 6 ) * ** 
time 

s cm/s cm 
^1 

cm 
¥2 

cm 
h 
cm c m / s 

y • 
cm 

1 
cm 

^1 2^ 
c m / s 

2 .5 36 .4 70 5 .0 7.4 3 ,5 140 4. 9 5. 0 138 

5 .0 27 .8 145 4 .5 6 .8 4 .3 188 4, ,4 4. 6 180 

7 .7 13.2 186 4 .2 6 .7 5 .0 115 3. 9 4 . 25 224 
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C a v i t y S e a l i n g 

At t = 7 .7 s the f r e e s u r f a c e rose to the roof of the condui t at the w e i r . 
T h i s i s shown by h = 5 .0 i n the t a b l e . T h i s s e a l e d the c a v i t y and r e s u l t e d i n 
major changes to the f l o w . F i r s t of a l l the c a v i t y shortened r a p i d l y because 
there was no a i r s u p p l y , the jump he ight i n c r e a s e d and i n many cases the top 
s e a l e d on the r o o f . The jump v e l o c i t y i n c r e a s e d to and the c a v i t y l ength 
became c o n s t a n t as i n the f i n i t e c a v i t i e s d i s c u s s e d by Ba ines and 
W i l k i n s o n ( 1 9 8 6 ) . T h i s shape i s ev ident i n F i g . 5 which i s a photo of a c a v i t y on 
a 2g s l o p e . Second a new c a v i t y formed at the w e i r and a c c e l e r a t e d to V | . T h i s 
developed e x a c t l y as had the o r i g i n a l one. Thus as time progres sed there was a 
p r o d u c t i o n of f i n i t e c a v i t i e s a t the we ir which moved upward a t c o n s t a n t 
v e l o c i t y . 

F i g . 5 . F i n i t e c a v i t i e s i n a condui t on a 2° s l o p e , w e i r h e i g h t 0 .5H. The f r e e 
s u r f a c e behind the second c a v i t y i s h o r i z o n t a l which i n d i c a t e s t h a t i t i s not 
s e a l e d . 

T h i s g u l p i n g a c t i o n i s seen i n many other f l o w s . For example, a b o t t l e of 
wine gulps when emptied i f the neck i s s t e e p l y t i l t e d . An a i r c a v i t y i s formed 
at the opening and s e a l s when an h y d r a u l i c jump forms i n the neck. Another 
example i s the breakup of long a i r bubbles c a r r i e d i n p ipe f l ow of w a t e r . T h i s 
o c c u r s at changes i n s lope and i s the r e s u l t of the format ion of a jump. 
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Abstract 
Fluorescent t r a c e r experiments and d e t a i l e d two-dimensional 

laser anemometry measurements have been performed on a large scale 
l a b o r a t o r y f a c i l i t y aimed at e l u c i d a t i n g the dominant mixing mechanisms 
i n compound channel flows and p r o v i d i n g a comprehensive data set w i t h 
which to assess the s u i t a b l i t y of random walk modelling techniques f o r 
des c r i b i n g the measured s o l u t e d i s t r i b u t i o n s . Preliminary r e s u l t s are 
presented which i l l u s t r a t e the transverse v a r i a b i l i t y w i t h i n the 
concentration plume and v a r i a t i o n s i n the plume concentration from 
repeated runs of a random walk s i m u l a t i o n are also given. 

I n t r o d u c t i o n 
An i n v e s t i g a t i o n i n t o the a p p l i c a b i l i t y of the random walk 

modelling technique f o r d e s c r i b i n g the mixing processes i n open channel 
f l o w s , and i n p a r t i c u l a r w i t h i n compound channels, requires d e t a i l e d 
data d e s c r i b i n g the spreading of a plume and the flow parameters. Also 
since the numerical technique p r e d i c t s one possible v a r i a t i o n of the dye 
concentration at one s e c t i o n a t a p a r t i c u l a r i n s t a n t and not a time 
averaged d i s t r i b u t i o n , then a knowledge of the s t a t i s t i c a l v a r i a t i o n of 
the dye c o n c e n t r a t i o n w i t h i n the plume i s req u i r e d . 

Many models of d i s p e r s i o n are based on the standard 
a d v e c t i o n - d i f f u s i o n equation w i t h a l o n g i t u d i n a l d i s p e r s i o n c o e f f i c i e n t , 
which represents the e f f e c t s of the t u r b u l e n t f l u c t u a t i o n cross-product 
term of v e l o c i t y and c o n c e n t r a t i o n . These type of models, based on the 
work of Taylor (1954) i n pipe f l o w s , have o f t e n been used i n cases where 
they are not wholly a p p l i c a b l e (Chatwin and A l l e n , 1985), mainly because 
of the complications i n environmental f l o w s . 

I n p r a c t i c a l problems of p o l l u t a n t d i s p e r s i o n , the usual 
requirements are t o be able t o p r e d i c t the peak concentration l i k e l y to 
occur at a p a r t i c u l a r l o c a t i o n and time i n order to assess t o x i c l i m i t s 
or the b u i l d up of hazardous chemicals. 

Random Walk Models 
I n order t o overcome these problems, d i f f e r e n t techniques f o r 

numerical s i m u l a t i o n have been developed using random walk ( p a r t i c l e 
t r a c k i n g ) models, where a p o l l u t a n t i s simulated by a la r g e number of 
p a r t i c l e s whose paths are tracked by a computer as they move through a 
f l u i d . 

These Lagrangian models have been used s u c c e s s f u l l y t o model 
dis p e r s i o n i n t u r b u l e n t shear flows i n two-dimensional channels ( A l l e n , 
1982). The i n i t i a l source geometry can be represented by a l i n e source 
or p o i n t source of p a r t i c l e s and as an instantaneous or steady release, 
and the p a r t i c l e s move independently of each other i n a series of jumps. 
At each p o s i t i o n i n the f l o w , the p a r t i c l e i s given mean v e l o c i t y 
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components and t u r b u l e n t f l u c t u a t i o n s (whose s i g n i s determined by a 
random number g e n e r a t o r ) . 

Random walk models have s e v e r a l advantages: the t echn iques 
model the b a s i c p r i n c i p l e s of d i s p e r s i o n more r e a l i s t i c a l l y than 
s tandard d i s p e r s i o n equat ions and the models are v e r s a t i l e and can be 
e a s i l y adapted to take account of many changes , such as source geometry, 
v e l o c i t y p r o f i l e s and c r o s s - s e c t i o n a l shape . 

S i m u l a t i o n s of d i s p e r s i o n i n two-dimens ional r e c t a n g u l a r 
channe ls u s i n g random walk models have taken as i n p u t , t u r b u l e n t 
v e l o c i t y components d e r i v e d from l a b o r a t o r y experiments ( S u l l i v a n , 
1974) . For more complex s i t u a t i o n s such as compound channe ls and n a t u r a l 
r i v e r s , more d e t a i l e d measurements of t u r b u l e n t v e l o c i t y f l u c t u a t i o n s 
are needed to s tudy the v a r i a b i l i t y i n the f low which w i l l l e a d to more 
complex mix ing p r o c e s s e s . 

The exper iments o u t l i n e d i n t h i s paper w i l l o b t a i n 
i n f o r m a t i o n i n more d e t a i l than i s p o s s i b l e i n complex n a t u r a l r i v e r 
geometries (Hes lop and A l l e n , 1989) but on a much l a r g e r s c a l e than 
normal l a b o r a t o r y f a c i l i t i e s . 

S . E - R . C Flood Channel F a c i l i t y 
A s e r i e s of exper iments wase planned and performed on the 

SERC Flood Channe l F a c i l i t y a t H y d r a u l i c s R e s e a r c h L t d . , W a l l i n g f o r d , 
U . K . to prov ide the n e c e s s a r y d a t a . The F lood Channel F a c i l i t y was 
designed as a l a r g e s c a l e c e n t r a l r e s o u r c e e n a b l i n g a c o o r d i n a t e d 
r e s e a r c h programme i n v o l v i n g c o o p e r a t i o n between s e v e r a l B r i t i s h 
u n i v e r s i t i e s and p r a c t i s i n g e n g i n e e r s concerned w i t h problems r e l a t e d to 
f l o o d p r o t e c t i o n ( K n i g h t & S e l l i n ( 1 9 8 7 ) ) . The experiments d e s c r i b e d 
here formed p a r t of a c o l l a b o r a t i v e p r o j e c t i n a s e r i e s of g r a n t s and 
were des igned to i n v e s t i g a t e the mix ing p r o c e s s e s i n compound c h a n n e l s 
and to a s s e s s the s u i t a b i l i t y of the random walk model l ing t echn ique to 
d e s c r i b e the measured s o l u t e d i s t r i b u t i o n s . 

The s i z e of the f a c i l i t y i s such t h a t the f u l l w i d t h of the 
f l o o d p l a i n and p o s s i b l e s i n u o s i t y of the main channe l can be s t u d i e d a t 
a l a r g e s c a l e . The outer w a l l s o f the f lume e n c l o s e a tank 56m long by 
10m wide w i t h a cement mortar base moulded to the r e q u i r e d bed geometry. 
Flow down the model i s prov ided by s i ^ pumps of ^ v a r y i n g c a p a c i t y 
a l l o w i n g a d i s c h a r g e over the range 0.01 m / s to 1.1 m / s . The l e n g t h of 
the flume a l lowed a 25m s e t t l i n g l e n g t h , a 15m t e s t s e c t i o n f o l l o w e d by 
a l ead out l e n g t h to the t a i l gate c o n t r o l s . 

For these exper iments the model geometry c o n s i s t e d of a 
s t r a i g h t , t w o - s t a g e , compound c h a n n e l w i t h a main c h a n n e l depth of 
150mm. The main c h a n n e l was 1500mm wide a t the bed w i t h a 2:1 bank s l o p e 
h o r i z o n t a l r v e r t l c a l ( F i g . 1 ) . Moveable f l o o d p l a i n banks 300mm h i g h w i t h 
s i d e s lope 1:1 were p o s i t i o n e d to g ive a f l o o d p l a i n w id th of 2.25m. 

E x p e r i m e n t a l Programme 
The exper iments were performed a t f o u r d i f f e r e n t f l o w d e p t h s , 

two in -bank and two o v e r - b a n k . A f l u o r e s c e n t t r a c e r was c o n t i n u o u s l y 
i n j e c t e d over a range of s o u r c e p o s i t i o n s and the f u l l v e r t i c a l , 
t r a n s v e r s e and l o n g i t u d i n a l development of the t r a c e r plume was 
measured. The f u l l range of t e s t c o n f i g u r a t i o n s i s d e t a i l e d i n F i g . 2 . 

I n f o r m a t i o n on the b a s i c t u r b u l e n t c h a r a c t e r i s t i c s of the 
f l o w i s r e q u i r e d as i n p u t by the random walk model i n order to p r e d i c t 
the mixing c h a r a c t e r i s t i c s . The c h a n n e l geometry and the f l o w depths 
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d e s c r i b e d were s e l e c t e d to correspond w i t h those used f o r a s e r i e s of 
l a s e r anemometry measurements which recorded the t u r b u l e n t f low 
v e l o c i t i e s throughout the channe l c r o s s - s e c t i o n (Shiono & K n i g h t , 1989; 
Knight & Shiono, 1 9 9 0 ) . 

E x p e r i m e n t a l Technique 
The f l u o r e s c e n t t r a c e r Rhodamine WT was used f o r these 

exper iments . T h i s was i n j e c t e d i n t o the f l o w a t a constant r a t e a t 
c o n c e n t r a t i o n s o f e i t h e r 100 p a r t s per m i l l i o n (ppm) or 200 ppm f o r 
I n - b a n k and over-bank f l o w s r e s p e c t i v e l y . The t r a c e r plume c o n c e n t r a t i o n 
d i s t r i b u t i o n was measured u s i n g a v e r t i c a l a r r a y of four S e r i e s 10 
Turner Designs F l u o r o m e t e r s . Samples from the rake of four i n l e t s 
spaced a t e i t h e r 10mm f o r i n - b a n k or 20mm f o r over-bank f l o w s were 
c o n t i n u o u s l y pumped through the i n s t r u m e n t s as the rake was t r a v e r s e d 
a u t o m a t i c a l l y a c r o s s the f l u m e , s topping a t s p e c i f i c sample p o i n t s f o r a 
predetermined p e r i o d to a l l o w the sample system to f l u s h through and the 
f l u o r i m e t e r output to be r e c o r d e d . The t r a n s v e r s e s t e p l engths v a r i e d 
from a minimum of 10mm to a maximum of 40mm. To o b t a i n a f u l l d e f i n i t i o n 
of the t r a c e r c o n c e n t r a t i o n f i e l d a t each s e c t i o n repeated sample 
t r a v e r s e s a t d i f f e r e n t depths were n e c e s s a r y . 

As the f lume was of r e c i r c u l a t i n g d e s i g n i t was a l s o 
n e c e s s a r y to monitor the a c c u m u l a t i o n of the background t r a c e r 
c o n c e n t r a t i o n . T h i s was a c h i e v e d by p l a c i n g a s i n g l e sample i n l e t a t the 
same downstream s e c t i o n a s the sample rake but beyond the t r a n s v e r s e 
l i m i t s of the t r a c e r plume. The background c o n c e n t r a t i o n was determined 
by r e c o r d i n g the output of a f i f t h f l u o r o m e t e r . 

The f l u o r o m e t e r output s i g n a l s were sampled a t a r a t e of 40Hz 
and d i g i t i s e d u s i n g a Cambridge E l e c t r o n i c s Des igns 1401 I n t e l l i g e n t 
I n t e r f a c e . The d a t a was s t o r e d u s i n g a microcomputer system w i t h 
expanded hard d i s k c a p a c i t y . I n a d d i t i o n to the f l u o r i m e t e r 
c o n c e n t r a t i o n v a l u e s , the t r a n s v e r s e and v e r t i c a l p o s i t i o n of the sample 
rake and the sample sys tem f l o w r a t e s were a l s o r e c o r d e d . 

P r e l i m i n a r y A n a l y s i s 
To c o n v e r t the raw data to t r a c e r plume c o n c e n t r a t i o n v a l u e s 

a 15s block i n the r e c o r d was s e l e c t e d a t each of the sample p o i n t s . For 
each f luorometer output s i g n a l a mean c o n c e n t r a t i o n was c a l c u l a t e d and 
the background c o n c e n t r a t i o n was then s u b t r a c t e d to g i v e an a b s o l u t e 
v a l u e . T h i s d a t a , t oge ther w i t h the a s s o c i a t e d s t a n d a r d e r r o r f o r the 
b l o c k l e n g t h , was then p l o t t e d as c o n c e n t r a t i o n a g a i n s t t r a n s v e r s e 
d i s t a n c e , y ( F i g . 3 ) . At p r e s e n t only a p r e l i m i n a r y a n a l y s i s of the 
a c t u a l r e s u l t s has been performed. However, even a t t h i s e a r l y s tage i n 
the programme some c l e a r l y d e f i n e d t r e n d s a r e e v i d e n t . 

R e s u l t s 
R e s u l t s a v a i l a b l e so f a r show c l e a r l y t h a t w i t h i n the l a t e r a l 

d i s t r i b u t i o n of the plume wherever the l a r g e r v a l u e s of the t r a n s v e r s e 
c o n c e n t r a t i o n g r a d i e n t a r e p r e s e n t , d c / d y , then an i n c r e a s e i n the 
s tandard d e v i a t i o n of the sample i s r e c o r d e d . T h i s l e a d s to the tw in 
peak d i s t r i b u t i o n of the s t a n d a r d d e v i a t i o n w i t h t r a n s v e r s e d i s t a n c e , 
ev ident f o r the r e s u l t s r e c o r d e d 6.0m from the source i n F i g . 3 . As the 
dye t r a v e l s f u r t h e r down the c h a n n e l , the peak c o n c e n t r a t i o n s a r e 
reduced and the plume spreads t r a n s v e r s e l y , both l e a d i n g to a r e d u c t i o n 
i n the v a l u e s of d c / d y , r e s u l t i n g i n s m a l l e r v a l u e s of the s t a n d a r d 
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d e v i a t i o n . Although transverse v a r i a t i o n s of the standard d e v i a t i o n are 
s t i l l evident 16m from the source, Fig. 3, t h e i r magnitudes are almost 
h a l f those at the 6m s e c t i o n and any trends are less evident. 

When using t h i s data f o r numerical model v e r i f i c a t i o n i t must 
be noted t h a t the system of pump sampling the concentration leads t o a 
much smoothed record w i t h smaller concentration v a r i a t i o n s than would 
a c t u a l l y occur w i t h i n the flow. 

D i f f e r e n t runs of a random walk s i m u l a t i o n using i d e n t i c a l 
input and boundary c o n d i t i o n s i l l u s t r a t e the v a r i a b i l i t y t h a t i s 
apparent i n the two or three dimensional s t r u c t u r e ( A l l e n , 1990). The 
repeat runs f o r a two-dimensional case w i t h a l i n e source release of 
p a r t i c l e s give v i r t u a l l y the same v e r t i c a l l y averaged concentration 
d i s t r i b u t i o n but show s i g n i f i c a n t v a r i a b i l i t y i n the two-dimensional 
p i c t u r e . Figure 4 i l l u s t r a t e s the v a r i a b i l i t y which can be seen i n 
p r o f i l e s of c o n c e n t r a t i o n w i t h depth f o r s i m i l a r v e r t i c a l l y averaged 
concentration values. 

C o n c l u s i o n s 
The p r e l i m i n a r y r e s u l t s a v a i l a b l e from t h i s programme 

i l l u s t r a t e t h a t i t i s p o s s i b l e f o r random walk s i m u l a t i o n s to d e s c r i b e 
v a r i a t i o n s which o c c u r w i t h i n the c o n c e n t r a t i o n d i s t r i b u t i o n of a t r a c e r 
plume. T h i s shou ld l e a d to an improved u n d e r s t a n d i n g of the mix ing 
mechanisms w i t h i n compound c h a n n e l f l o w s and the s u i t a b i l i t y of random 
walk models f o r d e s c r i b i n g t h i s m i x i n g . 

R e f e r e n c e s 
A l l e n , C M . "Numerica l s i m u l a t i o n of contaminant d i s p e r s i o n i n 

e s t u a r y f l o w s " , P r o c . R o y a l Soc . Lond. A, 381, 1982, pp 179-192. 
A l l e n , C M . " P a r t i c l e t r a c k i n g models f o r p o l l u t a n t d i s p e r s i o n " , 

P r o c . NERC/IMA C o n f . on Computer Model l ing i n the E n v i r o n m e n t a l 
S c i e n c e s , 1990, Oxford U n i v . P r e s s , ( i n p r e s s ) 

Chatwin , P . C & A l l e n , C M . "Mathematical models of d i s p e r s i o n i n 
r i v e r s and e s t u a r i e s " , Ann. Rev . F l u i d Mech . , 17, 1985, pp 119-149. 

Hes lop, S . E . & A l l e n , C M . "Turbulence and d i s p e r s i o n i n l a r g e r U . K . 
r i v e r s " , P r o c . I n t . A s s o c . f o r Hyd. R e s . C o n g r e s s , Ottawa, August , 1989. 

K n i g h t , D.W. & S e l l i n , R . H . J . , " T h e SERC f l o o d c h a n n e l t e s t 
f a c i l i t y " , J o u r n a l of the I n s t . of Water & E n v i r o n m e n t a l Management, 
IWEM, v o l . 1, No. 2 , O c t . 1987, pp l98 -204 . 

K n i g h t , D.W. & S h i o n o , K . S . , " T u r b u l e n t Measurements i n a Shear L a y e r 
of a Compound C h a n n e l " , J o u r n a l of H y d r a u l i c R e s e a r c h , IAHR,1990 . 

Shiono, K . S . & K n i g h t , D . W . , " V e r t i c a l and t r a n s v e r s e measurements of 
Reynolds s t r e s s i n a s h e a r r e g i o n of a compound c h a n n e l " , P r o c . 7 th I n t . 
Symp. on T u r b u l e n t Shear F l o w s , S t a n f o r d , USA, August , 1989, pp. 

S u l l i v a n , P . J . " I n s t a n t a n e o u s v e l o c i t y and l e n g t h s c a l e s i n a 
t u r b u l e n t s h e a r f l o w " , Advances i n G e o p h y s i c s , 18A, 1974, pp213-223. 

T a y l o r , G . I . "The d i s p e r s i o n of mat ter i n t u r b u l e n t f l o w through a 
p ipe" , P r o c . R o y a l S o c . Lond . A, 223, 1954, pp 446-468 . 

Notation 

c c o n c e n t r a t i o n 

c^ depth mean co n c e n t r a t i o n 

h • • depth of f l o w 

x,y,z l o n g i t u d i n a l , l a t e r a l and v e r t i c a l d i r e c t i o n s i n Cartesian 

co-ordinate system 
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Flow depth, h = 100 mm ; Injection point = channel centre bed; Inlet height = 9 mm above bed. 

Section I x = 6 m Section II x=16m 
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Fig.3 Comparison of the Transverse Distribution of the Mean Dye Concentration & Standard Deviation. 
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T H R E E R I V E R S I N T H E Y O D O R I V E R S Y S T E M 

by Yoshiaki Iwasa, Professor fe Shirou Aya, Lecturer 
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Sakyou-ku, Kyoto 606, Japan 
and 

Tadashi Takahashi, Senior Civi l Engineer 
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Koraibashi Higashi-ku, Osaka 541, Japan 

A b s t r a c t 

This paper deals wi th the flow behaviors and the transverse mixing at and below 
the confluence of the three rivers i n the the Yodo River system by use of the math
ematical and the physical modelings. The numerical experiments are conducted by 
using the 2-D mathematical models in the generalized curvilinear coordinate system 
and the characteristics of the flow field and the mixing are obtained. These results 
are also verified by the simplified physical model study and the mechanism of the 
mixing is clarified. 

Introduct ion 

The Yodo River system is the most important river in Kyoto-Osaka Metropoli tan 
area, Japan. I t has three main tributaries, Kizu River, U j i River and Katsura River, 
wi th particular flow characteristics and concentration distributions. They merge in 
Yodo River and the confluence becomes complicated in geometry. The basin-wide 
sewerage water treatment plants are located in the upper part of the river basin 
and the intake facilities for the municipal water supply are also located below the 
confluence. Then, water used in the upstream region flows back into Yodo River and 
i t causes the quantitative problems to water util ization in the downstream region. 
Therefore, the study on the transverse inixing at and below the confluence in the Yodo 
River system is highly required for safe civil life, and a lot of research works and field 
measurements on the mixing have been made since 1950's. L i , Yagi and Sueishi (1987) 
recently analyized the transverse mixing by using the stream tube model (Yotsukura 
and Sayre, 1976) and estimated the transverse dispersion coefficient at 0.6 — 2.0/itz,. 
However, hydraulic characteristics of the mixing have not yet been clarified. 

The transverse dispersion coefficient in open channel flows has been measured in 
laboratory flumes and natural streams by many investigators and their results are 
summarized in Fischer (1979). The hydrodynamic transport processes represented 
by the convective movement is expected to play a more important role in the mixing 
in a natural river, and therefore the mode s for flow behaviors and concentrations 
are required in case the flow field is not simple or unsteady. The velocity field in 
natural river is mainly influenced by the riverbed topography, then mathematical 
and/or hydraulic models are usable for investigating the transverse mixing in a river. 

N u m e r i c a l E x p e r i m e n t 

M a t h e m a t i c a l Models: The basic hydraulic principles applied are the conservation 
laws of momentum, water and concentration. The length scale and the time scale 
of mixing in the depth-wise direction are much smaller than those in the transverse 
and the longitudinal directions of rivers, and the 2-D mathematical models in a 
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horizontal plane wil l be used. The models are obtained by integrating the basic 3-D 
mathematical models for turbulent shear flows and concentration wi th respect to the 
flow area and wri t ten in the generaHzed curvilinear coordinate system as; 

- ( -
dt\J 

and 

(Ml) ( U'Mi \ / / i r " / p 1 
Ma 

U'h - Hi (^) 0 

1 

+ 7 

V ^ ) ^ ^'^ t I AS' j 
V 

' -gh-d(,,ldxi / -rule 
-gh • d(i/dx2 + i 

0 J 0 

V 0 I \ 

(1) 

U' 

Mi/h 

di,/dxj-Uj 

(2) 

(4) 

(6) 

(8) 

N = cdxs 

S' = d^,/dxj'Sj 

T,i/p = gn^Mi\jMl + Mllh"' 

(3) 

(5) 

(7) 

(9) 

where U, is the x, component of the depth averaged velocity vector, Mi the a;, com
ponent of the momentum flux vector, h the water depth, N the depth-integrated 
concentration, C the water surface elevation, r,_, the i , directional shear stress acting 
on the control surface element perpendecular to the Xj direction including the turbu
lent and dispersion effects, 5, the a;, component of the gradient type mass transport 
vector including the turbulent diffusion and the dispersion, p the density, g the grav
itat ional acceleration, r,b the frict ional shear stress on the bot tom, t the time, a;; the 
Cartesian coordinate in a horizontal plane, (^,(= ^,(a;i, a;2)) the generalized curvilinear 
coordinate {% = 1,2) and J the transformation Jacobian. The shear stress r , j and the 
gradient type mass transport 5' can be writ ten: 

p \dxj d^k dxi dik 
(10) 5' = D'' 

•dC_ 

9(j 

0 
cos^dDi -f- sin^ODT sindcosS (DL - DT) 

sin9cosd ( D L — D T ) sin "^ÖDL + COS-ODT 

(12) D^i D, kl 

(11) 

(13) 

where C is the depth-averaged concentration, Di the longitudinal dispersion coefR
cient, DT the transverse dispersion coefficient, 9 the angle between Cartesian coordi
nates and the principal axes of diffusion and dispersion. 

The boundary condition at the closed boundary is "non-sUp condition" for flows 
and "no-mass transport" for concentration. The momentum flux or the water surface 
elevation for flows and the value of concentration for the concentration dispersion are 
specified at the open boundary. 

Followings are notable on the set of Eq. (1); the dependent variables are the same 
as those in the Cartesian coordinates system and only the independent variables are 
transformed into the non-orthogonal curvilinear system; the first equation of Eq. (1) 
is the momentum conservation equation in the Xi direction, the second one that i n 
the X2 direction, the th i rd one the continuity equation and the for th one the mass 
conservation equation for the contaminant. 

The system of the partial differential equations (1) can be solved by F D M and the 
numerical procedures have already been shown in details w i t h the derivations of Eq. 
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(1) in Iwasa, Aya and Inoue (1989). The verification of the mathematical models was 
successefuUy made and i t was concluded that the magnitude of transverse dispersion 
coefficient is less effective on the transverse concentration distribution in the paper 
of Iwasa, Aya and Baba (1990). The estimated parameters for the Yodo River are; 
the Manning's roughness coefficient n = 0.02; the longitudinal dispersion coefficient 
DL = S.93hu„; the transverse dispersion coefRcient DT = 0.2/iu,. 

Resu l t s o f N u m e r i c a l E x p e r i m e n t s : The non-orthogonal curvilinear grid of 
about 25m in length and •5m in width covers the study area of about 4km in the 
longitudinal length and about 100m in the transverse width as shown in Fig. 1(a). 
The general topography of the study area made by use of the interpolation of geo
graphical survey data is illustrated in Fig. 1 (b) and the non-unifrom distributions 
of riverbed elevation and the existence of depression areas are seen. 

(a) Generated grid (b) Topography of (a) Momentum flux vector (b) Spreading 
the study area distributions of tracer 

Fig. 1 Curvilinear grid and topography. Fig. 2 Results under Regime .355. 

Table 1 Summary of hydraulic conditions in numerical experiments. 

Regime Discharge Q( 

Katsura River U j i River 

mVs) 
Kizu River Total 

Average 62.0 203.0 56.0 .321.0 

185: Ordinary Water Discharge 50.0 160.0 38.0 248.0 

275: Low Water Discharge .35.0 108.0 27.0 170.0 

355: Drought Discharge .30.0 75.0 18.0 123.0 

6294 19.0 120.4 11.2 150.6 
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A series of numerical experiment was conducted under the flow regimes listed in 
Table 1 and another series was also done wi th different cross-section channels under 
the same boundary conditions of Regime 6294. The simulation models can disclose 
the unsteady behaviors of flow and the spreading of tracer cloud, but only the results 
under the steady conditions wi l l be shown. The momentum flux vector distnbutions 
and the spreadings of tracer cloud f rom Katsura River under Regimes .3.55 are shown 
in Figs. 2 (a) and (b). The momentum flux distributions and the bathymetry at the 
confluence under Regimes Average and 355 are also shown in details in Figs. 3 (a) 
and (b). 

(a) Regime Average (b) Regime 355 

Fig. 3 Momentum flux vector distributions at the confluence. 
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Concentration distributions under 
different cross-section conditions. 

The riverbed in Kizu river is the highest and that in U j i river is the lowest in the 
elevation, and the waters in Kizu River and Katsura River merge into the water in 
U j i River at the confluence. Below the confluence, the river water mainly flows down 
in the lower part of the riverbed and the main stream changes its route f rom one side 
to the opposite side of channel according to the non-uniform riverbed topography. 

Tracer cloud f r o m Katsura River mainly flows down along the right bank of Yodo 
River as shown in Fig. 2 (b). The spreading width of the tracer cloud changes in the 
longitudinal direction because of the divergence and the convergence of flows caused 
by the non-uniform riverbed topography as stated earlier. The tracer cloud spreads 
more widely as total discharge is smaller as shown in Fig. 4 which illustrates the 
transverse distributions of the concentration at the 33,6km section under different 
flow regimes. Fig. 5 also shows the three transverse distributions of concentration 
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obtained at the 33.6km section under Regime 6294 in the actual river channel, he 
model river of rectangular cross-section and another model river dredged along the 
right-side bank. Spreading width of tracer cloud in the rectangular cross section 
channel is much smaller and its peak concentration is the highest among t̂ he three 
curves. The dilut ion by the waters f r o m U j i River and Kizu River makes the peak 
concentrarion in other two ones lower and the transverse mixing is accelerated. 

S i m p l i f i e d H y d r a u l i c M o d e l E x p e r i m e n t 

O u t l i n e s o f E x p e r i m e n t : A series of hydraulic experiment by use of the laboratory 
flume was conducted in order to verify the characteristics of the mixing obtained m 
the numerical experiment. The straight flume of 2.5cm m width has the series o 
rectangular-shaped depressions on the bot tom alternately located beside a right or 
left chlnnel-side. Its dimensions are 75.0cm long, 5.0 cm wide and 1.0cm deep. This 
flume was used as a simplified hydraulic model for the Yodo River System below 
the confluence, and its scale is about 1/400 in the horizontal plane and 1/200 in the 
vertical direction. A rectangular cross-section channel was also used. The hydraulic 
conditions in the experiments are summarized in Table 2 and the discharge m Run 1 
is equivalent to the annual average discharge in the prototype. 

Table 2 Summary of hydraulic conditions. 

Run No. Depth Discharge Velocity Flume 

h(cm) Q(l/s) V(cm/s) 

1 0.610 0.239 15.7 rectangular 

2 0.696 0.263 15.1 simplified model 

3 1.040 0..536 20.6 simplified model 

4.0 
1 

4.5 
1 

5.0 
I 

5.5 
I 

Distance (m) 

- • 

(a) Run 1 

F i g . 

(d) Run 2 
6 Spreadings of continuously injected dye solution. 

The dye-solution used as the tracer was continuously injected as a point source at 
the upstream section of the flume. The injected tracer spread m t^ie transverse and 
the longitudinal directions and its dispersion cloud was observed and recorded by a 
photo-camera, but quantitative measurements were not made. 
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Resul t s o f H y d r a u l i c E x p e r i m e n t : The spreading of the tracer cloud observed 
n a rectangular cross-section flume test is illustrated in Fgi. 6 (a) and Figs 6 

(b), (c) and (d) were obtained in tests wi th a flume wi th depressions The tracer 

3 ' t t w S V V . ' ^ ' ^ ^ t ' ^ ^ ' " " ' ' t d i ^ - t i o n in flow ng down 
but the wid th of tracer cloud is smaller on depressions and larger below the ends of 

5 T ? E ' ' 7 ^ ' transverse mixing is the largest in Run 2, the second one in Run 3 
and the tbrd one in Run 1 and these results are equivalent to the results obtained in 

at r h i ^ t r ? ^ ' " ^''-A' -^'^ f "^^^"S °^ ^he tracer cloud S ^ c t d 
it i r . i 5 K S• The meandering of the cloud suggests the flow also meanders and 
i t IS caused by he existence of the depressions; the flow concentrating on depressions 
spreads m the transverse direction below the downstream end of t h L because the 
flow depth becomes shallower; at the upstream end of depressions, the flow again 
converges and concentrates on them. Thus, the speading and con;ergence of flow 
caused by depressions make the transverse mixing accelerated. This effect is stronge^ 
as discharge and/or average depth is smaller as shown in Figs. 6 (b) and 

Discuss ions 

thp fl!^w K f ' numerical and hydrauhc experiments are summarized that 
he flow behaviors are influericed by the riverbed topography and flow regimes and 
hat the spreading of tracer cloud in the transverse direction is wider as discharge k 

lower. I t is also much wider in a non-uniform riverbed channel than in a rectangular 
cross-section channel. ° 

The mechanism of the transverse mixing in the Yodo River system below the 
confluence can be explained as; the riverbed is not uniform and the river water mainly 
wi h n t T ' ^ r W ^ ' P^^S^f.the riverbed, therefore, the main stream meanders 
wi th in the channe ; this meandermg causes spreading and convergence of tracer cloud 

f "1̂'̂  more uniform as cleady shown in the hydraulic 
experiments. Therefore he convective transport is more dominant than the turbulent 
and dispersion transport^ In case the total discharge is larger or the cross-section of 
channel IS rectangular, the variation of the transverse distribution of the momentum 
flu.x vectors m the longitudinal direction is smaller and the transverse mixing is also 

Conc lus ions 

The hydraulc characteristics of the flow behavior and the associated mixing at and 
idThp T " ' ' 'A Yodo River system were investigated by the mathematical 
and the hydrauhc modelmgs. The mechamsm of the transverse mixing is clarified as 
the non-umform distributions of the momentum flux vector varied in the longitudinal 
direction makes the transverse mixing accerelated. The convective transport plays a 
more important role in the mixing than the diffusive and dispersive tranport 
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EFFECT OF CENTRAL ANGLE ON LONGITUDINAL DISPERSION 
IN MEANDERING CHANNELS 
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U n i v e r s i t y of Roorkee 
Roorkee 24? 66? INDIA 

Abstract 

Due to existance of bends, l o n g i t u d i n a l d i s p e r s i o n i n meandering 
channel i s q u i t e d i f f e r e n t from t h a t i n a s t r a i g h t channel, so the 
r e s u l t s obtained i n s t r a i g h t channels could not be used as such f o r 
meandering channels. Not much work has been done regarding d i s p e r s i o n i n 
meandering channels. I n the present study several meandering channels 
w i t h 4 to 6 bends having d i f f e r e n t c e n t r a l angle ranging from 90 to 
270° have been f a b r i c a t e d . I n each flume several d i s p e r s i o n runs w i t h 
flow depth ranging from 4 cm to 15 cm have been taken. This study 
showed t h a t as the c e n t r a l angle of the bend i s increased the d i s p e r s i o n 
i s also increased. The e f f e c t of c e n t r a l angle and flow parameters 
on d i s p e r s i o n c o e f f i c i e n t have been analyzed and are being presented 
i n t h i s paper. 

I n t r o d u c t i o n 

Regulation of the release of p o l l u t i o n i n t o the r i v e r system 
i s one of the most important and e f f e c t i v e measures of water p o l l u t i o n 
c o n t r o l . This r e g u l a t i o n r e q u i r e s knowledge of the r a t e a t which the 
stream system i s capable of d i s p e r s i n g the p o l l u t a n t . 

L o n g i t u d i n a l d i s p e r s i o n i s a bulk one-dimensional equation w r i t t e n 
i n the d i r e c t i o n of the flow to describe the process by which a f l o w i n g 
stream spreads and d i l u t e s a p o l l u t a n t . 

Taylor [ 5 ] proposed a s i m p l i f i e d one dimensional l o n g i t u d i n a l ' 

d i s p e r s i o n model as : 

c = 

» 
i n which t = time ; x = distance i n the d i r e c t i o n of the flow 
average cross- s e c t i o n a l c o n c e n t r a t i o n ; U = average v e l o c i t y of flow 
and DL i s known as l o n g i t u d i n a l d i s p e r s i o n c o e f f i c i e n t . 

Bends are always present i n meandering r i v e r s and these play an 
important r o l e i n d i s p e r s i o n process, so the knowledge obtained from 
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t e s t s i n s t r a i g h t channe l s i s not a lways adequate to understand the 
b a s i c mechanism of d i s p e r s i o n i n n a t u r a l s t ream, w h i l e most of the 
l a b o r a t o r y exper iments on l o n g i t u d i n a l d i s p e r s i o n have been performed 
i n s t r a i g h t c h a n n e l s . L i t e r a t u r e r e v i e w i n d i c a t e s t h a t only a few 
i n v e s t i g a t i o n s on d i s p e r s i o n i n e i t h e r l a b o r a t o r y or n a t u r a l meandering 
c h a n n e l s have been c a r r i e d out [ 2 , 3 ] - I n the p r e s e n t s tudy the e f f e c t 
of c e n t r a l ang le (e) , width to depth r a t i o (B /D) and f r i c t i o n f a c t o r 
( f ) on l o n g i t u d i n a l d i s p e r s i o n c o e f f i c i e n t (DL) has been i n v e s t i g a t e d 
by conduct ing experiments on l a b o r a t o r y meandering c h a n n e l s . 

Methods of Calculating^ Dispersion C o e f f i c i e n t 

The two w i d e l y used methods f o r c a l c u l a t i n g the d i s p e r s i o n 
c o e f f i c i e n t from the observed c o n c e n t r a t i o n v e r s u s time c u r v e s a r e 
the change of moment method and the r o u t i n g method. These methods 
have been d e s c r i b e d by F i s c h e r [ 1 ] f o r s t r a i g h t channe l s and by 
Fukoka [ 3 ] f o r meandering c h a n n e l s . I n the p r e s e n t s tudy the v a l u e 
of DL i s f i r s t obta ined by the method of moments and then t h i s v a l u e 
i s f u r t h e r improved by the r o u t i n g procedure . 

Descr ipt ion of Experiments 

I t was planned to f a b r i c a t e seven meandering c h a n n e l s on a 
s l o p i n g wooden f l o o r ( s l o p e = 0 .024) w i t h p r e f a b r i c a t e d 45 cm high 
G . I . s h e e t w a l l s . These c h a n n e l s were hgving c e n t r a l r a d i u s ( r ) 
180 cm, c e n t r a l a n g l e (9) r a n g i n g from 90 to 2 7 0 ° and wi th width 
from 18 cm to 60 cm. A n e u t r a l l y buoyant s a l t s o l u t i o n ( m i x t u r e 
of sodium c h l o r i d e , water and denatured s p i r i t ) was used as t r a c e r . . 
A c o n c e n t r a t i o n m e a s u r i n g sys tem, c o n s i s t i n g of a s e t of c o n d u c t i v i t y 
probes , conductome t e r , u n i v e r s a l a m p l i f i e r and s t r i p c h a r t r e c o r d e r , 
was used f o r g e t t i n g the c o n c e n t r a t i o n ( c ) - time ( t ) r e c o r d s . I n 
a l l , , 24 runs were conducted i n these meandering c h a n n e l s and the 
exper imenta l d a t a was processed on DEC 2050 Computer system a t Roorkee 
U n i v e r s i t y . 

Discussion of Resul ts 

Fukoka [ 3 ] has concluded from the exper imenta l da ta of F i s c h e r 
[ 1 ] t h a t the d i m e n s i o n l e s s d i s p e r s i o n c o e f f i c i e n t i n a s t r a i g h t 
channe l does not depend on width to depth r a t i o ( B / D ) . F i g u r e 1 shows 
the p l o t of DL/RU Vs . B/D f o r p r e s e n t study. From t h i s f i g u r e , 
i t i s seen t h a t i n smooth meandering c h a n n e l : ( i ) f o r a g i v e n B / D , 
DL/RU i n c r e a s e s a s the v a l u e 'of f r i c t i o n f a c t o r ( f ) i n c r e a s e s ( i i ) 
f o r a g i v e n f , the v a l u e of DL/RU i n c r e a s e s as B/D i s i n c r e a s i n g 
( i i i ) the e f f e c t of c e n t r a l r a d i u s to width r a t i o r / B on D L / R U , 
i n smooth meandering channe l i s i n s i g n i f i c a n t and t h e r e f o r e i t cou ld be 
neg lec ted f o r f u r t h e r a n a l y s i s . 
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F i g u r e 2 shows the p l o t of DL/RU Vs. 9. I t i s s een t h a t 
the v a l u e of DL/RU i s i n c r e a s i n g w i t h i n c r e a s e of c g n t r a l a n g l e , 
however, r a t e of i n c r e a s e i n DL/RU i s low upto 9 = 180 , r e l a t i v e l y 
high f o r e more than 1 8 0 ° . I n view of the above q u a l i t a t i v e trends 
namely, DL/RU i s i n d i r e c t l y p r o p o r t i o n a l to U / U ^ ( V S 7 f ) and d i r e c t i y 
p r o p o r t i o n a l to the v a l u e of B/D and 9, an e m p i r i c a l p r e d i c t i v e 
model f o r DL/RU may assume the f o l l o w i n g form : 

G C G 

D L / R U =c^[1 + (B /D) ^ 8 ^ / ( U / U ^ ) ^ , ^2) 

where U^ is shear velocity and 8 is in radian. 

The opt imal v a l u e of c^, c^, c and c . which min imize 
the c u m u l a t i v e a b s o l u t e e r r o r between observed DL/RU and p r e d i c t e d 
DL/RU ( u s i n g Eq. 2) were obtained u s i n g g r i d s e a r c h method. E q u a t i o n 
(2) i s v a l i d f o r smooth s t r a i g h t channel by a s s i g n i n g v a l u e of 9 a s 
zero . A g r i d s e a r c h o p t i m i z a t i o n computer program was developed 
and used f o r the a n a l y s i s of the p r e s e n t l a b o r a t o r y da ta a long w i t h d a t a 
of Fukoka [ 3 ] and Magazine [ 4 ] . I t was found t h a t the model f o r l o n g i 
t u d i n a l d i s p e r s i o n c o e f f i c i e n t comes out as : 

0 .48 1.42 1.52 

II = 56.79 [1 + (5 ) e ] / (U/U») (3) 

F i g u r e 3 shows the p l o t of observed DL/RU Vs . p r e d i c t e d v a l u e s 
us ing e q u a t i o n 3, and i t can be seen that the performance of the 
e m p i r i c a l p r e d i c t i v e model i s s a t i s f a c t o r y . 
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TURBULENCE CONTROL OF COHERENT VORTEX IN MIXING LAYER OF 
OPEN-CHANNEL PARALLEL COFLOWS 

le h i s a Nezu and H i r o j i Nakagawa 
Department of C i v i l Engineering, 

Kyoto U n i v e r s i t y , Kyoto 606, Japan. 

Abstr a c t : This study v e r i f i e d experimentally t h a t coherent vortex or 
turbulence i n mixing l a y e r of coflows was enhanced by lower-frequency 
o s c i l l a t i o n s , while i t was depressed by high-frequency ones. 

1. I n t r o d u c t i o n 
The s i g n i f i c a n c e of the mixing layer i n confluence of r i v e r s i s w e l l 

recognized i n r i v e r engineering. A mixing layer w i t h d i f f e r e n t v e l o c i t i e s 
and water q u a l i t i e s i s formed downstream of the confluence p o i n t . 
Many previous studies w i t h probe-measurements such as hot-wires and h o t -
f i l m s revealed t h a t t u r b u l e n t s t r u c t u r e of mixing l a y e r i n d i c a t e d a 
s e l f - p r e s e r v i n g property. Of the most e s s e n t i a l s i g n i f i c a n c e , however, 
i s t h a t an existence of large-scale coherent v o r t i c e s i n a plane 
t u r b u l e n t mixing layer was f i r s t discovered by Brown & Roshko(l974-) and 
Winant & Browand(1974) on the basis of flow v i s u a l i z a t i o n . They 
observed t h a t adjacent v o r t i c e s tended to r o l l around each other before 
coalescence and formation of a large-scale vortex. These vortex p a i r i n g 
and coalescence are responsible f o r the growth of the'mixing l a y e r . This 
process plays an e s s e n t i a l r o l e i n the t u r b u l e n t mixing and d i f f u s i o n of 
momentum, heat and mass, l i k e d i f f e r e n t water q u a l i t i e s . Some 
a t t e n t i o n s have been paid on a r t i f i c i a l c o n t r o l techniques of coherent 
v o r t e x i n mixing l a y e r i n order to c o n t r o l the generation of turbulence 
and j e t noise. Oster & Wygnanski(l982) i n v e s t i g a t e d a s e n s i t i v i t y of 
t u r b u l e n t shear layer t o small-amplitude, c o n t r o l l e d o s c i l l a t i o n s which 
were introduced a t the i n i t i a t i o n of a i r mixing l a y e r . Nezu et 
a l . ( l 9 8 8 ) have r e c e n t l y conducted some probe and v i s u a l measurements of 
coherent v o r t i c e s i n water mixing layers w i t h and witho u t forced 
o s c i l l a t i o n s . I t i s a very important t o p i c i n h y d r a u l i c engineering t o 
i n v e s t i g a t e coherent s t r u c t u r e s i n mixing layer of confluent r i v e r s and 
then t o develop c o n t r o l techniques of the t u r b u l e n t mixing and d i f f u s i o n 
mechanisms by i n t r o d u c i n g a r t i f i c i a l l y forced o s c i l l a t i o n s i n order to 
enhance or depress the mixing phenomena of d i f f e r e n t water q u a l i t i e s . 

I n the present study, e f f e c t s of p e r i o d i c two-dimensional e x c i t a t i o n 
on the development of a t u r b u l e n t mixing region i n open-channel p a r a l l e l 
coflows are i n v e s t i g a t e d using both v i s u a l study and h o t - f i l m 
anemometers. The mechanism of a birth-development-coalescence-decay of 
coherent v o r t i c e s i s revealed, and a p o s s i b i l i t y of turbulence c o n t r o l i s 
examined experimentally. 

2. Experimental Equipment and Procedures 
An i r o n p a r t i t i o n p l a t e w i t h 1mm t h i c k and 7.7m long was set up along 

the center l i n e of the t i l t i n g flume w i t h 15m long and 50 cm wide. Water 
discharges i n two flumes were determined separately by using f l o w meters 
and each water f l o w through honeycomb j o i n e d each other 7.7m downstream 
of the channel entrance. I n order t o prevent the wake e f f e c t of the 
p a r t i t i o n p l a t e on the mixing l a y e r as l a r g e l y as p o s s i b l e , the channel 
width was contracted as 5 : 3. The o s c i l l a t i o n p l a t e was set-up a t the 
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previous observations i n inixing l a y e r (e.g. Winant & Browand (1974)) and 
also i n water j e t (e.g. Nakagawa et a l . ( l 9 8 2 ) ) . 

Of p a r t i c u l a r s i g n i f i c a n c e i n the present study i s t h a t , when 
a r t i f i c i a l o s c i l l a t i o n s are introduced a t the i n i t i a t i o n of the mixing 
l a y e r , the patterns of coherent v o r t i c e s depend s t r o n g l y on the f o r c e d 
frequency f . For f=0.4.Hz, the generation frequency of coherent vortex 
i s n e arly equal t o the frequency f of " n a t u r a l l y " generated vortex due 
to K-H i n s t a b i l i t y w i t h no forced o s c i l l a t i o n . As a vortex i s convected, 
an undulated v o r t e x on the high-speed side catches up w i t h the forward 
undulated v o r t e x on the low-speed side and they coalesce w i t h each other 
to become l a r g e r v o r t e x . This l a r g e r - s c a l e vortex tends t o be governed by 
the forced o s c i l l a t i o n f . For f=0.7Hz, a l a r g e r - s c a l e coalescence occurs 
more upstream than t h a t f o r f=0.4.Hz. However, the p a t t e r n of coherent 
v o r t i c e s f o r the force d o s c i l l a t i o n s of f=1.GHz i s d i f f e r e n t from t h a t 
f o r f=0.4. and 0.7Hz. Although the frequency of v o r t e x generation i s 
nearly equal t o the " n a t u r a l " frequency f immediately downstream of the 
p a r t i t i o n p l a t e , the frequency of convected v o r t i c e s coincides w e l l w i t h 
t h a t of the forced o s c i l l a t i o n . When higher frequency o s c i l l a t i o n s o f 
f=1.5 and 2.0Hz are introduced, w e l l - c o n t r o l l e d v o r t i c e s are generated at 
the i n i t i a t i o n of mixing l a y e r , and t h i s generation frequency coincides 
w i t h the forced frequency. As seen i n F i g . 2 ( f ) , a vortex r o t a t e s s e v e r a l 
times and i t i s convected downstream. I t should be noted t h a t these w e l l -
c o n t r o l l e d v o r t i c e s never coalesce w i t h each other and thus the spacing 
between v o r t i c e s keeps constant. 
When any force d o s c i l l a t i o n i s introduced i n the mixing layer of con

fluence, the e f f e c t of o s c i l l a t i o n on coherent v o r t e x can be c l a s s i f i e d 
i n t o two categories. There are two patt e r n s of coherent v o r t i c e s ; one i s 
n a t u r a l l y generated vortex due t o K-H i n s t a b i l i t y , and the other i s 
resonant v o r t e x due t o forced o s c i l l a t i o n . I n the case of forced o s c i l l a 
t i o n w i t h a frequency lower than a t r a n s i t i o n a l frequency f ^ , n a t u r a l l y 
generated v o r t i c e s are convected w i t h r e c e i v i n g a large u n d u l a t i o n , and 
consequently the coalescence of some v o r t i c e s occurs t o become a l a r g e -
scale v o r t e x . The spreading r a t e of f l o w i s increased by enhancing the 
coalescence of neighboring v o r t i c e s . On the other hand, f o r higher-
frequency o s c i l l a t i o n , i . e . f > f ^ , w e l l - c o n t r o l l e d v o r t i c e s are generated 
and convected i n a s i n g l e a rray of large v o r t i c e s , which never coalesce 
w i t h each other. Consequently, the development of v o r t i c e s i s depressed 
and the decay of v o r t i c e s i s also f a s t e r than t h a t f o r low-frequency 
o s c i l l a t i o n . I n t h i s sense, f ^ i s c a l l e d here " t r a n s i t i o n a l frequency", 
at which a l l of n a t u r a l v o r t i c e s are j u s t c o n t r o l l e d by force d o s c i l l a 
t i o n , as seen i n F i g . 2 ( d ) . The f o l l o w i n g r e s u l t s were obtained from 
v i s u a l a n a l y s i s . As ^2^^1 becomes l a r g e r , the size of coherent v o r t e x 
becomes smaller and the p o s i t i o n s of the r o l l - u p and v o r t e x p a i r i n g occur 
more downstream. As the force d frequency f becomes l a r g e r , the p o s i t i o n 
of vortex generation occurs closer t o the confluence p o i n t . When f i s 
greater than the t r a n s i t i o n a l frequency f ^ , the v o r t e x coalescence 
doesn't occur and a w e l l - c o n t r o l l e d v o r t e x array i s formed. 

F i g . 3 shows the v a r i a t i o n of the transverse scale L of vor t e x against 
the streamwise d i r e c t i o n , x. The values of L i n unforced mixing l a y e r 
increase l i n e a r l y w i t h x. I t should be noted t h a t a force d coherent 
vortex w i t h lower frequency f < f , i s q u i t e d i f f e r e n t from t h a t w i t h higher 
frequency f > f + . For f<f-|^, the size of n a t u r a l v o r t e x decreases w i t h an 
increase of the f o r c e d frequency f . The size of the resonant v o r t e x i s 
much l a r g e r than t h a t of t h i s n a t u r a l v o r t e x , as seen i n F i g . 3 . Because 
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the n a t u r a l v o r t e x coalesces 
w i t h resonant v o r t e x , the 
size of the resonant vortex 
increases r a p i d l y and then 
a t t a i n s constant. On the 
other hand, f o r f > f ^ , only 
the well-resonant vortex i s 
generated downstream of the 
confluence. This h i g h -
frequency f o r c e d vortex i s 
e v i d e n t l y l a r g e r than the 
lower-frequency one near the 
confluence, i . e . x<10 cm. 
However, the former develops 
much less than the l a t t e r , 
and furthermore i t d i s 
appears f a s t e r than the 
l a t t e r . 
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turbulence i n t e n s i t i e s u' 
and v' and the Reynolds stress -uv were obtained f o r unforced and f o r c e d 
mixing l a y e r s . Although the present equipment had a 5:3 c o n t r a c t i o n u n i t 
of 50 cm l e n g t h , the e f f e c t of wakes appeared near the confluence (x< 
5cm) i n the unforced mixing l a y e r s , i . e . f=0 Hz, and the mixing-layer 
type p r o f i l e s were established downstream of t h i s s e c t i o n . On the other 
hand, i n the case of forced mixing l a y e r s , the e f f e c t of wakes became 
weaker i n a l l of experiments. This i m p l i e s t h a t the t u r b u l e n t mixing i s 
enhanced when the forced o s c i l l a t i o n i s introduced at the confluence. Of 
p a r t i c u l a r s i g n i f i c a n c e i s t h a t the negative Reynolds s t r e s s was 
generated near the confluence i n the case of f > f ^ ' This suggests t h a t 
the suppression of vortex i n t e r a c t i o n r e s u l t s i n the generation of 
negative Reynolds stress and hence an e x t r a c t i o n of energy from 
turbulence t o mean motion occurs, as pointed out by Oster et a l . ( l 9 8 2 ) 
and Nezu et a l . ( l 9 8 8 ) . More d e t a i l e d i n f o r m a t i o n i s given i n Nezu et 
a l . ( l 9 8 8 ) . 
5. Spectral D i s t r i b u t i o n of Coherent Vortex 

Fig . 4 . shows some examples of s p e c t r a l d i s t r i b u t i o n s of u and v along 
the center l i n e i n unforced mixing l a y e r . I n the region of x=5 t o 10 cm 
i n which an unstable wave r o l l s up and becomes coherent v o r t e x , the 
predominant p a r t of f=3Hz i s seen c l e a r l y . Such a f i r s t predominant 
frequency f , or Strouhal number St=f9./U^ ( 6 ^ = i n i t i a l momentum 
t h i c k n e s s ) , was evaluated from the s p e c t r a l d i s t r i b u t i o n s i n a l l e x p e r i 
mental cases. The value of St increases g r a d u a l l y w i t h x/9^ and then 
a t t a i n s a maximum, i . e . St=0.02-0 .04 a t about x /e^=50. This i m p l i e s the 
generation of coherent v o r t e x from the non-linear wave of K-H 
i n s t a b i l i t y . On the other hand, the value of St decreases w i t h x/ 6^, 
which i m p l i e s the occurrence of vortex coalescence. At x>30 cm, i . e . 
x / e >100, only the peak value of 1Hz becomes l a r g e , which corresponds t o 
the t r a n s i t i o n a l frequency f , . At x=80cm, the s p e c t r a l d i s t r i b u t i o n frequency 
obeys -5/3 power law i n f u l l y "^developed turbulence. Fig.5 shows the 
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in the unforced mixing layer of f=0 Hz. 
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in the forced mixing layer of f=2.0 Hz, i . e . f > f ^ . 
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s p e c t r a l d i s t r i b u t i o n s i n the 
forced mixing l a y e r of f=0.7Hz, 
i . e . f < f + - Although a small 
peak of 3Hz corresponding t o 
n a t u r a l vortex generation i s 
seen, the s p e c t r a l peaks are 
very large a t harmonic p a r t s , 
i . e . f , 2f 3f et c . , by the 
forced o s c i l l a t i o n f . At 
s u f f i c i e n t l y downstream, the 
t u r b u l e n t energy i s concen
t r a t e d on the forced o s c i l l a 
t i o n p a r t of f=:0.7Hz due t o a 
large-scale vortex coalescence. 

Fig.6 shows the s p e c t r a l 
d i s t r i b u t i o n s i n the case of 

f t 
(Hz) 

3 

1 J 

O 
3 

Ul (cm/s) 
5.0 0.2 
5.0 0.6 

10.0 0.2 
10.0 0.4 
10.0 0.6 
15.0 0.2 
15.0 0.6 

5 (Hz) 

F i g . 7 R e l a t i o n between n a t u r a l f requency 
f and t r a n s i t i o n a l frequency f , . 

n t 
f=2Hz. Because the t r a n s i t i o n a l frequency of t h i s mixing layer i s 1Hz, a 
ki n d of resonance occurs f o r the forced o s c i l l a t i o n of f=2Hz. The forced 
mixing l a y e r of 2Hz i s c o n t r o l l e d more s t r o n g l y than t h a t of f=0.7Hz. 
The decay of the former i s , however, f a s t e r than t h a t of the l a t t e r . 
These fe a t u r e s coincide w e l l w i t h the v i s u a l observation which was 
described p r e v i o u s l y . 

6. Rel a t i o n between Nat u r a l and T r a n s i t i o n a l Frequencies 
When one t r i e s t o c o n t r o l various t u r b u l e n t t r a n s p o r t s • i n which 

coherent v o r t i c e s play an e s s e n t i a l r o l e , one must know the t r a n s i t i o n a l 
frequency f , i n the mixing l a y e r s . Fig.7 shows the v a r i a t i o n of f ^ 
against the frequency f of n a t u r a l l y generated v o r t e x i n a l l cases. The 
value of f, was determined as a forced frequency a t which no n a t u r a l 
vortex was j u s t generated. These v i s u a l data coincided w e l l w i t h the 
s p e c t r a l data. Fig.7 i n d i c a t e s t h a t f i s nearly equal t o f /3 i n the 
present experiments. Any p h y s i c a l model i s n ' t yet a v a i l a b l e t o e x p l a i n 
such a r e l a t i o n of f , = f /3. I t i s f u r t h e r necessary to i n v e s t i g a t e a 
ph y s i c a l model of controlïed coherent vortex by forced o s c i l l a t i o n s . 

7. Conclusions 
I n the present study, the e f f e c t of p e r i o d i c two-dimensional e x c i t a t i o n 

on the development of a t u r b u l e n t mixing region i n open-channel p a r a l l e l 
coflows was i n v e s t i g a t e d by making use of v i s u a l study and h o t - f i l m 
anemometers. When the frequency of forced o s c i l l a t i o n s was lower than the 
t r a n s i t i o n a l frequency which might describe the i n t e r a c t i o n of v o r t i c e s , 
i . e . v o r t e x p a i r i n g , the spreading r a t e of fl o w was increased by 
enhancing the coalescence of neighboring v o r t i c e s . On the other hand, a t 
frequency higher than the t r a n s i t i o n a l one, the c o n t r o l l e d and resonant 
v o r t i c e s were generated i n a s i n g l e array of la r g e v o r t i c e s , vvhich d i d 
not i n t e r a c t nor coalesce w i t h each other. Consequently, the spreading 
r a t e of f l o w was depressed, and also the Reynolds stress became negative 
i n t h i s r e g i o n . 
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Abstract 

A great l a t e r a l v e l o c i t y d i f f e r e n c e i s created i n a f l o o d f l ow 
where there is vegetation growth in the r i v e r course. This v e l o c i t y 
d i f f e r e n c e causes a l a t e r a l momentum t r a n s f e r and sometimes g r e a t l y 
a f f e c t s the f low resistance. This paper q u a n t i t a t i v e l y c l a r i f i e s the 
inf luence of the l a t e r a l v e l o c i t y d i f f e r e n c e f o r the purpose of 
es tab l i sh ing the methods of p r ed i c t i ng the f l o w res is tance i n a r i v e r 
course having vegetation. 

Method of the Study 

The experiments were performed by 
using a s t r a i g h t water channel ( iength 
of 48m) w i t h uniform width and uni form 
bed slope of 1/1000 which had a large 
width 3ra and was capable of crea t ing a 
two-dimensional plane f l ow having a 
large width to water depth as same as 
the case of rea l r i v e r course. 

I n the experiments, vegetat ion model 
having the height greater than water 
depth and a very high poros i ty as shown 
in Table. 1 were i n s t a l l e d in par t of 
the channel, water was so appl ied to 
create the uniform f low, and then the 
discharge, water level and v e l o c i t y 
d i s t r i b u t i o n were measured. 

As shown in F i g . l , two 
kinds o f experiments were 
conducted : the vegetat ion 
was placed in contact w i t h 
the side wal l a t the one 
side of <;hannel(arrangement 

I ) , and the vegetation was 
placed at the center of 
channel(arrangement I I ) , 
and the inf luence of 
various f ac to r s upon 
l a t e r a l momentum t rans fe r 
was checked. 

Arrangement I Arrangement I I 

F i g . l Method of ar ranging 
vegeta t ion model 

Table. 1 Cha rac t e r i s t i c s 
model used 

of vege ta t ion 

! P o r o s i t y ' Resistance 1 C o e f f i c i e n t o f l 
• law ' pe rmeab i l i t y 

b 97^ , Vw=K l,'^^ 0.96 m/s 

c \ m 1 Vw=K i « ^ / ^ 0.38 m/s 

Vw : Apparent mean v e l o c i t r y , 
Ie : Energy grad ien t . 
A l l the vegetat ions are p l a s t i c s t r i n g s 
i n t e r t w i n t e d each other 

In te r ference of Flows between the Ins ide and Outside the Vegetation 

Fig .2 shows t y p i c a l l a t e r a l v e l o c i t y d i s t r i b u t i o n s of arrangement 
I I . From t h i s Figure, i t can be known tha t a s i g n i f i c a n t v e l o c i t y 



defect is created i n the 
region close to but outside 
the vegetation (hereaf ter 
ca l l ed main f low p o r t i o n ) . 
Photos 1 and 2 express the 
f low regimes respect ively 
corresponding to arrangement 
I and I I by means of 
successive photographing. 
I n the case of arrangement I 
i t can be known that a slow 
current i n the vegetation 
(white dye por t ion) flows to 
the main f low por t ion and is 

C c i / 3 

50-

8 

_, ^ b' = 3oi 

-
0 

-

TT 

\ h= 8 c i 

1 

Fig 

2Ó0 300 C o i ] 

Distance in the l a t e r a l d i r e c t i o n 

2 La te ra l v e l o c i t y d i s t r i b u t i o n 
(arrangementl l , b'=3cm) 

mixed w i t h the current i n the main f l ow p o r t i o n . In the case of 
arrangement I I , the dye placed in the vegetat ion f lows out a l t e r n a t e l y 
to the r i g h t and l e f t p e r i o d i c a l l y . At the same time, i n f l o w from the 
main f low por t ion to the vegetation i s made a l t e r n a t e l y so as to 
compensate the outf low and th i s pe r iod ic pa t t e rn of f l u i d movement as a 
whole i n the l a t e r a l d i r e c t i o n appears as the f l o w regime having the 
progress of f l u i d downstream at a constant v e l o c i t y . A f l u i d having a 
very small v e l o c i t y i n the downstream d i r e c t i o n compared to the mean 
v e l o c i t y in the main f low por t ion f lows out from the vege ta t ion to 
r i g h t and l e f t main f low por t ions , thereby increas ing f l o w res is tance 
of the overa l l channel. 

Side wal l 

Photo.1 photo.2 

Photo.1 

Photo.2 

Typical f low pat tern of arrangement I (h=8cm, b'=123cm, 
photographing i n t e r v a l s of 1 sec.) 
Typical f low pat tern of arrangement I I (h=8cm, b '= 30cm, 
photographing i n t e rva l s of 3 sec.) 

. The interference e f f e c t is the phenomenon of mixing of a slow 
f l u i d and a f a s t f l u i d at the boundary between them. From a macro 
viewpoint , the ac t ing of shearing f o r c e a t the boundary between the 
ins ide and outside of vegetat ion can be considered as same as the 
apparent shear s t r e s s a c t i n g to the boundary between f l o o d channel 
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and main channel as shown in Fig.3 . 
Shear force ac t ing between two 
p a r a l l e l currents is generally 
re la ted w i t h the v e l o c i t y 
d i f f e rence in the f o l l o w i n g form^* : 

z = f>f ( A u ) ^ ( 1 ) 

Where, p : density of water, A u : 
v e l o c i t y d i f f e r ence between the 
inside and outside of vegetation, 
f : boundary mixing c o e f f i c i e n t . 
The value of f was determined by 
using the resul ts of the present 
experiment. In ca l cu l a t i ng the 
value of f , i t was assumed"' that 
the Manning's resistance formula 
stands good at each l a t e r a l 
pos i t ion ; bed shear force at 
each pos i t ion of the main f low 
por t ion was obtained from mean 
v e r t i c a l v e l o c i t y d i s t r i b u t i o n in 
the l a t e r a l d i r e c t i o n ; and then 
r was determined by considering 
that the d i f f e r ence between the 
sum of the bed shear force 
obtained and the component in the 
downstream d i r e c t i o n of the 
g r a v i t y ac t ing to the current i n 
the main f low por t ion i s 
equivalent to the shear force 
r X h at the boundary. Then f 
was determined from i obtained 
by using equation (1 ) . At that 
time, A u was determined from 
the f o l l o w i n g equation: 

A u = u - K I ( 2 ) 

Fig.3 Shear fo rce ac t ing to the 
boundary between the ins ide 
and outs ide of vegetat ion 

Vegetat ion b c 
K(m/s) 0.96 0.38 

Arrange I • ® 
ment I I k A 

O.ICH 

O.OH 

(water depth 4~8cm) 

A A 

% © 

O 

0 1 5 ' 2 

Fig .4 Re ia t ion between f and b' 

1 / 2 where, u is the mean v e l o c i t y i n the main f low p o r t i o n . K l b ^ ' " means 
the v e l o c i t y inside the vegetat ion i n the region where no in t e r f e rence 
is created. 

Relations between the value of f and the width b' of vegeta t ion 
f o r the arrangements I and I I are shown a l l together i n F ig .4 . From 
t h i s Figure, the f o l l o w i n g can be known : I n the case of arrangement I , 
f -va lue suddenly increases as b' increases from 0, and the ra te of 
increase of f -va lue soon decreases and an almost constant f - v a l u e 
occurs. The f -va lue increases as the c o e f f i c i e n t of pe rmeab i l i ty K of 
vegetation becomes larger . On the other hand, i n the case of 
arrangement I I , as b' becomes smaller, f - v a l u e suddenly increases and 
is much greater compared to the case where the vege ta t ion is located a t 
the one side. When b' increases, f - v a l u e tends to g radua l ly approaches 
to a constant value. As same as the case of arrangement I , f -va lue 
increases when the c o e f f i c i e n t of pe rmeab i l i ty K is l a rger . From the 
above, i t has been c l a r i f i e d that the boundary mixing c o e f f i c i e n t f i s 
not constant and g rea t ly varies depending on the a r ranging method and 
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the values of b' and K: and the resistance c h a r a c t e r i s t i c s are 
completely d i f f e r e n t from each other between the arrangements I and I I , 
and general expressing method of f -va lue must be reviewed based on 
d i f f e r e n t concepts. 

General Expression of the Boundary Mixing CoeLficie_nt f 

ArrahKement^I 
Both b' and K, which govern 

f -va lue , are the quant i t i es 
re la ted to the r e s t r i c t i o n of 
f l u i d mixing in the l a t e r a l 
d i r e c t i o n ; I f b' is s u f f i c i e n t l y 
large, then mixing region i n 
vegetat ion accelerated by the 
current i n the main f low por t ion 
w i l l be present as shown in F ig .5 . 
Now l e t ' s consider Lw as the 
cha rac t e r i s t i c length expressing 
the width of t h i s region. The 
importance of the m i x - r e s t r i c t i n g 
e f f e c t by the side wal l depends 
on whether b' is larger or smaller 
than Lw, I t is 
considered that the 
decrease in f due 
to the presence 
of side wa l l at the 
vegetation side can 
be expressed by the 
r e l a t ions between 
two non-dimensional 
quan t i t i e s 

( f - f b ' = 0 ) / 
(fb' =<» — f b' =0 ) 
and b ' /Lw, where, 
fb' =<»is the 
f -va lue a t b' = oo and 
ac tua l l y indicates the 
f -va lue when b' i s 

o 
O 

'Vegetation 

Acce le ra t ion 
reg ion 

y = 0 

F i g . 5 Cha rac t e r i s t i c s of l a t e r a l 
v e l o c i t y d i s t r i b u t i o n i n 
vegeta t ion 

O Vegetation c (K=0,38ra/s) 
e Vegetation b (K=0.96m/s) 

10 30 

Pig.6 Rela t ion between y 
f b-

50 

and 
LJ W 

s u f f i c i e n t l y large and the change in f - v a l u e due to b' has disappeared. 
Length L* representing the width of mixing region i n vegeta t ion can be 
given by the f o l l o w i n g expression "' : 

Lw = \ r h K / 2 srX f X { f 2 g h / ¥ , - K } X { ( 2 ? h)-'^' 

( 3 ) 

where, h : Water depth, Fm : F r i c t i o n a l loss c o e f f i c i e n t of the main 
f l ow por t ion . In order to check whether the thought described above is 
appropriate, the r e l a t i o n of ( f — f b ' =o ) / ( fb' =00— fb' =0 ) and b ' / Lw 
was checked based on the experiment data p rev ious ly described. The 
resu l t s are shown i n Fig. 6. From t h i s Figure, i t can be known tha t the 
( f — f b ' =0 ) / (fb- =00 ~ fb- =0 ) ~ b ' / Lw almost has an un iversa l 
r e l a t i o n . The inf luence of b' and K upon the f - v a l u e seems to be 
general ly expressed by 

( f - f h - . o ) / ( f b - . « - f b'.o) = l - e x p ( - 0 . 0 6 b ' / L w ) (4) 
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Ccm] 

t • 

A ho 

0 

V K t c m / . l 
50 

0 

[ S ] 

^ i n t 1 
Time 

Cs] 
Point 1 

36[s]Ti'ne 

Point 2 

Vegetation 

Fiuctuat ions i n water l e v e l and v e l o c i t y 
near the vegetat ion ( Arrangement I I , 
h=8cm, b'=30cm) 

Arrangement I I 
F ig .7 shows 

the water level Point 2 

f l u c t u a t i o n s A ho ^ ,̂ l''''-'-/^^^^>r-~-^y'''''7''^^^^^ I 
near the 
boundaries as O-J i — — — i ,Time 
we l l as the 
v e l o c i t y 
f l uc tua t i ons 
(Vx,Vy) near one 
of the boundaries. 
From th is Figure, 
the f o l l o w i n g can 
be known. Water 
levels at the 
r i g h t and l e f t of 
the vegetation Fig . 7 
f l u c t u a t e w i th 
time wi th the 
same wave p r o f i l e 
and the phase being d i f f e r e n t by K approximately. Because of t h i s , a 
slope of water surface appears p e r i o d i c a l l y i n the l a t e r a l d i r e c t i o n a t 
the r i g h t and l e f t of the vegetat ion. This pe r iod ic f l u c t u a t i o n i n 
water level causes a per iodic current across the vege ta t ion . The f l u i d 
f l o w i n g out of the vegetation has a very small v e l o c i t y i n downstream 
d i r e c t i o n ; and on the other hand, a cur rent f l o w i n g i n t o the 
vegetation has a v e l o c i t y i n downstream d i r e c t i o n almost the same as 
the mean v e l o c i t y of the main f l o w p o r t i o n . 

Where the vegetation i s located a t the center of channel, f l u i d 
movement in the l a t e r a l d i r e c t i o n becomes more ac t i ve compared to the 
case where the vegetation is located at one side only . 

Now l e t A h be the amplitude of water l eve l f l u c t u a t i o n of the 
main f low por t ion , and l e t vo be the amplitude of l a t e r a l i n f l o w 
v e l o c i t y . I t i s expected tha t there w i l l be a r e l a t i o n as shown below 
between A h and vo f o r each Froude number F^ i n the case where l a t e r a l 
momentum t ransfer i s s tably present. 

A h / h = F ( F r . V o / ü ) ( 5 ) 

where, F: Function expressing the r e l a t i o n of A h and vo. 
The f o l l o w i n g r e l a t i o n i s considered to e x i s t between A h and vo ; 

v o = K riv= K 

By using (5) and (6 ) , the f o l l o w i n g equation can be obtained: 

S ^ h K ^ 
= F ( F , v_, 

u 
) 

( 8 ) 

( 7 ) 

The boundary mixing c o e f f i c i e n t f 
to Vo/u because of i t s physical meaning 
means that the mixing c o e f f i c i e n t f i s 
quan t i t i e s such as Froude number and Ky 

In or ther to c l a r i f y the v a l i d i t y 
s ta r ted above, the r e l a t i o n of f ~ K / h / ( 
r esu l t s o f experiment. The resu l t s are 

Though the data are s l i g h t l y dispe 
o v e r a l l r e l a t i o n that f increases as K,/ 

i s considered to be p ropo r t i ona l 
, and thus the above expression 
goverened by the non-dimentional 
h / ( u A ' ) . 

of the r e s u l t s of review 
u / F ) was checked based on the 

shown in F ig .8 . 
rsed, there i s an apparent 
h / ( u / F ) becomes la rger ; I t is 



r a t i o n a l to consider that f i s governed by the non-dimentional 
quant i t i es K>/h/(u/F) as long as Fr is the same. 

0.10 

f 

0.05H 

0 
0 

Fig.8 Relation between f and K/h7(u /b ' ) 

F. b 
K=0.96 

c 
K=0.38 

0 . 4 5 - 0 . 5 4 • o 
0.38—0.45 9 9 

K / h 

u ^ 

Conclusions 

(1) The currents between the inside and outside of the vegeta t ion 
i n t e r f e r e w i t h each other, r e s u l t i n g i n the a c t i v e t r a n s f e r of 
momentum, and causing the increase i n f l ow res is tance . 

(2) Amount of the t r ans fe r of momentum increases as the width b' of the 
vegetation becomes larger i n the case where the vege ta t ion is placed 
in adjacent to the side w a l l of channel; and i t increases as b' 
becomes smaller i n the case where the vegeta t ion i s placed a t the 
center of channel. The degree of t r a n s f e r of momentum i n the l a t t e r 
case is larger than the former case. Also, the t r a n s f e r of momentum 
becomes ac t ive as the permeabi l i ty of the vege ta t ion increases. 

(3) Momentum t ransfer can be q u a n t i t a t i v e l y expressed by the boundary 
mixing c o e f f i c i e n t f which indicates the degree of mixing between 
the inside and outside f low of vegeta t ion. A non-dimensional 
hydraul ic quan t i ty governing the boundary mixing c o e f f i c i e n t f has 
been obtained, and also a q u a n t i t a t i v e r e l a t i o n between f - v a l u e and 
the non-dimensional hydraul ic quan t i t y has been obtained. 
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Abstract 
On the basis of systematic analyses of r e l a t i o n s among the w i d t h -

depth r a t i o s , the p o s i t i o n s of maximum v e l o c i t y and the boundary shear 
stress d i s t r i b u t i o n s , a simple model f o r the v e l o c i t y d i s t r i b u t i o n i n 
the smooth rectangular open channels i s presented i n t h i s paper. This 
makes i t possible t o reasonably p r e d i c t the v e l o c i t y value at every 
po i n t of the rectangular s e c t i o n . The t h e o r e t i c a l model agree w e l l w i t h 
the experimental data. 

1. I n t r o d u c t i o n 

For two-dimensional f l o w s , the e f f e c t s of both walls on the f l u i d 
c h a r a c t e r i s t i c s can be neglected and the shear stress along the wi d t h 
i s d i s t r i b u t e d u niformly. In such a circumstance, the v e r t i c a l d i s t r i 
butions of v e l o c i t i e s are also considered to be the same w i t h each other 
along the width and a semi-logarithmic formula t e s t e d by Keulegan (1938) 
i s suggested 

Umax- U _ 1 . H 
Ln - , K i 0.4 

U,, K y 

i n which, U^ax i s the maximum v e l o c i t y at a v e r t i c a l l i n e ; U, v e l o c i t y 
at any given p o i n t ; U-;;-, shear v e l o c i t y ; H , the depth; and K, the karman 
c o e f f i c i e n t . For three-dimensional f l o w , the f a c t o r s , such as the 
e f f e c t s of boundaries etc., become so important t h a t i t must be f a i r l y 
considered i f we want to get a reasonable model f o r the v e l o c i t y 
d i s t r i b u t i o n . 

So f a r , a l o t of a v a i l a b l e work has been made by Keulegan (1938) , 
Goncharov (1970) , Shen ( I 9 8 I ) , Knight e t a l (1981, I984) , Sarraa e t a l 
(1983), Hu (1985) and Ni ( I985) and many experiments have been made, 
but none of the previous models can be used t o c a l c u l a t e the v e l o c i t y 
d i s t r i b u t i o n i n the whole s e c t i o n of a smooth rectangular open channel 
w i t h various width-depth r a t i o B / H . To do so, the follovN^ing basic 
understandings must be f u l l y noted when a t h e o r e t i c a l model i s developed. 

( i ) The studies on the i s o v e l s f o r varying B / H i n a rectangular 
open channel show.that the l o c a t i o n s of the maximum v e l o c i t y w i l l drop 
gradually from the water surface w i t h the decrease of the width-depth 
r a t i o s . The maximum v e l o c i t y of the whole section i s c e r t a i n l y i n the 
c e n t r a l v e r t i c a l l i n e , and the maximum l o c a t i o n s y/HlUmax"^'^ (from the 
bottom) always meet the c o n d i t i o n of > 0 . 5 f o r any given B / H . 

( i i ) For three-dimensional flows, the shear stress along the 
boundaries d i s t r i b u t e d nonuniformly, see Fig. 4. 

( i i i ) The l o c a t i o n s of the maximum v e l o c i t i e s i n d i f f e r e n t v e r t i 
cals of the same cross section are d i f f e r e n t . I n general, the maximum 
lo c a t i o n s i n the v e r t i c a l s near the w a l l are more f a r from the water 
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Fig. 1 Varying of maximum v e l o c i t y l o c a t i o n s 
i n v e r t i c a l s along the width 

surface than those near the c e n t r a l l i n e . Noting the symmetry of the 
v e l o c i t y d i s t r i b u t i o n s i n the cross s e c t i o n , the examples of the 
varying maximum l o c a t i o n s i n d i f f e r e n t v e r t i c a l s f o r h a l f a se c t i o n 
i s Fig. 1. I n which, J i s the channel slope and 2Z/B i s the r e l a t i v e 
width from the w a l l . 

( i v ) I f the roughness of the boundary i s changed, both the 
maximum v e l o c i t y l o c a t i o n s and the shear stress d i s t r i b u t i o n s along 
the w a l l and bed w i l l be changed correspondingly. 

2. The r e l a t i o n between B / H and f o r the c e n t r a l v e r t i c a l 

From the above mentioned, a l o t of measured data has been c o l 
l e c t e d by the vsriter and a very good r e l a t i o n between B / H and o( f o r 
the c e n t r a l v e r t i c a l has been found. The r e l a t i o n obtained from the 
data of smooth rectangular open channel w i t h B /H : 51 i s shown i n F i g . 
2 and from the Fig . , a trend of =1 i s cle a r when B / H > 1 . 0 . The 
curve i n Fig. 2 i s w e l l described by the equation 

B / H >10 
(1) 

1 .0 

0.9 

O.S 

0 .7 

0.6 0 Rajaratnam 

0.5 0 2 4 6 
B / H 

10 

Fig. 2 Relation between and B / H f o r the c e n t r a l v e r t i c a l 
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Fig. 3 Comparisons between measured T^i/Z'fi '^^ Tb/ Th 
d i s t r i b u t i o n and eq. (3) 

For rough boundaries, eq. (1) i s not a v a i l a b l e and new r e l a t i o n s should 
be developed i n connection w i t h the corresponding measured data. 

3^_She^ar stress d i s t r i b u t i o n s i n smooth boundaries 

According t o Knight ( I 9 8 4 ) , Ghosh & Roy (1970), Rajaratnam et a l 
(1969) and Hu (1985) , the maximum shear stress along the bed should be 
appear at the c e n t r a l p a r t and those along the w a l l appear below the 
water surface as shown i n Fig. 4> 
channels, n o t i n g that 

For flows i n smooth rectangular open 

Tb 
dz 

Tw 
dy (2) 

the f o l l o w i n g e m p i r i c a l formula i s given by the w r i t e r 

Tw 
0 . 6 . 1 . 6 7 ^ - 1 . 3 2 ( 1 ) ^ - ^ = 0 . 6 . 0 . 5 ( | ) ° - ' 5 

Zb 
(3) 

i n which, "J^,^ and "["i^ i s defined by Knight (1984) 

Fig. 4 Sketch f o r section v e l o c i t y d i s t r i b u t i o n analysis 
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Fig. 5 Comparisons of the present model w i t h measured data 
measured c a l c u l a t e d 

(4) 

(5) 

(6) 

= O.Ol^f H J A ( ^ ) 

where A=exp|-3.23 l o g (3+ |) + 6.146 • 

f i ) =^ H J (1-0.01 A) 

Comparisons have been made, which i s shown i n Fig. 3¬

4. The t h e o r e t i c a l model f o r v e r t i c a l v e l o c i t y d i s t r i b u t i o n 

I n c o n s i d e r a t i o n of the zero shear stress at the l o c a t i o n 
( p o i n t 0 i n Fig. 4) of maximum v e l o c i t y i n the cross s e c t i o n , the 
f o l l o w i n g assumptions are made by the w i t e r : (a) The shear stress 
at any point of the s t r a i g h t l i n e s , which l i n k 0 ( i n Fig. 4) and any 
poi n t of the w a l l or bed a t an angle of Q w i t h the c e n t r a l v e r t i c a l , 
accord w i t h the l i n e a r r e l a t i o n 

(7) 

I n which, T i s boundary shear stress ( lw "̂ b̂) ̂ .nd the meaning 
of X or r i n shown c l e a r l y i n F i g . 4- (b) the p r a n d t l mixing 
le n g t h hypothesis i s s t i l l a v a i l a b l e f o r X r along any given s t r a i g h t 
l i n e from p o i n t 0 t o the boundary, or 

) ^ 1=K ( X - r ) ^ (8 ) 

then, from eq. ( 7 ) and eq. ( 8 ) , we obt a i n 
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Umax - U(r) 1 ^ r ^ ^ ^ 

Here U^ax i s the maximum v e l o c i t y i n the c e n t r a l v e r t i c a l . Tf 0 5ö<: 
arctg (B/2o<H), then T = T b , X=°<H/cosO and i f a r c t g ( H ) < 0 < 90° -
arc tg 2(l-o^) H/B, we have T = Tv, X=B/2 s inQ. When the s t r a i g h t l i n e 
OP IS r e v e r s e l y s tre tched to the water s u r f a c e , or point Q, the water 
surface v e l o c i t y at Q can be determined by the r e l a t i o n 

^'^''^'water surface " "max " i " xTs (10^ 

Here T . K and X are the same as the o r i g i n a l values in eq. (9) for the 
l i n e OP. In snch a way, not only the d i f f i c u l t i e s in the determination 
of shear s t r e s s at water surface are overcome, but a lso a general model 
for the v e l o c i t y d i s t r i b u t i o n of whole cross sect ion i s developed. The 
eq. d ) i s only a s p e c i a l case of the present model when B/H i s l a r g e . 
In genera l , S i s the maximum value of r in the r e v e r s e l y s treched l i n e 
OQ and S < X i s always true f o r the open channel , so the v e l o c i t v at water 
surface i s nonzero for three dimensional f lows . The comprisons with 
data are shown in F i g . 5 

5. Conclusion 

D e t a i l s on the d i f f e r e n c e s between the two and three dimensional 
flows i n cons iderat ion of v a r i a t i o n s of the l oca t ions of maximum 
v e l o c i t y and shear s t r e s s d i s t r i b u t i o n s along the boundary are f u l l y 
discussed with the observat ions , as a r e s u l t , a t h e o r e t i c a l model f o r 
the v e l o c i t y d i s t r i b u t i o n in smooth rec tangu lar open channels i s 
developed. The good agreement of the present model with measured data 
i s shown in the paper. 
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INNOVATIVE TECHNOLOGIES FOR DREDGING CONTAMINATED SEDIMENTS 
by P a u l A. Zappl and Donald F . Hayes 

US Army E n g i n e e r , Waterways Experiment S t a t i o n 
V i c k s b u r g , MS 39180 USA 

A b s t r a c t 

Contaminated marine sediments e x i s t i n many U . S . r i v e r s and h a r b o r s . 
Dredging i s a c o n v e n i e n t , economica l method of s a f e l y removing these 
contaminated sed iments . However, s i g n i f i c a n t concern e x i s t s over the 
p o t e n t i a l e n v i r o n m e n t a l e f f e c t s r e s u l t i n g from l o c a l i z e d sediment r e s u s p e n s i o n 
and contaminant r e l e a s e which may r e s u l t d u r i n g the removal o p e r a t i o n . T h i s 
paper d e s c r i b e s v a r i o u s i n n o v a t i v e dredg ing t e c h n o l o g i e s developed to c o n t r o l 
sediment r e s u s p e n s i o n a t the p o i n t o f dredg ing . H y d r a u l i c , m e c h a n i c a l , and 
pneumatic dredg ing i n n o v a t i o n s and t h e i r a p p l i c a t i o n to dredg ing contaminated 
sediments a r e p r e s e n t e d . 

I n t r o d u c t i o n 

Whi le o n l y a s m a l l p o r t i o n of the sediment dredged by the U . S . Army Corps 
o f E n g i n e e r s f o r n a v i g a t i o n p r o j e c t s i s c o n s i d e r e d contaminated , s a f e removal 
o f these sediments i s i m p o r t a n t . The U . S . Army E n g i n e e r Waterways Exper iment 
S t a t i o n , E n v i r o n m e n t a l L a b o r a t o r y i s conduct ing r e s e a r c h to p r o v i d e guidance 
f o r dredg ing contaminated sediment (Hayes 1986, 1988; H a v i s 1988; Hayes , e t 
a l . 1988; M c L e l l a n , e t a l . 1989; Zappi and Hayes , I n p r e p ) . T h i s paper 
f o c u s e s on the r e s e a r c h e f f o r t a s s o c i a t e d w i t h i n n o v a t i v e h y d r a u l i c , 
m e c h a n i c a l , and pneumatic t e c h n o l o g i e s f o r dredging contaminated s e d i m e n t s . 

Water q u a l i t y impairment due to suspended sediment and r e s u l t i n g 
t u r b i d i t y can have s i g n i f i c a n t s h o r t and long term e f f e c t s upon the a q u a t i c 
h a b i t a t and a q u a t i c s p e c i e s (Lunz 1987 ) . I t may a l s o be an a e s t h e t i c c o n c e r n 
i n some a r e a s . Sediment c o n t a m i n a t i o n o f t e n r e s u l t s from r i v e r commerce, 
i n d u s t r i a l a c t i v i t i e s , wide spread use o f a g r i c u l t u r a l p e s t i c i d e s , and 
i n t e n t i o n a l or u n i n t e n t i o n a l dumping of p o l l u t a n t s . The p r e s e n c e of 
c o n t a m i n a n t s , however, adds an a d d i t i o n a l dimension of c o n c e r n . The energy 
induced by the dredg ing p r o c e s s may s t r i p contaminants p r e v i o u s l y bound to 
sediment p a r t i c l e s and cause them to be r e l e a s e d i n t o the water column. The 
p o t e n t i a l f o r such r e l e a s e s depends upon many f a c t o r s such as sediment 
c h a r a c t e r i s t i c s , contaminants p r e s e n t , and l o c a l env i ronmenta l c o n d i t i o n s . 
A l s o , contaminants t y p i c a l l y adhere more t i g h t l y to f i n e g r a i n e d sed iments 
which have c h a r a c t e r i s t i c a l l y s low s e t t l i n g v e l o c i t i e s . Thus , they may be 
t r a n s p o r t e d w e l l away from the dredg ing a r e a . F o r these r e a s o n s , m i n i m i z i n g 
sediment r e s u s p e n s i o n i s an important a s p e c t o f dredging contaminated 
sediments and i s a p r i m a r y c o n s i d e r a t i o n i n comparing dredging methods and 
equipment. 

H v d r a u l i c Dredging Equipment 

C o n v e n t i o n a l h y d r a u l i c dredge types i n c l u d e the c u t t e r h e a d , d u s t p a n , 
b u c k e t w h e e l , and hopper dredges . These dredge types r o u t i n e l y o p e r a t e i n 
a lmost e v e r y h a r b o r and move m i l l i o n s o f c u b i c y a r d s of sediment each y e a r . 
C u t t e r h e a d dredges a r e the most common h y d r a u l i c dredge i n the U n i t e d S t a t e s 
and a r e e f f i c i e n t movers o f sediment . C u t t e r h e a d dredges use a r o t a t i n g 
c u t t e r to d i s l o d g e sediment and guide i t i n t o a s u c t i o n i n l e t . Once the 
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m a t e r i a l e n t e r s i n t o the s u c t i o n i n l e t i t i s pumped through a p i p e l i n e to i t s 
p o i n t o f d i s c h a r g e or d i s p o s a l . The magnitude of sediment r e s u s p e n s i o n by 
c u t t e r h e a d dredges i s dependent upon dredge movement, c u t t e r p e n e t r a t i o n , and 
c u t t e r r o t a t i o n speed. The dynamics o f the c u t t e r r o t a t i o n have l e d to a 
g e n e r a l p e r c e p t i o n t h a t c u t t e r h e a d dredges resuspend l a r g e q u a n t i t i e s of 
sediment due to t h i s v i o l e n t mix ing a c t i o n . However, r e c e n t r e s e a r c h has 
proven t h i s p e r c e p t i o n to be l a r g e l y unfounded. With proper o p e r a t i o n a l 
c o n t r o l s , sediment r e s u s p e n s i o n a s s o c i a t e d w i t h c u t t e r h e a d dredges may be 
q u i t e low (Hayes , e t a l . 1988; M c L e l l a n , e t a l . 1989; O t i s , e t a l . i n 
p r e p a r a t i o n ) . M c L e l l a n e t a l . (1989) r e p o r t e d sediment r e s u s p e n s i o n 
c o n c e n t r a t i o n s range from 10 to 300 mg/ l near the c u t t e r h e a d to a few mg/ l 
beyond one thousand f e e t from the dredge. 

When d e a l i n g w i t h contaminated sed iments , however, j u s t be ing low i s not 
s u f f i c i e n t . E v e r y r e a s o n a b l e e f f o r t to minimize the impacts of the removal 
p r o c e s s must be made. For t h i s r e a s o n , s i g n i f i c a n t i n t e r e s t i n h y d r a u l i c 
dredg ing i n n o v a t i o n s e x i s t s and most e f f o r t s have r e v o l v e d around improvements 
to c u t t e r h e a d dredges or dredge p l a n t s . T e s t e d and p u b l i s h e d i n n o v a t i o n s 
i n c l u d e the c l e a n u p , matchbox, r e f r e s h e r , w a t e r l e s s , and c u t t e r - s u c t i o n 
dredges . The c l eanup dredge, developed i n J a p a n , uses an auger type 
c u t t e r h e a d r o t a t i n g a long the s u c t i o n p ipe a x i s to c u t the sediment and guides 
i t toward the s u c t i o n i n t a k e . A s h i e l d over the c u t t e r c o n t a i n s resuspended 
sediment and a gas c o l l e c t i o n system removes sediment l a d e n gas . Sonar 
d e v i c e s monitor the e l e v a t i o n i n the f r o n t and back of the dredge and an 
underwater camera moni tors sediment r e s u s p e n s i o n ( B a r n a r d 1 9 7 8 ) . H e r b i c h and 
Brahme ( I n prep) r e p o r t e d t h a t the c leanup dredge e f f e c t i v e l y reduced sediment 
r e s u s p e n s i o n . 

The matchbox dredge, developed i n The N e t h e r l a n d s , c o v e r s the s u c t i o n 
i n t a k e w i t h a m a t c h b o x - l i k e s h i e l d . M a t e r i a l i s guided i n t o the s u c t i o n 
i n t a k e through an opening which moves h o r i z o n t a l l y a long the bottom as the 
dredge swings from s i d e - t o - s i d e . The s u c t i o n p ipe opening on the t r a i l i n g 
s i d e o f the matchbox c l o s e s to i n c r e a s e the a v a i l a b l e s u c t i o n p r e s s u r e . The 
matchbox dredge was brought to the U . S . i n 1985 by Bean Dredging Co. and 
t e s t e d i n Calumet Harbor , I l l i n o i s (Hayes , e t a l . 1988) a long w i t h a 
c o n v e n t i o n a l c u t t e r h e a d . Sediment r e s u s p e n s i o n around the matchbox dredge was 
low, but the c u t t e r h e a d a l s o performed w e l l . A s i m i l a r comparison was 
performed i n 1989 on contaminated sediment i n New Bedford Harbor , 
Massachuset ts ." The matchbox dredge e x p e r i e n c e d problems w i t h c l o g g i n g d u r i n g 
these t e s t s , but was g e n e r a l l y l e s s e f f e c t i v e than the c u t t e r h e a d dredge ( O t i s 
e t a l . 1 9 8 9 ) . 

L e s s i n f o r m a t i o n i s a v a i l a b l e on o ther i n n o v a t i v e equipment 
m o d i f i c a t i o n s . The J a p a n e s e - d e v e l o p e d r e f r e s h e r dredge uses a h e l i c a l - s h a p e d 
c u t t e r h e a d to c u t and guide m a t e r i a l i n t o the s u c t i o n i n t a k e . The c u t t e r i s 
s h i e l d e d to c o n t a i n sediment resuspended by the c u t t e r . Kaneko e t a l . (1984) 
r e p o r t e d t h a t s e v e r a l t e s t s showed the r e f r e s h e r dredge i s capab le o f removing 
sediment w i t h a minimum amount o f r e s u s p e n s i o n . The w a t e r l e s s dredge, 
developed i n the U n i t e d S t a t e s , c o n s i s t s o f p a d d l e w h e e l - l i k e c u t t e r s and a 
submerged c e n t r i f u g a l pump e n c l o s e d i n a h a l f - c y l i n d r i c a l s h i e l d . The s h i e l d 
c o n t a i n s the sediment resuspended by the c u t t e r s . The w a t e r l e s s system i s 
r e p o r t e d to remove sediments a t a h i g h c o n c e n t r a t i o n w i t h a minimum amount of 
sediment r e s u s p e n s i o n ( M i t r e C o r p o r a t i o n 1983 ) . 
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The c u t t e r - s u c t i o n combinat ion uses the s u c t i o n pipe as both the s u c t i o n 
and d r i v e s h a f t o f the c u t t e r . S tandard c u t t e r h e a d des igns i n c l u d e one s h a f t 
to t u r n the c u t t e r h e a d and one to p r o v i d e s u c t i o n a t the c u t t e r h e a d . The 
s t a n d a r d d e s i g n r e q u i r e s t h a t the c u t t e r h e a d be l a r g e enough to f i t the 
s u c t i o n i n t a k e p ipe a t the bottom of the c u t t e r . The combinat ion of the 
s u c t i o n p ipe and c u t t e r d r i v e s h a f t enables the s u c t i o n i n t a k e to extend 
f a r t h e r i n t o the c u t t e r w i t h the s u c t i o n i n t a k e l o c a t e d i n the c e n t e r o f the 
c u t t e r . E x t e n d i n g the s u c t i o n i n t a k e i n t o the c u t t e r h e a d d e c r e a s e s the 
d i s t a n c e between the channe l bottom and the i n t a k e and i n c r e a s e s the amount of 
m a t e r i a l p i c k e d up. With the s u c t i o n i n t a k e i n the c e n t e r o f the c u t t e r h e a d , 
the c u t t e r c a n be reduced to h a l f i t s o r i g i n a l s i z e , the s u c t i o n i n t a k e can be 
des igned w i t h a more h y d r a u l i c a l l y e f f i c i e n t b e l l - s h a p e d mouth, and the 
s u c t i o n i n t a k e can draw i n sediment from a l l d i r e c t i o n s i n s t e a d of j u s t the 
bottom of the c u t t e r . The reduced c u t t e r s i z e r e q u i r e s l e s s torque to y i e l d 
same f o r c e on the c u t t e r b l a d e s and shou ld r e s u l t i n lower sediment 
r e s u s p e n s i o n ( B a r n a r d 1978) . 

M e c h a n i c a l Dredging Equipment 

M e c h a n i c a l dredges are o f t e n used f o r low volume dredg ing , dredging i n 
t i g h t a r e a s s u c h as around p i e r s , docks , and a r e a s where waterborne t r a f f i c 
shou ld not be i n t e r r u p t e d . The c l a m s h e l l dredge, probab ly the most common 
m e c h a n i c a l dredge, w i l l be the focus h e r e . A c l a m s h e l l dredge may s i m p l y be a 
c r a n e mounted on a b a r g e . The crane lowers a c l a m s h e l l bucket r a p i d l y , grabs 
a bucket o f sed iment , l i f t s i t through the water column, and e i t h e r dumps the 
sediment i n t o an a d j a c e n t hopper barge or c a s t s the m a t e r i a l to the s i d e ( o n l y 
i n c l e a n , sandy s e d i m e n t s ) . Sediment r e s u s p e n s i o n r e s u l t s from the b u c k e t 
s t r i k i n g the c h a n n e l bottom, l eakage w h i l e b e i n g r a i s e d through the water 
column, and washing d u r i n g the l o w e r i n g p r o c e s s . S i g n i f i c a n t r e s u s p e n s i o n 
o c c u r s when the hopper barge o v e r f l o w s . O v e r f l o w may account f o r much o f the 
t o t a l sediment r e s u s p e n s i o n . B a r n a r d (1978) r e p o r t e d the plume downstream of 
a c l a m s h e l l dredge may extend 300 m a t the water s u r f a c e and 450 m n e a r 
bottom. He a l s o r e p o r t e d resuspended sediment c o n c e n t r a t i o n s o f up to 500 
mg/ l w i t h water column averages n o r m a l l y below 100 m g / l . 

An e n c l o s e d c l a m s h e l l b u c k e t has been developed which reduces the 
sediment r e s u s p e n s i o n a s s o c i a t e d w i t h l e a k a g e . The e n c l o s e d b u c k e t i s a 
s t a n d a r d c l a m s h e l l bucket w i t h the top p o r t i o n of the bucket c o v e r e d and 
e i t h e r gaske ted or tongue- in -groove j a w s . The use of an e n c l o s e d b u c k e t can 
r e p o r t e d l y reduce the amount o f sediment i n the water column by t h i r t y to 
seventy p e r c e n t ( B a r n a r d 1 9 7 8 ) . T e s t s conducted i n F l o r i d a ' s S t . Johns r i v e r 
showed t h a t the e n c l o s e d b u c k e t a t t r i b u t e s appear to be a t r a d e o f f between 
d e c r e a s i n g the upper water column sediment c o n c e n t r a t i o n and i n c r e a s i n g the 
lower water column sediment c o n c e n t r a t i o n ( M c L e l l a n e t a l . 1 9 8 9 ) . 

Pneumatic Dredging Technology 

Pneumatic dredges u t i l i z e the d i f f e r e n t i a l between a tmospher ic and 
h y d r o s t a t i c p r e s s u r e s i n deep w a t e r . The dredge m a i n t a i n s a tmospher ic 
p r e s s u r e i n s i d e an empty submerged c y l i n d e r v i a an open duct above the w a t e r 
s u r f a c e . H y d r o s t a t i c p r e s s u r e e x i s t s o u t s i d e the submerged c y l i n d e r and 
f o r c e s sediment i n t o the c y l i n d e r when the c y l i n d e r ' s i n l e t v a l v e opens. Once 
the c y l i n d e r i s f u l l , the i n l e t v a l v e c l o s e s and compressed a i r i s d i r e c t e d 
i n t o the c y l i n d e r . When the o u t l e t v a l v e opens, sediment f l o w s out of the 
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c y l i n d e r and through a p i p e l i n e t h a t l e a d s to the d i s p o s a l s i t e or hopper 
b a r g e . Once the c y l i n d e r i s empty, the p r o c e s s r e p e a t s . T h i s p r o c e s s c a n , 
o c c u r a u t o m a t i c a l l y , but must be i n deep water to c r e a t e the p r e s s u r e ) 
d i f f e r e n t i a l n e c e s s a r y to remove most sediments ( B a r n a r d 1978) . The pneuma 
and oozer dredges a r e the most common type of pneumatic dredges . 

The pneuma dredge c o n s i s t s o f t h r e e c y l i n d e r s , an a i r compressor , v a r i o u s ' 
s h o v e l a t t a c h m e n t s , and a d i s t r i b u t o r sys tem. I t can be mounted on a crane or 
dredge l a d d e r and p u l l e d through the sediment . As the pneuma dredge p u l l s [ 
through the sediment , m a t e r i a l e n t e r s the c y l i n d e r s through shove l a t tachments i 
mounted on the i n l e t v a l v e s . The s h o v e l s can be changed to s u i t the dredg ing 
c o n d i t i o n s . A d i s t r i b u t o r system i n s u r e s t h a t t h e r e i s a lways one c y l i n d e r 
d i s c h a r g i n g m a t e r i a l ( B a r n a r d 1978 ) . A v a r i a t i o n of the s t a n d a r d pneuma j 
dredge, the Amtec pneuma dredge, uses a vacuum system to reduce the amount of 
h y d r o s t a t i c p r e s s u r e r e q u i r e d . T h i s a l l o w s the dredge to operate i n depths as 
s h a l l o w as 12 f e e t and reduces the chance of choking the i n t a k e w i t h sediment 
( H e r b i c h and Brahme I n p r e p ) . 

The pneuma dredge was used to remove contaminated sediment from the 
Duwamish Waterway, Washington. R e s u l t s showed t h r e e d i s t i n c t advantages of , 
the pneuma dredge over c o n v e n t i o n a l dredges: the a b i l i t y to p r e v e n t 
o v e r d r e d g i n g by c o n t r o l l i n g the c u t depth and r a t e o f t r a v e l , the a b i l i t y to 
f o l l o w the contours o f the waterway bottom, and the a b i l i t y to dredge f l u i d or ) 
low v i s c o s i t y m a t e r i a l s a t h i g h c o n c e n t r a t i o n s . Pneuma dredge d i s a d v a n t a g e s ' 
i n c l u d e : i t s i n a b i l i t y to remove sand a t i n s i t u d e n s i t y , i t s i n a b i l i t y to 
s u s t a i n a s i g n i f i c a n t d i s c h a r g e d e n s i t y , and i t s much lower pump e f f i c i e n c y ( 
than t h a t o f c o n v e n t i o n a l c e n t r i f u g a l pumps. T e s t s a l s o i n d i c a t e d t h a t the | 
pneuma dredge was e f f e c t i v e a t m a i n t a i n i n g r e s u s p e n s i o n l e v e l s s l i g h t l y above 
background c o n c e n t r a t i o n s ( H e r b i c h and Brahme I n p r e p ) . ; 

The oozer dredge was developed i n Japan to dredge h i g h l y contaminated 
s e d i m e n t s . The d e s i g n and o p e r a t i o n of the oozer dredge i s s i m i l a r to a 
c u t t e r h e a d dredge w i t h the oozer pump b e i n g mounted on the end of a l a d d e r . | 
The oozer dredge c o n s i s t s o f two c y l i n d e r s and a vacuum system f o r use when 
the h y d r o s t a t i c p r e s s u r e i s i n s u f f i c i e n t . A meta l hood p l a c e d over the 
s u c t i o n h e l p s r e c o v e r r e l e a s e d o i l s and gases and c o n t a i n sediment \ 
r e s u s p e n s i o n . The oozer dredge a l s o i n c l u d e s a r o t a t i n g b lade p a r a l l e l to the 
c h a n n e l bottom to guide the m a t e r i a l i n t o the i n t a k e , an underwater camera and 
s e n s o r s to monitor the t h i c k n e s s o f c u t , the channe l bottom e l e v a t i o n a f t e r • 
d r e d g i n g , and the amount o f sediment r e s u s p e n s i o n , and a r e c o r d e r t h a t p r i n t s j 
out a f i n a l r e c o r d of the a c t u a l amount o f m a t e r i a l dredged. R e p o r t s o f 
Japanese t e s t s i n d i c a t e t h a t suspended s o l i d s l e v e l s a s s o c i a t e d w i t h the oozer 
dredge were w i t h i n background c o n c e n t r a t i o n s ( B a r n a r d 1978; M i t r e C o r p o r a t i o n | 
1 9 8 3 ) . I 

Another pneumatic dredge which i s a m o d i f i c a t i o n of the oozer dredge uses j 
compressed a i r to d r i v e a p i s t o n t h a t pumps the sediment; a c u t t e r sys tem can | 
be added to the dredge i f n e c e s s a r y ( B a r n a r d 1978) . F i e l d t e s t s o f t h i s 
dredge were conducted i n Osaka Bay, J a p a n . Almost a l l measured r e s u s p e n s i o n 
v a l u e s were j u s t s l i g h t l y above background c o n c e n t r a t i o n s . T h i s dredge used 
t h r e e sonar d e v i c e s p o s i t i o n e d on the upper s i d e o f the s u c t i o n mouth to a l l o w 
the dredge to f o l l o w the contours o f the water bottom (Koba and S h i b a 1 9 8 1 ) . 

( 
I 
j 
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Comparisons 

A comprehensive comparison of the performance of v a r i o u s dredge types I s 
d i f f i c u l t . Even i f such a comparison was p o s s i b l e , the r e s u l t s would be 
l a r g e l y i n c o n s e q u e n t i a l s i n c e s i t e c h a r a c t e r i s t i c s u s u a l l y d i c t a t e the dredge 
type which must be used . E f f o r t s shou ld t h e r e f o r e focus on improving the 
c a p a b i l i t i e s o f each dredge type and p o s s i b l y c u s t o m i z a t i o n f o r c e r t a i n 
c o n d i t i o n s . I n any c a s e , v a r i a b i l i t y i n sediment c h a r a c t e r i s t i c s and t e s t i n g 
c o n d i t i o n s make q u a n t i t a t i v e comparisons of the r e s u s p e n s i o n c h a r a c t e r i s t i c s 
d i f f i c u l t ; q u a l i t a t i v e comparisons are b e s t accompl i shed under as near 
i d e n t i c a l c i r c u m s t a n c e s as p o s s i b l e . I n the two s t u d i e s which have p i t t e d 
v a r i o u s dredges o p e r a t i n g under near i d e n t i c a l c o n d i t i o n s , c o n v e n t i o n a l 
dredges have proven to be s u r p r i s i n g l y s u c c e s s f u l (Hayes , e t a l . 1988; O t i s , 
e t a l . 1989) . T h i s does no t , however, negate the need f o r p u r s u i n g equipment 
i n n o v a t i o n s to improve c u r r e n t o p e r a t i o n s . A l s o , e v a l u a t i n g the e f f e c t i v e n e s s 
o f any c leanup a l t e r n a t i v e must a l s o c o n s i d e r o ther e x i s t i n g sources of 
sediment s p r e a d such storm surges and boat t r a f f i c . 

Summary 

I t seems c l e a r t h a t o ther c o u n t r i e s are more advanced i n deve lop ing and 
t e s t i n g i n n o v a t i v e dredg ing t e c h n o l o g i e s than the U . S . The i n n o v a t i o n s 
d i s c u s s e d i n t h i s paper c e r t a i n l y show promise f o r f u t u r e a p p l i c a t i o n s . 
U n f o r t u n a t e l y , d e t a i l s o f d a t a c o l l e c t i o n e f f o r t s and the raw data i s not 
e a s i l y a c c e s s i b l e to independent ly e v a l u a t e the e f f e c t i v e n e s s of these 
i n n o v a t i o n s . V a l u a b l e i n f o r m a t i o n c o u l d be ga ined from t h e i r e x p e r i e n c e s , 
however, through the exchange of t e s t r e s u l t s , o b s e r v i n g t h e i r equipment i n 
o p e r a t i o n , and t e s t i n g t h e i r equipment i n the U . S . R e s e a r c h and development 
on equipment i n n o v a t i o n s i n the U . S . must c o n t i n u e . 
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Sediment Model Study on The Sluice Tunnel at the O u t f a l l 
of the Taohe River in L i u j i a x i a Reservoir 

J iang Ruqin 
I n s t i t u t e of Water Conservancy and H y d r o e l e c t r i c 

Power Research, 1990, 4 B e i j i n g 

Abs t rac t 

In order to avoid r ap id s i U a t i o i n in the upstream of the L i u j i a x i a 
dam, i t is suggested to cons t ruc t a s lu i ce tunnel along the l e f t bank of 
the Yellow River to i n t e r r u p t the dens i ty cur ren t coming from the out 
f a l l of the Taohe River and the sediment eroded from the upper reaches 
of the Taohe River . Comparison between the experiment of the c o n d i t i o n 
of fo rmat ion and the c h a r a c t e r i s t i c s of the dens i ty cu r r en t w i t h the 
f i e l d measurement give a f a i r l y good r e s u l t s . Results of the model 
t e s t show the dens i ty cu r r en t from the o u t f a l l of the Taohe River ob
v i o u s l y passes through the bed of the Yellow River and is s l u i ced out 
s t a b l e l y from the t u n n e l . 

1. I n t r o d u c t i o n 

L i j i a x i a dam loca ted at the downsteam of the confluence of the 
Taohe River and the Yellow Rive r , was const ructed in 1969. The dam is 
147 m h igh . A Reservoir w i t h a t o t a l storage capac i ty of 5.74 X 1 0 ' m \ 
serving a t o t a l i n s t a l l e d capaci ty of 1.225 X lO^kW, is formed. 

A f t e r twnety years of o p e r a t i o n , the main t roub le ar ises f rom the 
s w i f t s i l t i n g in the upstream of the dam, since the o u t f a l l of the Taohe 
River is on ly 1.5 km upstream from the dam ( F i g . 1 ) . The Taohe River 
br ings an average suspended load of 2.86 X 10''t annua l ly , which c o n s t i 
tutes about 1/3 of the t o t a l sediment. I t is compara t ive ly large to 
the capac i ty of the Taohe River reaches. 

The i n f l o w of the Taohe River dur ing f l o o d season always forms 
dens i ty c u r r e n t s , reaching the confluence of the Taohe River and the 
Yellow R ive r , and moving in the upstream d i r e c t i o n of the Yellow 
Rive r . I t r e s u l t s in a sand bar across the r i v e r , as shown in F i g . 2. 
The e x i s t i n g sand bar would prevent the d i v e r s i o n of water f o r power 
generat ion at low water l e v e l s . 

The Taohe River de l t a resached the confluence in 1978. The 
sediment c a r r i e d by dens i ty cu r ren t from the Taohe River reaches the 
damsite. I t causes the s w i f t s i l t i n g in f r o n t of the dam and br ings 
about a ser ies of disadvantages: 

(1) The t u r b i n e is abrased due to a great amount of sediment, 
p a r t i c u l a r l y coarse g r a i n s , passing through the t u r b i n e . 

(2) Because the e l e v a t i o n of the sediment depos i t ion is higher 
than tha t of the s o i l of the s l u i ce gates, the f u n c t i o n of s l u i c i n g 
would be menaced dur ing f l o o d season. 

Since 1981, experiments have been conducted on drawing down the 
water l eve l in the L i u j i a x i a Reservoir before the f l o o d season to 
erode deposi ts f rom the r e s e r v o i r . Observations i n d i c a t s tha t the 
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1 
I 
/ 

F i g . l P l a n o f L i u j i a x i a R e s e r v o i r 

T h l w e g o f T a o h e R i v e r 

D i s t a n c e ( k m ) D i s t a n c e from dani(km) 

F i g . 2 S a n d b a r formed by d e p o s i t i o n o f d e n s i t y c u r r e n t 
from T a o h e R i v e r i n L i u j i a x i a R e s e r v o i r 

f l u s h i n g e f f i c i e n c y is q u i t e h igher . The problem is tha t a great 
amount of the s i l t depos i t i on at the upper reaches of the Taohe 
River is eroded and t ranspor ted to the f r o n t of the dam and dpeosi ted 
there to r a i se r a p i d l y the e l e v a t i o n of d e p o s i t i o n . 
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2. Model design 

The s l u i ce tunnel is suggested to be const ructed along the l e f t 
bank of the Yellow River to i n t e r r u p t the dens i ty cur ren t and the 
sediment eroded from the upper reaches of the Taohe River . The key 
problem is whether the dens i ty cu r ren t passes through the bed of the 
Yellow Rive r , reaches the l e f t bank and enters s t a b l e l y the tunnel w i t h 
high s l u i c i n g e f f i c i e n c y . 

During 1986-1988, experiments on three undis tored models w i t h 
f i x e d bed were c a r r i e d ou t . 

According the c o n d i t i o n of l a b o r a t o r y , the length scale is chosen 
as 120, i . e . A/, = Ai = 120. The model study is conducted f o r q u a n l i t a -
t i v e l y checking the presence of the dens i ty cu r ren t f rom the Taohe 
Rive r . In order to s a t i s f y the s i m i l a r i t y of the g r a v i t y and the 
fo rma t ion of dens i ty c u r r e n t , the scale of volume weight of dens i ty 
cur ren t must equal to 1. When the c lay at the Zhu-Wo Reservor loca ted 
downstream of the Guanting Reservoir was selected as the model sand, 
the concen t ra t ion in the model t e s t would be the same as tha t in the 
p ro to type . Grain composit ion curves both of the prototype and of the 
model are shown in F i g . 3. 

Graia size D (mm) 

Fig.3 Mechanical composition of the 
model and the prototype 

3. The v e r i f i c a t i o n tes ts 

(1) The c r i t i c a l c o n d i t i o n of the fo rma t ion of the dens i ty cu r r en t 
f o r d i f f e r e n t discharge of the Taohe River was i n v e s t i g a t e d . In order 
to i n v e s t i g a t e the c r i t i c a l c o n d i t i o n of the f o r m a t i o n of the dens i t y 
c u r r e n t , v e l o c i t y , depth and s i l t concen t ra t ion of the f l o w at the 
plaunging p o i n t were observed. 

A p l o t of the r e l a t i o n s h i p between u and gh, is given in 
F i g . 4. I t is shown tha t the c r i t i c a l Froude Number u^/^gh of den
s i t y cu r r en t f o r m a t i o n equals to 0 .6 . 

(2) The c h a r a c t e r i s t i c s of the dens i ty c u r r e n t . The s i t e s of 
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measuring were 
taken along the 
Taohe R ive r . 
The v e r t i c a l 
d i s t r i b u t i o n 
of the v e l o 
c i t y u and the 
s i l t concen
t r a t i o n c in 
l o n g i t u d i n a l 
d i r e c t i o n are 
p l o t t e d in 
F i g . 5. The 
data measured 
in L i u j i a x i a 
Reservoir are 
given in F i g . 6 . 

The f o l 
lowing charac
t e r i s t i c s of 
the dens i ty cu r ren t 

2.0 

1-0 

O Field mesurement 
• Prototype conversed by model 
® Model 

10 30 

(m/s) 

Fig.Zi Relationship between u and JéF^ 

in the L i u j i a x i a Reservoir may be noted: 

o 
•H 

> 
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® 
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® ® 0 
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1 1 ,1 11 ,1 
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F ig .5 Distribution of velocity and s i l t 
concentration m model 

© 4.2km upstream from the outfal l of the Taohe River 
® 3.2km upstream from the outfal l of the Taohe River 
® 1.7km upstream from the outfal l of the Taohe River 
© 1.0km upstream from the outfal l of the Taohe River 
® 0.4km upstream from the outfal l of the Taohe River 

i ) The acce l e ra t i on of the d e s i t y cur ren t in the Taohe River is 
caused by the topographic p r o f i l e f ea tu res of the r e s e r v o i r depos i t 
(See F i g . 2 ) . . 

l i ) The s e t t l i n g of coarse and f i n e p a r t i c l e s in t u r b i d dens i ty 
cur ren t and the d i f f u s i o n at the i n t e r f a c e r e s u l t in the decrease of 
the thickness of the dens i ty c u r r e n t . 

i i i ) As the Taohe River reaches are narrow in w i d t h (about 
100-200m), the t ransverse d i f f u s i o n of the dens i ty cu r ren t is compara 
t i v e l y s m a l l , the thinkness of the dens i ty cu r ren t and the i n f l o w con 
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c e n t r a t i o n mainta in as unchanged. 
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F i g . 6 D i s t r i b u t i o n o f v e l o c i t y and s i l t 

c o n c e n t r a t i o n i n f i e l d mesurement 

4. The phenomenom of passing through "The Yellow River" of the d e n s i t y 
cu r r en t f rom the o u t f a l l of the Taohe River 

Data of model tes ts shown by the l a n t e r n s l ides revealed tha t the 
dens i ty cu r r en t from the o u t f a l l of the Taohe River obvious ly passes 
through the bed of the Yellow River to the l e f t bank and is backed up 
so tha t a weak adverse cu r ren t moves toward the upstream of the Yellow 
R ive r . Most par t of the dens i ty cur ren t is i n t e r r u p t e d and evented 
out s tab ley f rom the s l u i ce t u n n e l . A small par t of the dens i ty 
cu r ren t moves toward the dam along main channel. 

5. Results of the model t e s t 

(1) Series of systemic tes t s dea l ing w i t h the i n f luence of the 
i n f l o w discharge and s o i l concen t ra t ion of the Taohe R ive r , the d i s 
charge f o r power genera t ion , water l eve l at the damsite, the discharge 
of s l u i c i n g t u n n e l , the shape of the funnel in f r o n t of s l u i c i n g t un 
nel and the e l e v a t i o n of the s i l l of the s lu i ce tunnel have been car
r i e d ou t . The s l u i c i n g e f i c i e n c y is q u i t e h igh , about 53.3-80.5% of 
the amount of i n f l o w sediment from the Taohe River is s l u i c e d , the 
average is 67%, which depends on discharge capac i ty of the tunnel and 
the water l eve l in the r e s e r v o i r dur ing the per iod of s l u i c i n g . 

(2) With the tunnel opening the amount of the sediment passing 
through t u r b i n e can be roduced 3/4 compared w i t h the case w i t h o u t the 
t u n n e l . The amount of sediment deposi ted in f r o n t of the dam is 
reduced by 2 /3 . 
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M O D E L L I N G O P F E ^ J £ : - G - R A I N E D S E D I M E N T R A I N S P O R T 

I N A . C O A S T A L A R E A 

b y A . B . V e k s l e r ( E n g r ) , Y e . A . Z a v e d i y ( E n g r ) 

T h e B . E . V e d e n e e v A l l - U n i o n R e s e a r c h I n s t i t u t e o f H y d r a u l i c 

E n g i n e e r i n g ( V N I I G ) , L e n i n g r a d , U S S R 

A b s t r a c t 

T h e p a p e r d e s c r i b e s o m o f t h e . . . e t h o d s f o r s i x V i u i a t i n g t h e s t u d i 

e s o f s a n d g r a v e l s e d i m e n t t r a n s p o r t i n h y d r a u l i c m o d e l l i n g . T h e i n t r o 

d u c t i o n o f s c a l e c o e f f i c i e n t s i s s u b s t a n t i a t e d b a s e d o n t h e s i m i l i t u d e 

c o n d i t i o n s o f t r a n s p o r t i n i t i a t i o n a n d f l o w i n d u c e d s e d i m e n t m o v e m . e n t . 

T h e r a t i o s r e l a t i n g t h e g r a i n s i z e a n d d e n s i t y t o t h e m o d e l s c a l e a r e 

o b t a i n e d . T i i e e x a r r . p l e s a r e g i v e n o f a p p l y i n g t h i s t e c h n i q u e t o t h e s t u 

d i e s o n a n u m b e r o f s t r u c t u r e s l o c a t e d i n t h e c o a s t a l a r e a . 

W h e n s t u d y i n g s c o u r , s e d i m i o n t t r a n s p o r t a n d s e d i m i e n t a t i o n p h e n o -

i r . e n a o n h y d r a u l i c . . l o d e l s o n e o f t iae i r . o s t d i f f i c u l t p r o b l e m s i s t h e r e 

c a l c u l a t i o n o f a g r a i n s i z e o f s e d i r . : e n t s c o n " . p o s i n g t h e c h a n n e l i . c c o r d -

i n 3 t o t i a e nnodel s c a l e , s i n c e t h e g r a i n s i z e o f m . o d e l s o i l p a r t i c l e s 

p r o v e s t o b e b e l o w 1 . 0 . . l iv. . A s w e l l k n o w n , t h e s c o u r a n d t r a n s p o r t 

p r o c e s s e s a r e s t r o n . - g l y a f f e c t e d n o t o n l y b y g r a v i t y f o r c e s b u t b y v i s 

c o s i t y v . ' h i c h c a n n o t b e s i m i u l a t e d . / h e n a p p l y i n g P r o u d e ' s s i i v i l i t u d e 

t e c h n i q u e u s u a l l y a d o p t e d i n l a y d r a u l i c e n g i n e e r i n g p r a c t i c e . T o a v o i d 

t h i s d i f f i c u l t y i s s o m e t i m . e s p o s s i b l e b y t h e u s e o f d i s t o r t e d s c a l e i V i O -

d e l l i n g / l , 2 / w h i c h a c c o r d i n g t o / s / . r u g h t p r o d u c e a p p r o x i i . . a t e s ixVi i l i -

- t u d e . x - i O v / e v e r , i n c a s e t h e m o d e l m u s t d i s p l a y b o t h t h e s t r u c t u r e a n d 

t h e b a s i n a r e a a d j a c e n t t o i t , t h e d i s t o r t e d s c a l e n . o d e l l i n g m i g h t p r o v e 

t o b e L . i p e r m i s s i b l e . S o , o n e o f t h e m o s t e f f i c i e n t m e t i a o d s i n . n o d e l l i n g 

r i v e r b e d s c o u r i n g i s t o e m p l o y s o i l s u b s t i t u t e s w h o s e d e n s i t y i s l o w e r 

t h a n t h a t o f p r o t o t y p e s o i l s . 

A c o n v e n t i o n a l m e t h o d to c l a o o s e t i a e s u b s t i t u t e m a t e r i a l i s t o m . e d ; 

t h e c a l c u l a t i n g c o n d i t i o n s o f F V o u d e ' s u l t i m a t e n o n s c o u r i n g v e l o c i t y . B e 

c a u s e o f t h i s , v . ' h e n s t u d y i n g b e d d e t o r n . a t i o n s , t h e u s e i s o f t e n n . a d e 

o f p l a s t i c p o v / d e r s , c a l c i n e d s a ' w d u s t , e t c . , i . e . t h e m . a t e r i a l s l i g h t e r 

t h a n s e d i m e n t s , w i t h t h e o b t a i n e d r e s u l t s s h o w i n g a g o o d a g r e e n . e n t 

w i t i a t h e p r o t o t y p e d a t a . O n e o f ü a e m o s t d e t a i l e d s u b s t a n t i a t i o n s o f 

s c a l e c o e f f i c i e n t s d e f i n i n g t h e c h a r a c t e r i s t i c s o f . . i o d e l s o i l s i s g i v e n 

i n /4 / ' a s a p p l i e d t o t h e s o l u t i o n o f d i f f e r e n t p r o b l e m s . v h i c h . n a y a r i s e 

i n i a y d r a u l i c s t u d i e s o f e r o d i b l e c h a n n e l s a n d s u s p e n d e d f l o w s . F Y i r t h e r 

d e v e l o p m e n t s o f t h e s e p r o b l e m s a r e d e s c r i b e d i n / 5 / . T h e c o n s i d e r a t i o n s 

g i v e n i n t h i s w o r k c o n f i r m , a u n i f i e d a p p r o a c h t o i n t r o d u c t i o n o f s c a l e 

c o e f f i c i e n t s w h i c h d e f i n e t h e r . . o d e l s o i l p a r a i v . e t e r s w h e n m . a k i n g s t u 

d i e s o f s c o u r , s e d i m e n t t r a n s p o r t a n d d e p o s i t i o n , i . e . i n . . l o s t c a s e s i n 

s e p a r a b l e p h e n o m e n a a r i s i n g s i . r . u l t a n e o u s l y a s d i f f e r e n t c o . v . p o n e n t s o f 

r i v e r b e d e v o l u t i o n . 

T h e s i m i l i t u d e c o n d i t i o n s o f t r a n s p o r t i n i t i a t i o n a n d f l o . / i n d u c e d 

s e d i m . e n t m o v e m e n t c a n b e a c h i e v e d b y i . - e e t i n g t h e n e c e s s a r y c r i t e r i a 

d e t e r m i n i n g t h e p r o c e s s b o t h i n t h e i i i o d e l a n d i n - s i t u c o n d i t i o n s : 

^ —^£= = iden ( i ) 

^ ^ c i = f V ? ^ - - ^ ' ^ ^ ^ ( 2 ) 
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w h e r e t f f i ê i s t i i e b o t t o r n n o n s c o u r i n g v e l o c i t y f o r s o i l s w i t h t h e g r a i n ' 

s i z e d '•> f - J ^ - J i , / j ^ > v / h e r e _yO a n d JO^ i s t h e d e n s i t y o f s o i l 

p a r t i c l e s a n d w a t e r , r e s p e c t i v e l y ; y i s t h e i < i n e r a a t i c c o e f f i c i e n t o f 

w a t e r v i s c o s i t y a n d ƒ i s t l i e f r e e f a l l a c c e l e r a t i o n . 

T h e s i m i l i t u d e c o n d i t i o n s o f s e d i m . e n t t r a n s p o r t a n d d e p o s i t i o n b y 

t h e c i i a n n e l f l o w c a n b e a t t a i n e d b y m i e e t i n g o o t h o n t h e m o d e l a n d 

p r o t o t y p e t h e n e c e s s a r y c r i t e r i a d e t e r m i n i n g t h e f l o w i n d u c e d p a r t i c l e 

r e s i s t a n c e . I . e . t h e c r i t e r i o n ^e^^ a c c o r d i n g to 2 ) a n d t h e f o l l o w i n g 

c o e f f i c i e n t o f r e s i s t a n c e : ^ ^ 

w h e r e It/' i s t h e r e l a t i v e v e l o c i t y o f s e d i m ^ e n t a n d w a t e r t r a n s p o r t . 

T h e c r i t e r i a <̂  a n d a r e s e l f - s i m i l a r a c c o r d i n g to w i t h 

^^c{ > '/ie^CZ ' T h e r e f o r e , m . e e t i - g t l i e c o n d i t i o n s o f ( 2 ) i s r m c z r , ~ a r y o n l y 

w i t h gg^ < IZe • e v i d e n t f r o m t h e e x p e r i m e n t a l r e s u l t s i n F i g . l 

b a s e d o n t h e s t u d i e s o f c h a n n e l f l o w n o n s c o u r i n g v e l o c i t i e s / 6 , ? / , 

v / a v e f l o v / s / s / a n d p a r t i c l e g r a i n s i z e / 9 , l O / , t h e v a l u e ^ ^ ^ ^ ^ i s t a . v a n 

a s 5 0 0 . H o w e v e r , w i t h U n e e r r o r b e l o w 5 % i t i s p e r m i s s i b l e t o e x p a n d 

s o m i e w l i a t t h e s e l f - s i m i l i t u d e a r e a a s s u m i n g ^S^^QI^ 1 0 0 . 

T o a t t a i n o n t h e m o d e l t h e s i m i l i t u d e G o n d t i o n s o f s e d i m e n t t r a n s 

p o r t a n d b e d s c o u r i n g b y t h e flo'-v, t h e s o i l h y d r a u l i c c h a r a c t e r i s t i c s 

liJf a n d lf^§ s i i o u l d b e p r e s e n t e d i n c o n f o r m i t y w i t h t h e v e l o c i t y s c a l e 

c o e f f i c i e n t e q u a l t o = c C i n P r o u d e ' s m . o d e l l i r g , w h e r e c?<l̂  i s 

t h e s c a l e l i n e o f t h e m . o d e l , «c?^^ = L ^ j Lp \ o i ^ = l / n I Vp '•> t h e 

i n d i c e s ^ ^ ; ? : ' a n d ^ p ' r e f e r to t h e m o d e l a n d p r o t o t y p e v a l u e s , r e s p e c 

t i v e l y . P r o c e e d i n g f r o m t h i s ^ o n e c a n a s s u m e Vf-^lT^ê ^ if s h o w i n g 

( l ) a n d ( 3 ) a s ^ r f If^pim = IT/ . H e n c e , 

oCy cC^ = c^l^ = c^^ ( 4 ) 

T a k i n g a c c o u n t o f t h e f a c t t l i a t i n t h e s e l f - s i m i l i t u d e a r e a Cg a n d 

d a r e i n d e p e n d e n t o f t h e R e y n o l d s n u m b e r HsQI , a l l o w a n c e c a n b e 

m . a d e f o r a d e c r e a s e i n 2e^ when m o d e l l i n g . P r o m ( 2 ) i t f c J l o w s : 

-i i 

S o l v i n g ( 4) a n d ( s ) s i m u l t a n e o u s l y w e o b t a i n t h e r a t i o o f thBC^i^ 
s c a l e c o e f f i c i e n t s a n d t i i e r e l a t i v e d e n s i t y t o t h e m o d e l g e o m d ; r i c s c a l e 

A p p a r e n t l y , i f t l i e m . o d e l s o i l w i t h t h e g r a i n s i z e dm. c a n r e 

l a t e i n a c c o r d a n c e w i t h d t o t h e s e l f - s i i . u l i t u d e a r e a . / e o b t a i n v / h e n 

m o d e l l i n g i n P r o u d e ' s c o n d i t i o n s : 2s(^Im ^Scip 
T h e n w i t h '^^dm RS clcZ d e r i v e f r o m ^ ( 6 ) a s t o l l o v / s : 

-.ai{ (c<f ) i f , dc/^oCl oll^d, (,) 
J 

i . e . n a t u r a l s o i l s c a n b e u s e d a s t h e m o d e l g r o u n d \ / v h o s e g r a i n s i z e 

i s d e f i n e d b y d i r e c t g e o m e t r i c c a l c u l a t i o n s o f t h e p r o t o t y p e g r a i n s i z e . 
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W h e n e m p l o y i n g t ine a ^ i b s t i t u t e s w h o s e d e n s i t y i s d i f f e r e n t f r o m t h a t o f 

t h e p r o t o t y p e o i : ^ ' /= 1 v/e o b t a i n f r o m ( o ) c<^=oi^ oC'i . H o v / e v - a r , t h i s 

c a s e i s h a r d l y t o b e r r f e r r e d to a s p r a c t i c a l l y a d v i s a b l e . 

A ' i t h ^ ^ / ^ '^'^e^lcl^^^clp , w h e r e , t h e s h i f t b e y 

o n d t h e s e l f - s i i i u l i t u d e a r e a o n t h e n . o d e l w i l l r e s u l t i n b r e a k i n g t h e 

d i t i o n s o f ( l ) a n d ( 3 ) . T h e r e f o r e , i t s h o u l d b e a s s u r . i e d ^e^m = 2ec/cZ 
o n -

. e . o^Zed^ 2edcz/Pec/p' H e n c e , 

^ r ^ ^ 2edc 
^ d = ^ u 

ex.. 
ted 

Ni'&x Us dp ^ tS^-ii^l ïne c o n d i t i o n ( l ) i s to b e m e t a c c u r a t e l y , i . e . 

= 1 ; t h e s c a l e c o . e f f i c i e n t s i n t i l l s c a s e w i l l b e : 

A 4 

( o ) 

a n d = ( 9 ) 

Fcg./. ReeationsUps êetureen the. ^oit padCcdt 
moêiUty czctezia in a channed fdoz^TPa^) 
and in a ufaife feouf (aP) oz the coefficient 
of fiouf induced pazticee zesiStance Cg 
and the Reynoddt numSet Re^, 

A p p a r e i t l y , w h e n u s i n g t h e s u b s t i t u t e s t h e v o i u m i e o f s c o u r e d o r 

d e p o s i t e d s o i l s c a n n o t b e t r a n s f e r r e d f r o m , t h e n . o d e l t o t h e p r o t o t y p e 

c o n d i t i o n s b y m e r e g e o m e t r i c c a i c u l a t i o n s . B e a r i n g i n i n i n d t h a t t h e 

c o n c e n t r a t i o n o f s e d i m e n t s ^ o n t h e m . o d e l ; v i l l d i f f e r f r o m t h e p r o t o 

t y p e d u e t o g r a i n s i z e c h a n g e s , i . e . o / ~°id ^ / " ^ ' '^'^'^ a s s u . n i n g t h e 

v o l u i a e o f t n e s e d i n i e n t t r a n s p o r t W ='VCO$i ( w h e r e V i s t i i e m j ^ 

v ^ e l o c i t / ; CO i s t h e f r e e a r e a a n d i, i s t l i e tiiv.e) w e h a v e c<w -o<.d 

S i r . i l a r t o t h i s , f o r t h e d i s c h a r g e o f d e p o s i t s i t . / i L b e o c ^ oL^^l 

I n c a s e o f e x a c t a d h e r e n c e , t o ( ..,-^.14- „f _c 

s t i t u t e s w e h a v e cX ^ - c><i * a n d 
- °^ ted 

T h i s a p p r o a c h t o t h e i n t r o d u c t i o n o f s c a l e c o e f f i c i e n t s d r f i n i r g t h e 

s i z e a n d d e n s i t y o f s c o u r e d s o i l s o n ü i e n i o d e l a n d t h e q u a r . t i t a t i v e 

c h a r a c t e r i s t i c s o f t h e i r t r a n s f e r a n d b e d e v o i u t i a i i s b a s e d o n t h e a s 

s u m p t i o n t h a t t h e r e a r e s i m i l i t u d e c o n d i t i o n s o f t r a n s p o r t i n i t i e . t i o n a i x i 

f l o v / i n d u c e d s e d i m e n t m o v e i v i e n t i n i v i n e m a t i c a n d d y n a u i i c s i m i l a r f l o v / s . 

i - ' r o c e e d i n g f r o m t h i s , t o m e e t t h e s i m i l i t u d e c o n d i t i o n s t h e o b s e r v a n c e 

o f t h e c r i t e r i a Ci , a n d w a s a s s u m e d t o b e q u i t e e n o u g h f r o m 

t h e r e l a t i o n s h i p s ( l ) - ( 3 ) r a t h e r t h a n b y e : , u a t i o n s f o r s e d i r / i e n t t r a n s 

p o r t , n o n s c o u r i n g v e l o c i t y o r g r a i n s i z e v e r s u s f l o w h y d r o d y n a / n i c p a r a -

r / i e t e r s a n d p h y s i c a l - m i e c h a n i c a l p r o p e r t i e s o f s o i l s / 4 , 5 , l l / . i - i O / z e ^ e r , 

t h e s e l e c t i o n o f s o i l s t o b e s c o u r e d a c c o r d i n g t o t h e abo>/f^i i ' . en t ion6d 

t e c h n i q u e r e s u l t s i n b r e a k i n g t h e s i n i i l i t L i c e c o n d i t i o n s o f b e d s u r f a c e 

r o u g h n e s s , v / h i c h i n i t s t u r n c a u s e s a b r e a k i n k i n a v i a t i c s i r i i i l i t u d e / 4 / . 
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I n t h e m a j o r i t y o f c a s e s t h e e f f e c t o f t h e m e n t i o n e d f a c t o r s m a y b e n e 

g l i g i b l e d u e t o a s m a l l c o n c e n t r a t i o n o f s e d i m e n t s a n d t h e r e s u l t i n g 

d i s t o r t i o n w i l l b e w i t h i n a t o l e r a b l e e r r o r i n h e r e n t i n e x p e r i i u e n t a l s t u 

d i e s . 

T h e a b o v e - m e n t i o n e d t e c i n i n i c p e ^vas u s e d i n t h e s t u d i e s o f a 

n u m b e r o f s t r u c t u r e s l o c a t e d i n a c o a s t a l a r e a . A s e a w a t e r i n t a k e 

v / i t h a n o p e n c a n a l w h o s e u n d e r w a t e r a r e a 1^ p r o t e c t e d b y r o c k f i l l 

g r o i n s h a s t i a e m a x i m . u m d i s c h a r g e o f 1 2 0 m / s / l 2 / . T h i s a r e a i s c h a r 

a c t e r i z e d b y a c o n s i d e r a b l e w a v e i m i p a c t ( \ v a v e h e i g h t u p t o 1 0 m ) . 

T h e u n d e r w a t e r s l o p e i s g e n t l e ( 1 : 6 0 ) c o m p o s e d o f s a n d d e p o s i t s w i t h 

t h e g r a i n s i z e d p = 0 . 3 - 0 . 4 m m a n d t h e d e n s i t y J O ^ ^ = 2 7 0 0 k g / m . ' ^ . 

T h e p u r p o s e o f t h e s e s t u d i e s w a s t o d e f i n e t h e o p t i m u m v e r s i o n f o r 

a r r a n g e m e n t o f p r o t e c t i v e s t r u c t u r e s p r o v i d i n g f o r a r e l i a b l e o p e r a t i o n 

o f t h e w a t e r i n t a k e a t r o u g h s e a s a n d s e d i m e n t t r a n s p o r t . T h e r r . o d e l 

w i t h a s c a l e o f 1 : 7 5 w a s m a n u f a c t u r e d f r o m c o n c r e t e . T h e p r o t e c t i v e 

s t r u c t u r e s w e r e n ^ a d e o f c r u s h e d r o c k m i a t e r i a l a n d c o n c r e t e b l o c k s . 

v V i t h t h e g i v e n s c a l e t l i e n . o d e l l e d s o i l s m u s t h a v e t l i e d e n s i t y = 

= 1 0 0 3 k g / m ^ a c c o r d i n g t o ( 9 ) . T o s t u d y t h e b e d s e d i m e n t t r a n s p o r t 

r a t e a n d s e d i r ü e n t e n t r a n c e i n t o t h e w a t e r i n t a k e b a s e d o n t h e o b t a i n 

e d r e s u l t s p o l y s t y r e n e g r a i n s were t a k e n a s t h e m o d e l s o i l s , t h e i r 

g r a i n s i z e a n d d e n s i t y b e i n g c/^ = 3 . 9 mm. a n d J ^ ^ = 1 0 3 0 kg /m-^ , 

r e s p e c t i v e l y . A n i n c r e a s e i n t h e a s s u r a e d s o i l d e n s i t y ( b y 2 . 7 / o ) c a u s 

e s s o n i e d i s t o r t i o n i n t h e o b t a i n e d r e s u l t s b u t s i m p l i f i e s t h e e x p e r i m e n t 

a l p r o c e d u r e s i n c e t h e s o i l p a r t i c l e s s e e m t o b e l e s s s u b j e c t e d t o 

f l o a . t i n g i n c a s e o f a i r b u b b l e s d e v e l o p e d o n t h e i r s u r f a c e . T h e s c h e m 

e s o f t h e m o d e l a n d a l t e r n a t i v e v e r s i o n s o f p r o t e c t i v e s t r u c t u r e a r 

r a n g e m e n t a r e g i v e n i n P i g . 2 . 

I n t h e c o u r s e o f t h e s e i n v e s t i g a t i o n s t h e t r a n s p o r t c a p a c i t y o f 

t h e f l o w e n t e r i n - t h e w a t e r in ta l< :e x v a s s t u d i e d w i t h v a r i o u s w a t e r d i s 

c h a r g e s a n d s e a v v a v e h e i g h t v a l u e s . T h e f l o w t r a n s p o r t c a p a c i t y c u r 

v e s a l o n g t h e w a t e r i n t a k e c a n a l l e n g t h f o r t h e s i i v . p l e s t a r r a n g e r n e n t 

a r e g i v e n i n P i g . 3 . A s s t a t e d , t h e r o u g h s e a v / i t h - . / a v e i a e i g h t s o f 

3 . 5 rn i s t h e m o s t u n f a v o u r a b l e f a c t o r f r o m t h e s e d i m e n t a t i o n p o i n t o f 

v i e ' v v . vVitla a n i n c r e a s e i n v / a v e h e i g l n t s t h e s e d i i i e n t t r a n s p o r t d i s 

c h a r g e d e c r e a s e s , . n t h w a v e s h i g h e r t h a n 5 mi t h e s c o u r i n s e d i m e n t s 

a n d t l i e i r v / a s h i n g a v / a y a t s e a w a s o b s e r v e d a t t h e c a n a l s i t e 1 0 0 ¬

1 2 0 a . l o n g . 

A s t h e r e s u l t s o f t h e s t u d i e s s h o . v t h e i i c n e n . e s 1 a n d 2 \, P i g ^ 2) 

a r e t h e m o s t e f f e c t i v e o f a l l t h e v e r s i o n s c o n s i d e r e d f r o m t h e c a n a l 

p r o t e c t i o n p o i n t o f v i e w a s t h e s t r u c t u r e s f u l l y p r o t e c t i n g t h e w a t e r i n 

t a k e . 

A p r o t e c t i v e s t r u c t u r e d e s i g n e d f o r c o a s t p r o t e c t i o n a t t h e r i v e r 

. a o u t h i s a m a n - m a d e s a n d b e a c h w i t h a p r o t e c t i v e g r o i n ( P i g . 4 ) . T h e 

b e a c h i s 2 k m l o n g a n d 0 . 2 k m w i d e . T h e g r o i n i s a r r a n g e d a t a n 

a n g l e o f 1 1 5 ° t o t h e b e a c h l i n e , i t s l e n g t h b e i n g 2 8 J \\\. T h e a i e a n d i a 

m e t e r o f g r a i n s i s 0 . 2 m m . I n t h e c o u r s e o f t h e s t u d i e s t h e c u r v e o f 

b e a c h s c o u r i n g i n t e n s i t y w a s o b t a i n e d f o r a 1 0 - y e a r p e r i o d ( P i g . 4 ) . 

T h e s e d i r a e n t a t i o n o f t h e s h i p c a n a l i n t h e l a k e w i t h 0 . 9 r . :m b e d 

s e d i m e n t s w a s s t u d i e d o n a f ragxV . ent m . o d e l o f t h e c a n a l c r o s s - s e c t i o n 
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a v e r a g e i n i e n g t i i . T h e s c a l e o f m o d e l l i n g i s l : l o . T h e d e p t h a n d w a v e 

h e i g h t s a r e g i v e n i n P i g . 5 . T h e r e a r e a l s o s h o w n t h e s e d i n . e n t a t i o n 

v o l u m e s f o r w a v e s v a r i o u s i n h e i g h t . 

T h e e x p e r i e n c e g a i n e d i n a p p l i c a t i o n o f n . a n - n . a d e g r a i n . n a t e r i a l s 

( p o l y s t y r e n e , P V C , e c t ) p o i n t s t o a p o s s i b i l i t y o f s i n i u l a t i n g aow i n c . u c -

e d s e d i m e n t t r a n s p o r t w i t h t h e u s e o f t h e n . . A t t h e s a m e t i m e it s h o t i l d 

b e n o t e d a s a n a d d i t i o n t o t h e a b o v e - n . e n t i o n e d d i s a d v a n t a g e s ttnat b e 

c a u s e o f t h e i r n o n - w e t t a b i l i t y t h e l o n g - t e n . , p r e l i m . i n a r y w e t t i n g i s r e q u i r 

e d i n e x p e r i m e n t a l s t u d i e s w h i c h , n e v e r t h e l e s s , c a n n o t b e a g a r a n t e e 

a g a i n s t a i r b u b b l e s a p t t o d i s t o r t s t r o n g l y t i i e p a r t i c l e b e h a v i o u r i n v / a -

t e r . 

FcQ.ó. Ship canaê Sedimenta • 
^ Uon. 

9^ = Specific diSchatge of 
pediments entezing the 
ship canae, 

h a uraoe height. Hps- Q,S6 
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V E L O C I T Y A N D S H E A R S T R E S S D I S T R I B U T I O N I N S C O U R H O L E S 
C A U S E D B Y S U B M E R G E D W A L L J E T 
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Abstract 

Experimental results of the velocity and boundary shear stress distribution in 
localized scour holes caused by turbulent wall jets with finite tailwater depths are 
reported. The main focus has been the flow field near the bed of the scour holes 
and in particular the associated characteristics of the fluctuating boundary shear 
stresses. It is shown that the local velocity measured at 0.8 cm from the bed using a 
propeller current meter can be used to compute the bed shear stress. A qualitative 
description has been given on the scouring process based on the mean flow 
characteristics. 

Introduction 

A n essential part of research into sediment transport is the measurement of 
local shear stress close to the bed. A knowledge of this information is pertinent in 
order to explain the mechanism by which sediment particles are entrained from the 
bed and their subsequent transportation by the main flow. In fact, most of the 
sediment transport formulas currently available incorporate either explicitly or 
implicitly the effect of shear stress as a function of the local hydraulic conditions. 
The present paper deals primarily with the measurements of mean flow 
characteristics and their associated shear stresses in scour holes under clear water 
scour condition caused by two and three dimensional turbulent wall jets with finite 
tailwater submergence. 

The objectives are twofold. Firstly, a method is sought on the computation of 
boundary shear stress involving local scour and a brief review on related works has 
been conducted. A method described herein has been proven to be useful and 
supported the approach used by many researchers using the local velocity near the 
bed to calculate shear stress. Secondly, this approach has been applied to study the 
distribution of boundary shear stresses in scour holes produced by a plane jet and a 
square jet. A qualitative description is given on the time development of scour and 
to account for the fact that some of the bed shear stresses computed have values 
smaller than the Shields critical criterion for the initiation of sediment motion. 

Experimental set-up and velocitv measurements 

Two series of flow patterns experiments have been conducted for this study. 
A recirculating channel 5.0m long, 0.61m wide and 0.5m deep was used for the 
experiments involving a plane turbulent wall jet. The jet opening was 5.1 cm and 
was issued under a well designed sluice gate. The working section was 2 m from the 
downstream end of the channel with a sand bed filled to a depth of 0.3m. The invert 
of the jet was positioned at the same height as the levelled sand bed. A square jet of 
5.1 cm X 5.1cm was used in the three dimensional scour tests. The set-up consisted 
of a header tank connected by a 0.6m long square pipe to a downstream working 
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section made of galvanised steel 1.83 m long, 0.61 m wide and 0.46 m deep. The 
sand was filled to a depth of 0.25m in the downstream tank. 

Only one type sand was used in this study. The sand had a uniform grading 
curve with d5Q = 0.82 mm, angle of repose = 33° , a specific gravity of 2.66, a 
porosity of 0.403 and a mean fall velocity corresponding to of 11.0 cm/s. The 
experiments were confined to the clear water scour condition. The tailwater depths 
in all the experiments were adjusted so that the jet outlet was just submerged. For 
both series, the streamwise mean flow characteristics were measured for the time 
development of scour holes at various stages of the erosion process. 

Because of the continuously changing flow boundary as scour progresses with 
time, the transient, non-uniform flow has to be first transformed into a steady-state 
fixed bed model. The method used simply involved covering and moulding the 
scour hole in situ with aluminium tin foil, which forms an impermeable layer 
between the sand and the water. The flexibility and toughness of the foil enables 
the complicated scour geometry to be moulded easily. The experimental section 
was covered completely so that no water leaked into the soil. The surface of the foil 
was then coated with the sand grains used in the experiment, to simulate the original 
roughness of the bed. 

Velocities were measured using a Nixon stream flow miniature current meter 
of diameter 16 mm. Velocity measurements were taken over a grid of locations in 
both the horizontal and the vertical planes. In this study, particular attention was 
given to the measurements of the streamwise bed velocity, u ,̂ at a distance 0.8cm 
above the bed of the scour hole. 

Flow characteristics in scour holes 

The time development of scour represents a very complicated shear flow 
phenomenon involving the movement of sediment-water mixture along the bed of 
the scour hole. A typical sequence of the centerline velocity profiles illustrating the 
development of a scour hole from the initial flat bed stage through to the 
approximate equilibrium scour condition produced by a 5.1cm x 60.7cm plane jet is 
shown in Fig. 1. It can be seen that the flow distribution resembles that of a 
diverging-converging flow situation. As the diffused jet starts to flow oyer the 
erodible bed, a scour hole is formed immediately, creating a region of intense 
mixing and shearing. From the measured velocity profiles, the displacement 
thickness (S *, the momentum thickness, 9 and the corresponding shape factor Hj2 
= 6 • / 6 were also evaluated. Some typical values of Hj^2 "̂"̂  listed in Fig. 1. 

For boundary layer flow on a smooth flat bed, it has been found that Hyi 
grows larger with an increase in x and in pressure gradient, dp/dx [1]. For the 
present case, the increasing value of H | 2 shown in Fig. 1 corresponds to the 
expansion and diffusion of the jet into the scour hole which causes a deceleration to 
the mean flow and an increase in dp/dx, in this case adverse since Hj^o > 1.4 and 
dp/dx > 0 [2]. Beyond the section of maximum scour, the flow accelerates with the 
decrease in H i 2 and the pressure gradient is favourable (dp/dx < 0 and H J ^ T < l-^)-
Clearly, it can be seen that the flow in localized scour is strongly influenced by the 
presence of pressure gradient, particularly in the section of maximuni erosion. It 
will be seen in the following section that this factor needs to be considered in the 
determination of boundary shear stress. 
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Computation of boundary shear stress 

For a plane surface, the simplest technique for measuring the boundary shear 
stress is perhaps the Preston tube. Measurement of boundary shear stress in a scour 
hole presented great problem in that the curvature of the scour zone precludes the 
use of the Preston tube. It should be mentioned that short of direct measurements 
at the boundary, there is as yet no reliable method of determining the actual shear 
stress in a scour hole. For local scour around bridge piers, Melville and Raudkivi [3] 
were two of the few who studied the flow characteristics in the scour holes. The 
velocities were measured using the D I S A anemometer and the boundary shear 
stress was estimated from the mean bed velocity measurements, U L at a level of yu 
= 2 mm from the boundary using the equation 

Tb = K u b / y b (1) 

where K = 2, which is the calibration constant obtained by comparing xu from E q . 
(1) with those obtained from the slope of the logarithmic velocity profiles of the 
approach flow and with Preston-tube measurements. 

A method similar to that of Melville and Raudkivi is used for the present 
investigation. This method has the principal advantage of easy mobility. The mean 
local bed velocity at yu = 0.8 cm which is half the diameter of the propeller current 
meter will be used as tne characteristic velocity in the equation 

T b = P f u b 2 / 8 (2) 

where f is the friction factor, assumed to be given by the Colebrook-White equation, 
written for the present purpose as 

1 / f l / 2 = .2 logio [ d5o / 14.83 h + 2.52 / f l / 2 ( R e ) ^ ] (3) 

where h = the local flow depth above the scoured bed and (Re)jj = uj^h/v . 

In an attempt to check the applicability of Eq.(2), the rough law equation and 
the characteristics of the velocity profiles have also been employed to determine the 
boundary shear stress. For the present purpose, the commonly accepted rough law 
equation for fully developed turbulent layer on a flat plate can be written as 

Ub / u* = 2.5 In [ 30.1 y^ / d5o ] (4) 

where u* = ( TJ^/ p i^^^. Initial comparison of calculated from Eq.(2) and 
Eq.(4) indicated that the latter values are larger by as much as 25% (see Fig. 3). A n 
analysis of the flow characteristics in the turbulent boundary shear layer of the 
scoured zone is then carried out to check the reason for this discrepancy. 

For turbulent boundary layer over a flat plate, Ludwieg and Tillmann [1] 
found that in spite of the presence of a pressure gradient, a narrow inner region 
existed in which the law of the wall still holds. It follows that with the reduction of 
velocity near the boundary when dp/dx > 0, x ^ should also be reduced accordingly 
[2]. In other words, any flow problems in the presence of strong pressure gradients 
should made allowance for the variation of the shape factor Yi^h particularly under 
conditions of imniinent separation. Following the method of Ludwieg and 
Tillmann, the velocity, U Q at a distance of y^ = momentum thickness, 0 was read off 
or extrapolated if necessary for those velocity profiles under the influence of a 
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pressure gradient. As shown in Fig. 2, the velocity UQ is plotted in a non-
dimensional form as U Q / U ~ against Hj^o, where Uj^^ = maximum velocity at a 
section. The agreement oi the present data with the curves of Ludwieg and 
Tillmann and that of Spence [1] is excellent. In view of the agreement and the fact 
that UQ is usually very near to the bed, it is postulated that the skin friction formula 
suggested by Ludwieg and Tillmann may be used to calculate the bed shear stresses 
and to compare with that from Eq.(2). The equation has the form 

Tb = 0.123 p (Re)e-0-268. iQ-O.eiSH^^ ^^2 (5) 

where 10^ < (Re)0 = u „ 9 / V < 4 X 10^. The results of the above comparison is 
shown in Fig. 3 and it can be seen that reasonable agreement is obtained. 
Therefore, it can be concluded that reasonable estimates of T b could be obtained 
using Eq.(2) from measurements of the velocity near the bed. 

Results of boundary shear stress distributions 

Fig. 4 shows the boundary shear stress distribution along the centerline bed 
profile for the plane jet. For the square jet, the calculated shear stresses for three 
stages of the erosion process have been plotted in contour form as presented in Fig. 
5. In general, it can be seen that the values of T b decrease as the scouring time and 
size of the hole increases and that negative shear stresses were obtained for those 
sections where reversed flow was observed (Fig. l ) . The negative sign indicates that 
the boundary shear stress is in the direction of flow. Figs. 4 and 5 also sho\y that the 
boundary shear stress is lowest around the region of maximum scour and is highest 
near the crest of the scour hole. In both cases, the region of the highest value of 
boundary shear stress also coresponded to the region where the bed velocities were 
large and vice versa. It should be mentioned that the friction factors f computed 
from E q . (3) for all data points remain quite constant with an average value of 0.032 
for the flat bed data and a maximum of 0.039 for the maximum scour section. 

Using the Shield's criterion for the initiation of sediment motion [5], the 
critical shear stress, t ^ obtained for the bed material (d^Q = 0.82 mm) used herein 
is Tj,= 0.42 N/rn^. Referring to Figs. 4 and 5, it can be seen that all the boundary 
shear stresses, except for the flat bed condition, have values less than the critical 
value. Similar trend has also been observed by Raudkivi [6]. This observation 
contradicts the accepted fact that the boundary shear stress would gradually reduce 
to the critical value when the scour hole approaches the equilibrium condition [4,5]. 
It must be pointed out that in the calculations of T b, no consideration has been 
given to the effect of turbulent intensity near the bed. From observations during the 
measurement, it was noted that there were occasional turbulent bursts near the bed 
which brought sand particles from the upstream slope of the hole to the section of 
maximum erosion and vice versa. 

This clearly indicates that the turbulent agitation near the bed plays an 
important role in the entrainment of particles although the observed mean x h^\<i 
not show a higher value than T„ to indicate this trend. Fluctuations of up to 50% in 
the mean velocity of turbulent flows near the bed has been observed and because 
shear stress is proportional to Ub squared, instantaneous shear stresses acting on the 
bed having more than twice the average intensity are to be expected [4]. It follows 
that any attempt to explain the detailed behaviour of x b in the scour zone must 
take into account the effects of these fluctuations on local entrainment and 
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sediment transportation. This aspect has not been dealt with in this study 
due to the limitation of the instrumentation used. 

However, works by researchers such as Breusers [7] and Schoppmann [8] 
have proven experimentally that scouring is indeed more severe when the turbulent 
intensity in the scour zone increases. It was found that the turbulence itself does not 
erode the bed material but only agitates and loosen the particles on the bed so that 
they are more easily entrained by the flow. Therefore, base on these works, it 
appears reasonable to conclude that turbulent agitation near the bed is an important 
mechanism for the entrainment of particles and that although the local time-
averaged boundary shear stress is smaller than the Shields critical value, relatively 
large instantaneous value due to the strong turbulent velocity fluctuations near the 
bed can occur frequently enough to cause an enhanced rate of entrainment and 
transport of sediment particles from the scour hole. 

Conclusions 

The following conclusions can be drawn from the study: 

1. The flow characteristics in a scour hole was found to be greatly influenced by 
strong presure gradient and that this factor needs to be considered in the 
determination of boundary shear stress. 

2. It has been demonstrated that Eq.(2) can be used to calculate the mean 
boundary shear stress in a scour hole from a velocity measurement made at a 
distance of 0.8 cm above the eroded bed. 

3. The study shows that the criteria of critical shear stress alone could not 
account for the enhanced rate of entrainment and transport of sediment 
particles in the scoured zone and that measured mean boundary shear 
stresses have been found to be lower than the Shields critical value. 

4. A qualitative description revealed that turbulent agitation near the bed is an 
important mechanism and that the rates of entrainment and transport of 
sediment are not unique functions of the boundary shear stress but depend 
also on the turbulent intensity near the bed. 
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Fig.5. Boundary shear stress distributions in scour holes caused by the 

5.1cm X 5.1cm jet. (U^^ = 60.31cm/s, H = 5 icm) 

Fig.4. Boundary shear stress distributions in scour holes along the 

centerline bed profile. (5.1cm x 60.7cm jet, = 55.0cm/s, H = 6.7cm) 
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Abs t rac t 

The conceptual structure and operation of the advanced solar pond 
(ASP) was presented by the authers in several previous articles. The 
present study concerns the theoretical and experimental evaluation of the 
ASP performance. The theoretical calculations were carried out by 
applying some simplified flow, heat transfer and mass transfer models. 
The experimental part of the study included simulations of transport 
processes in the conventional solar pond (CSP) as well as such processes 
taking part in the ASP. 

The thoeretical calculations as well as the experiments indicated 
that the ASP may operate at higher eff iciency and higher bottom 
temperature than those typical to the CSP. 

In t roduct ion 

In several previous publications [1,2,3] the authors introduced the 
concept of the advanced solar Pond (ASP). Fig. i provides a schematical 
description of the ASP. This structure of the ASP was suggested by Osdor 
[4]. Osdor suggested to modify the conventional solar pond (CSP) by adding 
a stratified thermal layer 9n account of the homopeneous thermal layer, 
which is also termed LCZ (lower convective zone), and the barring layer 
layer, which is also lermed GZ (gradient zone). Osdor also suggested to 
increase the salinity in all layers of the solar pond and thereby to reduce 
the rate of evaporation from the CSP surface and enable a certain increase 
of the temperature of the homogeneous thermal layer. 

Osdor's idea can be materialized provided that it is possible to create 
the stratified thermal layer and control its flow conditions. 

* Present address: Mathematical Models Div., ISMES Spa, Viale Giulio 
Cesare 29, 24100 Bergamo, Italy 
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Thfi mathemat ical model l ing 

In order to evaluate the possible use and advantages of the ASP we 

deve loped a s imp l i f i ed mathemat ica l model able to s imula te basic 

momen t i um, heat and mass t ransfer phenomena . Comple te deta i ls 

concerning this model are given in our previous studies [1,2]. 

The model incorparated an analyt ical solution of the flow equat ions, 

cons ider ing only hor izontal f low in the var ious major f luid layers, with 

numerical solut ion of the heat and mass transfer processes, consider ing 

dominant convect ion in the horizontal direct ion and dominant di f fusion in 

the vert ical d i rec t ion. 

We also per formed some analyses of the f low f ield stabil i ty which 

prov ided informat ion concern ing d i f ferences in stabi l i ty cr i ter ia between 

the ASP subject to field condit ions and a possible simulator of the ASP 

operat ing in the laboratory [5]. The ana lyses indicated that in most 

pract ical cases the f low in the laboratory simulator of the ASP is more 

stable, and convect ion currents may develop in planes different from those 

typical to instabil i ty of the f low carr ied out in the ASP subject to f ield 

condit ions. However if carefully planned experiments, carried out even in a 

compara t i ve l y nar row f l ume , can p rov ide the impor tan t i n fo rmat ion 

concerning the feasibil i ty of the ASP. 

The exper imental set-up 

Fig. 2 provides the schematic of the exper imental set-up uti l ized to 

simulate the performance of the ASP. It consists of a f lume whose length, 

width and depth are 915cm, 60cm, 162cm, respect ively. It is made of 

concrete, and its inner walls are covered with an insulating material which 

has a high chamical resistivity. 

At the upstream side of the flume a special entrance unit was used in 

order to c rea te the s t ra t i f i ca t ion of the s t ra t i f ied thermal layer as 

required. At the downst ream end of the f lume a special exit unit was 

instal led in order to enable adequate condi t ions for the mul t ise lect ive 

w i thdrawal . Parts of the homogeneous thermal layer and the strat i f ied 

thermal layer were diverted into a series of small containers employed as a 

mix ing unit wh i ch p rov ided the var ious d i s c h a r g e s , sa l in i t ies and 

temperatures as needed for the stratif ied thermal layer. The mixing unit 

-13A.2-



- 3 -

and a spec ia l pumping system cont ro l led the f low condi t ions in the 
homogeneous thermal layer and the sublayers compr is ing the strat i f ied 
thermal layer. 

The solar radiation was s imulated by metal halide lamps and G.E. 

Dural ight ref lectors which provided radiat ion energy of 225 W / m ^ at the 
surface of the water body. 

The experiments and experimental results 

The exper imenta l set-up descr ibed in the prev ious sect ion may 
simulate transport phenomena taking place in a sector of the CSP or ASP 
whose length is about 9m. However such a short sector includes the region 
af fected by the select ive injection as well as the region af fected by the 
se lec t ive w i thd rawa l . 

In order to consider d i f ferences in t ransport phenomena between 
dif ferent sectors of the ASP we had to create in the exper imental set-up 
the adequa te sal in i ty and tempera tu re prof i les by in ject ing for the 
s imulat ion of t ransport phenomena in a downst ream sector the resulted 
profi les obtained in the withdrawal of the upstream sector. Meanwhi le we 
only comple ted a very l imited set of exper iments concern ing t ransport 
phenomena taking place in the first sector of the CSP and the first sector 
of the ASP. 

Operat ing the exper imental set-up as a CSP simulator, the energy 
losses were about 80 pecent of the radiation energy existing at the water 
surface. The brines were injected into the homogeneous thermal layer at a 
tempera ture of 70 cent ig rade, as shown in Fig. 3a, The wi thdrawal 
temperature was 75.5 cent ingrade. 

Operat ing the exper imental set-up as an ASP simulator, the energy 
losses were about 70 percent of the radiation energy existing at the water 
surface. About 23 percent of the 30 percent useful energy were obtained 
from the homogeneous thermal energy, and 7 percent were obtained from 
the stratif ied thermal layer. As shown in Fig. 3b the temperature of the 
brine injected into the homogeneous thermal layer was 70 cent igrade. The 
wi thdrawal temperature of that layer was 76.3 cent igrade. The average 
ent rance tempera ture of the var ious sublayers compr is ing the strat i f ied 
thermal layer was 63 cent igrade. The average exit temperature of those 
sublayers was 64.9 cent igrade. 
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.qiimmarv and conclusions 

In the f ramework of this s tudy we theoret ica l ly eva luated the 

possible advantages of the ASP. However it was needed to fol low the 

feasibi l i ty of the ASP by performing a set of exper iments that were also 

carr ied out in the f ramework of the present research. These experiments 

were careful ly planned and performed in a f lume compris ing a simulator 

ofthe CSP or ASP. The experimental part of the present study showed that 

it is possible to create and control the ASP. It is possible to create two 

thermal layers in a solar pond. The homogeneous thermal layer is located 

at the bottom of the ASP, and the stratified thermal layer is located on top 

of the homogeneous thermal layer. 

However adequate entrance, exit, pumpage and mixing units should be 

util ized in order to control the appropriate flow condit ions in the ASP. 

The study indicates that the ASP can be more efficient that the CSP. 

The bottom temperature of the ASP can also be hgiher than that of the CSP. 
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T H E M O D E L S T U D Y OF A S H A L L O W C O O L I N G POND 
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Z h o u X u e y i Z h o u B l n g l i a n g 

D e p a r t m e n t o f H y d r a u l i c E n g i n e e r i n g , T s i n g h u a U n i v . 

B e i j i n g , 1 0 0 0 8 4 , C h i n a 

A b s t r a c t 

T h i s p a p e r p r e s e n t s t h e m o d e l s t u d y f o r t h e c o o l i n g p o n d o f a 

t h e r m a l p l a n t f o r i t s e n l a r g e m e n t p r o j e c t . T h e c o o l i n g w a t e r o f t h e 

p l a n t d i s c h a r g e s i n t o a s h a l l o w r e g i o n o f a n a t u r a l l a k e . T h e r e a r e 

s o m e p r o t o t y p e d a t a o f t e m p e r a t u r e i n t h e p o n d f o r t h e o r i g i n a l p l a n t 

d i s p o s a l . I t p r o v i d e s a g o o d c h a n c e E o r m o d e l v e r i f i c a t i o n . T h e m o d e l 

s t u d y c o n d u c t e d i n c l u d e s t h e p h y s i c a l m o d e l a n d t h e n u m e r i c a l m o d e l . 

I n t r o d u c t i o n 

I n t h e e n l a r g e m e n t p r o j e c t o f a t h e r m a l p l a n t i n Y u n n a n P r o v i n c e , 

t h e c o o l i n g w a t e r o f t h e p l a n t i s d i s c h a r g e d d i r e c t l y i n t o a s h a l l o w 

r e g i o n o f t h e K u n m i n g L a k e . A d i k e w a s b u i l t t o s e p a r a t e t h e o u t l e t 

a n d t h e i n t a k e a s s h o w n i n f i g u r e 1 . I n o r d e r t o v e r i f y t h e v a l i d i t y 

o f t h e d i s p o s a l d e s i g n p r o p o s e d a n d t o i m p r o v e i t i f n e c e s s a r y , a 

p h y s i c a l m o d e l t e s t w a s c o n d u c t e d a n d a n u m e r i c a l m o d e l c o m p u t a t i o n 

w a s c a r r i e d o u t t o i n v e s t i g a t e t h e h e a t d i s s i p a t i n g e f f e c t o f t h e 

c o o l i n g p o n d a n d t o p r e d i c t t h e t e m p e r a t u r e a t t h e i n t a k e f o r t h e g i v e n 

p r o j e c t . T h e p r o t o t y p e d a t a o f t e m p e r a t u r e d i s t r i b u t i o n i n t h e p o n d 

o b t a i n e d f o r t h e o r i g i n a l p l a n t d i s p o s a l w e r e u s e d f o r m o d e l s ' v e r i f i 

c a t i o n . 

D e s i g n o f p h y s i c a l m o d e l a n d m e a s u r i n g a p p a r a t u s 

T h e p h y s i c a l m o d e l w a s d e s i g n e d a c c o r d i n g t o t h e R i c h a r d s o n ' s 

c r i t e r i o n a n d t o f u l f i l l t h e r e q u i r m e n t s o f g e o m e t r i c s i m i l a r i t y , o f 

k i n e m a t i c a l s i m i l a r i t y o f f l o w a n d o f t h e s i m i l a r i t y o f h e a t b a l a n c e . 

H o t w a t e r w i t h t e m p e r a t u r e a u t o m a t i c c o n t r o l l e d w a s u s e d a s t e s t i n g 

m e d i u m . S i n c e t h e p r o t o t y p e d e p t h o f w a t e r i n t h e p o n d i s s h a l l o w 

( a v e r a g e 1 . 5 m ) , t h e m o d e l i s d i s t o r t e d t o e n l a r g e t h e v e r t i c a l s c a l e 

t o e n s u r e e n o u g h d e p t h o f w a t e r i n t h e m o d e l . T h e m o d e l d i s c h a r g e i s 

k e p t g r e a t e r t h a n t h e c r i t i c a l d i s c h a r g e t o e n s u r e t h e f l o w i n m o d e l 

t o b e t u r b u l e n t r e g i m e . T h e h o r i z o n t a l s c a l e o f t h e d i s t o r t e d m o d e l 

i s L r = 2 6 0 , a n d t h e v e r t i c a l s c a l e i s Zj^-^ZO s o t h a t t h e d i s t o r t i o n r a t i o 

i s L j . / Z p = 1 3 . A s e t o f m u l t i p o i n t t h e r m o p r o b e s w a s u s e d t o m e a s u r e t h e 

t e m p e r a t u r e . T h e d a t a w e r e p u t i n t o a c o m p u t e r f o r p r o c e s s i n g t o g e t 

t h e i n s t a n t a n e o u s v a l u e a n d t h e m e a n v a l u e o f t e m p e r a t u r e . T e m p e r a t u r e s 

m e a s u r e d i n t h e m o d e l w e r e c o n v e r t e d t o p r o t o t y p e b y t h e r u l e [ ( T - T ^ ) / 

( T ] ^ - T 2 ) ] i ; - = l w h e r e T ^ ^ - n a t u r a l t e m p e r a t u r e ; T l - t e m p e r a t u r e a t 

t h e o u t l e t ; T 2 - t e m p e r a t u r e a t t h e i n t a k e . T h e f l o w p a t t e r n a n d t h e 

r a n g e o f d i f f u s i o n o f h o t w a t e r w e r e o b t a i n e d b y f l o a t i n g s c r a p s o f 

p a p e r a n d d y e v i s u a l i z a t i o n . 

P h y s i c a l m o d e l v e r i f i c a t i o n 

B a s i n g o n t h e p r o t o t y p e d a t a o f t e m p e r a t u r e i n t h e p o n d f o r c o o l 

i n g w a t e r d i s p o s a l f o r t h e o r i g i n a l p l a n t , t h e p h y s i c a l m o d e l v e r i f i 

c a t i o n t e s t w a s c a r r i e d o u t . T h e c o m p a r i s o n o f t h e m o d e l r e s u l t s w i t h 

t h e p r o t o t y p e w a s s h o w n i n T a b l e 1 a n d F i g u r e 1 w h i c h s h o w t h a t t h e y 
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a r e c o n s i s t a n t w i t h e a c h o t h e r f o r t h e t e m p e r a t u r e a t t h e i n t a k e 

t h o u g h t h e r e a r e s o m e w h a t d i f f e r e n c e i n t h e p o n d f i e l d . 

R e s u l t s o f p r e d i c t i o n t e s t i n p h y s i c a l m o d e l 

E x p e r i m e n t s w e r e c o n d u c t e d i n t h e h y d r a u l i c l a b o r a t o r y w i t h o u t 

c l i m a t i c c o n t r o l b u t i n J u l y t o A u g u s t i n w h i c h t h e c l i m a t i c c o n d i t i o n 

i s s i m i l a r t o t h a t i n t h e p r o t o t y p e f i e l d . T h e e x p e r i m e n t c o n s i s t s o f 

t h r e e s e t s , t h e p l a n t o u t p u t s a r e 1 0 x 1 0 ^ k w , 1 2 . 4 x 1 0 ^ k w a n d 2 0 x 

10^ k w a n d t h e c o r r e s p o n d i n g d i s c h a r g e s o f c i r c u l a t i o n a r e 5 . 1 m - ^ / s , 

7 . 1 m 3 / s a n d 1 0 . 2 m ' ^ / s r e s p e c t i v e l y . T h e m a i n p u r p o s e o f t h e t e s t i s 

t o p r e d i c t t h e t e m p e r a t u r e a t t h e i n t a k e u n d e r g i v e n t e m p e r a t u r e o f 

t h e o u t l e t a n d g i v e n w a t e r l e v e l i n t h e l a k e . T a b l e 2 s h o w s t h e e x p e r i 

m e n t a l r e s u l t s f o r t w o s e t s . T h e f l o w p a t t e r n a n d t h e t e m p e r a t u r e 

d i s t r i b u t i o n I n t h e p o n d f o r t h e s e t w i t h o u t p u t 2 0 x 1 0 k w a r e s h o w n 

i n f i g u r e 2 a n d f i g u r e 3 r e s p e d i v e l y . 

T a b l e 1 P h y s i c a l m o d e l v e r i f i c a t i o n r e s u l t 

P h a n t 

o u t p u t 

( 1 0 \ w ) 

D i s c h a r g e 

( m ^ / s ) 

W a t e r 

l e v e l i n 

p o n d 

( m ) 

O u t l e t t e m p e r a t u r e 

( ° C ) 

I n t a k e t e m p e r a t u r e 
P h a n t 

o u t p u t 

( 1 0 \ w ) 

D i s c h a r g e 

( m ^ / s ) 

W a t e r 

l e v e l i n 

p o n d 

( m ) P r o t o t y p e 
M o d e 1 

c o n v e r t e d 
P r o t o t y p e 

M o d e l 

c o n v e r t e d 

2 . 4 1 . 5 0 1 8 9 0 . 4 2 9 - 3 0 . 2 3 0 . 2 2 3 . 7 2 3 . 6 

N a t u r e 1 t e m p e r a t i i r e i n p o n d = 2 3 ° C 

( ) p r o t o t y p e d a t a 

W a t e r l e v e l 1 8 9 0 . 4 m , 

P l a n t o u t p u t 2 . 4 x 1 0 ^ k w , 

D i s c h a r g e 1 . 5 m-^ /s . 

o n t e s t r e s u l t f o r p h y s i c a l m o d e l 
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F i g u r e 2 F l o w p a t t e r n i n a c o o l i n g p o n d 

- r: 
I n t a k e T 

O u t l e t 

F i g u r e 3 T e m p e r a t u r e d i s t r i b u t i o n i n t h e p o n d 
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T a b l e 2 R e s u l t s o f p h y s i c a l m o d e l p r e d i c t i o n t e s t 

O u t p u t o f t h e p l a n t ( 1 0 ^ k w ) 12 4 20 

W a t e r l e v e l i n t h e p o n d ( m ) 1888 83 1 8 8 8 . 8 3 

C i r c u l a t i n g d i s c h a r g e ( m - ^ / s ) 7 1 1 0 . 2 

O u t l e t t e m p e r a t u r e , T i ( ° C ) 36 8 3 6 . 8 

I n t a k e t e m p e r a t u r e , T 2 ( ° C ) 27 1 2 9 . 0 

N a t u r a l t e m p e r a t u r e i n p o n d , T « ( ° C ) 22 5 2 2 . 5 

T e m p e r a t u r e d i f f e r e n c e b e t w e e n o u t l e t and i n t a k e , 

T 1 - T 2 ( ° C ) 9 7 7 . 8 

R e l a t i v e t e m p e r a t u r e r i s e a t i n t a k e , T 2 - T « , ( ° C ) 4 6 6 . 5 

The n u m e r i c a l c o m p u t a t i o n m o d e l and i t s v e r i f i c a t i o n a n d p r e d i c t i o n 

r e s u l t 

The n e a r - f i e l d a n d t h e f a r - f i e l d a r e m o d e l l e d s e p a r a t e l y i n c o m 

p u t a t i o n . The r e s u l t o f t h e f o r e i s u s e d 3s t h e b o u n d a r y c o n d i t i o n o f 

t h e l a t e r . The n e a r - f i e l d i s c o n s i d e r e d as a p l a n e j e t a n d c o m p u t e d 

b y A l b e r t s o n ' s f o m u l a w i t h t h e r a n g e o f t h e f i e l d d e t e r m i n e d e m p i r i c a l 

l y . The n u m e r i c a l c o m p u t a t i o n o f t h e f a r - f i e l d i s b a s e d o n t h e c o n 

s e r v a t i o n e q u a t i o n s o f m a s s , momentum a n d h e a t f o r s t e a d y i n c o m p r e s 

s i b l e f l o w . C o n s i d e r i n g t h e s h a l l o w w a t e r c o n d i t i o n w i t h o u t o c c u r a n c e 

o f d e n s i t y c u r r e n t , i t i s s i m p l i f i e d a s a p l a n e m o t i o n . T h e c o n v e c t i v e 

t e r m and t h e h o r i z o n t a l v i s c o u s t e r m a r e n e g l e c t e d by o r d e r m a g n i t u d e 

a n a l y s i s . A s s u m p t i o n s o f h y d r o s t a t i c p r e s s u r e d i s t r i b u t i o n i n v e r t i c a l 

d i r e c t i o n , a d i a b a t i c s o l i d b o u n d a r i e s , c o n s t a n t o v e r a l l w a t e r s u r f a c e 

h e a t t r a n s f e r c o e f f i c i e n t a n d n e g l i g i b l e e n e r g y l o s s by i n t e r n a l f r i c 

t i o n a r e t h e n t a k e n . C o v e r t i n g t h e t h r e e - d i m e n s i o n a l e q u a t i o n s i n t o a 

t w o - d i m e n s i o n a l e q u a t i o n s y s t e m a n d i n t r o d u c i n g t h e s t r e a m f u n c t i o n -yr 

we g e t t h e g o v e r n i n g e q u a t i o n s f o r s o l v i n g t h e f l o w f i e l d ( V^) a n d t h e 

t e m p e r a t u r e f i e l d ( T ) as f o l l o w s : 

dx 
( h )-

a 
a y 

(h 
dy 9x dx 

dh f h ^ . a h dp 
3 y <5y ^ a dy 9x 

ah 
ax 

,9T 

dx 

dy 

3h £ f 
ax dy 

(1) 

U h ^ ^ ) . ^ ( h . o i l ï ) - ( ^ ^ - ' ^ i ï ) -
5x ax 5y ay ay ax a x ^y 

KsT (2) 

w h e r e ƒ - d e n s i t y o f f l u i d ; f - C o r i o l i s c o e f f i c i e n t ; a - b o t t o m f r i c t i o n a l 

r e s i s t a n c e c o e f f i c i e n t ; 7*5̂  , T y - s u r f a c e w i n d s h e a r s t r e s s e s ; c*,-

t h e r m a l d i f f u s i v i t y ; Kg - o v e r a l l w a t e r s u r f a c e h e a t t r a n s f e r c o e f 

f i c i e n t ; h - d e p t h o f w a t e r . The b o u n d a r y c o n d i t i o n s f o r f l o w f i e l d 

c o m p u t a t i o n a r e s h o w n as f i g u r e 4 i n w h i c h 

' A"- 2 

w h e r e QQ - d i s c h a r g e a t o u t l e t ; q - i n c r e m e n t o f d i s c h a r g e by 

e n t r a i n m e n t d e t e r m i n e d f r o m n e a r - f i e l d c a l c u l a t i o n . 

S 2 : Y= ° 5 ^3= f = Q o ; S 4 : ^ = ° -
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T h e b o u n d a r y c o n d i t i o n s f o r t e m p e r 

a t u r e f i e i d c o m p u t a t i o n a r e T=Ti a t 

o u t l e t ; ö T / a n = 0 f o r o t h e r 

b o u n d a r i e s . 

T h e g o v e r n i n g e q u a t i o n s ( 1 ) 

a n d ( 2 ) a r e s o l v e d b y t h e m e t h o d 

o f f i n i t e e l e m e n t s . U s i n g f o u r -

p o i n t c u r v i l i n e a r t e t r a g o n a l 

i s o p a r a m e t r i c f i n i t e e l e m e n t s c h e m e , 

b y G a l e r k i n a p p r o a c h t h e e q u a t i o n s 

o f f i n i t e e l e m e n t a r e e s t a b l i s h e d 

a s : 

I n t a k e 

L A A « i ^ j { T J , } = 0 

( 3 ) 

( 4 ) 

O u t l e t 

M i x i n g z o n e 

w h e r e ] [ A A ^ j a r e c o e f f i c i 

e n t m a t r i c e s ; ^ ] [ T f i \ a r e F i g u r e 4 

u n k n o w n v e c t o r s a n d v e c t o r { ] 

c o n t a i n s k n o w n i n f o r m a t i o n o n b o u n d a r y c o n d i t i o n s . T h e e q u a t i o n s ( 3 ) 

a n d ( 4 ) a r e s o l v e d i n d e p e n d e n t l y . A t f i r s t s o l v e e q u a t i o n ( 3 ) t o g e t 

t h e s t r e a m f u n c t i o n p' a n d t h e n s u b s t i t u t e i n t o e q u a t i o n ( 4 ) t o f i n d 

t h e d i s t r i b u t i o n o f t e m p e r a t u r e T . 

P a r a m e t e r s a , K g , t i , a r e e v a l u a t e d p r e l i m i n a r y b y s o m e e m p i r i c a l 

f o r m u l a s a n d t h e n u m e r i c a l m o d e l e s t a b l i s h e d a r e t h e n v e r i f i e d b a s i n g 

o n t h e p r o t o t y p e d a t a , m e a s u r e d i n 1 9 8 2 a n d 1 9 8 4 u n t i l g e t t i n g a s a t i s 

f a c t o r y r e s u l t a n d t h e s u i t a b l v a l u e s o f t h e s e b a s i c p a r a m e t e r s a r e 

f i n a l l y de t e r r . i i n e d . O n e o f t h e m o d a l v e r i f i c a t i o n r e s u l t s i s g i v e n i n 

t a b l e 3 a n d f i g u r e 5 . I t s h o w s t h a t t h e t e m p e r a t u r e a t t h e i n t a k e f o r 

m o d e l a n d f o r p r o t o t y p e a r e c o n s i s t a n t w i t h e a c h o t h e r t h o u g h s o m e w h a t 

d i f f e r e n c e e x i s t i n t h e p o n d f i e l d . 

T a b l e 3 V e r i f i c a t i o n a n d p r e d i c t i o n r e s u l t s o f n u m e r i c a l m o d e l 

I t e m s 

V e r i f i c a t i o n 

P r e d i c t i o n I t e m s 
p r o t o t y p e m o d e 1 

P r e d i c t i o n 

O u t p u t o f t h e p l a n t ( l O ^ - k w ) 2 . 4 2 . 0 

W a t e r l e v e l i n t h e p o n d ( m ) 1 8 9 0 . 4 1 8 8 8 . 8 3 

C i r c u l a t i n g d i s c h a r g e ( m - ^ / s ) 1 . 5 1 0 . 2 

N a t u r a l t e m p e r a t u r e i n p o n e ( ° C ) 2 3 2 2 . 5 

B o t t o m r e s i s t a n c e f a c t o r , a 0 . 0 0 0 2 6 0 . 0 0 1 

T h e r m a l d i f f u s i v i t y , d!. 0 , 8 0 . 8 

W i n d s p e e d ( m / s ) n o w i n d 0 . 9 2 

O v e r a l l s u r f a c e h e a t t r a n s f e r 

c o e f f i c i e n t K g 0 . 8 9 0 . 9 0 

T e m p e r a t u r e a t o u t l e t Ti (°G) 2 9 - 3 0 . 2 2 9 3 6 . 8 

T e m p e r a t u r e a t i n t a k e T 2 ( ° C ) 2 3 . 7 2 3 . 8 2 9 . 0 

T e m p e r a t u r e d i f f e r e n c e b e t w e e n o u t l e t 

a n d i n t a k e , T j ^ - T 2 ( ° C ) 5 . 3 - 6 . 5 5 . 2 7 . 8 

R e l a t i v e t e m p e r a t u r e r i s e a t i n t a k e (°C) 0 . 7 0 . 8 6 . 5 
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F i g u r e 5 V e r i f i c a t i o n o f n u m e r i c a l m o d e l 

P r e d i c t i o n c o m p u t a t i o n s f o r v a r i o u s g i v e n c o n d i t i o n s w e r e w o r k e d 

o u t w i t h t h e v e r i f i e d n u m e r i c a l m o d e l . O n e o f t h e c o m p u t a t i o n r e s u l t s 

i s g i v e n i n t a b l e 3 t o o , t h e d i s t r i b u t i o n o f t e m p e r a t u r e i s s h o w n i n 

f i g u r e 3 f o r c o m p a r i n g w i t h t h e r e s u l t o f t h e p h y s i c a l m o d e l t e s t . 

C o n c l u d i n g r e m a r k s 

1 . T h e m o d e l t e s t a n d n u m e r i c a l c o m p u t a t i o n w e r e c a r r i e d o u t f o r 

v a r i o u s c o n d i t i o n s a n d f o r s o m e i m p r o v e d p l a n s . O n l y t h e t y p i c a l 

r e s u l t s a r e g i v e n i n t h i s p a p e r . T h e e n l a r g e m e n t p r o j e c t o f t h e p l a n t 

h a s b e e n p u t i n c o n s t r u c t i o n . 

2 . T h e c o n s i s t a n c y f o r m o d e l v e r i f i c a t i o n a n d o f t h e o v e r a l l 

r e s u l t s b e t w e e n t h e p h y s i c a l m o d e l a n d t h e n u m e r i c a l m o d e l s h o w s t h a t 

t h e m o d e l l i n g w o r k i s f a i r l y s u c c e s s f u l . Some d i f f e r e n c e i n t h e 

d i s t r i b u t i o n o f t e m p e r a t u r e i n t h e p o n d w o u l d b e c a u s e d b y t h e l a r g e 

d i s t o r t i o n r a t i o o f t h e p h y s i c a l m o d e l a n d o w e t o s o m e a s s u m p t i o n s i n 

t h e n u m e r i c a l m o d e l . F u r t h e r i n v e s t i g a t i o n i s s t i l l r e q u i r e d f o r 

c l a r i f a c a t l o n o f t h e s e e f f e c t s . 

R e f e r e n c e s 

[ 1 ] C h e n H u i - q u a n , " T h e L a w o f S i m i l a r i t y o f F l o w i n C o o l i n g R e s e r v o i r s " , 

J o u r n a l o f H y d r a u l i c E n g i n e e r i n g N o . 4 , 1 9 6 4 , P e k i n g ( i n C h i n e s e ) . 
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A N E X P E R I M E N T A L S T U D Y O F T H E I N I T I A L R E S P O N S E 
O F A S T R A T I F I E D L A K E T O A S U R F A C E S H E A R S T R E S S 

Craig Stevens and Jörg Imberger 
Department of Civil and Environmental Engineering 

and 
Centre for Water Research 

University of Western Australia 
Nedlands, WESTERN AUSTRALIA, 6009. 

Abstract 

An experimental study is described of the transient response of a stratified body of water to a surface 
shear stress. Data from two experiments is discussed, the experiments were initially stratified with 
three layers. The strength of the stratifications were chosen such that in the first experiment the 
stress was insufficient to force the intermediate fluid to the surface at the upwind end, however it 
initiates internal seiching in the lower layers of the fluid. In the second experiment the stress was 
strong enough to force the intermediate zone to the surface. 

§1 Introduction 

Most lakes and reservoirs are temperature stratified for some period during the year, at which time 
warm water overlies cold fluid with some intermediate transition region (the thermocline). The 
dynamics of the stratification and the entrainment and mixing processes within the fluid govern the 
ecology of the lake to a large extent. The wind stress has far reaching effects on the dynamics and 
entrainment at scales ranging from the fuU dimensions of the basin down to the Kolmogorov scales 
(Imberger and Patterson; 1990). 

The development of the flow is described here in the context of a wind stress on a two layered fluid 
with an infinitely thin interface and coriolis force is ignored. When a wind starts up the shear at 
the air-water interface generates a boundary layer in the fluid at the surface, and consequently a 
turbulent front propagates downward through the warm surface layer. The steady-state surface tilt 
that responds to the stress is twice that required to balance it. Consequently, to balance forces 
applied to the upper layer, a second apphed force is required for equilibrium (Hellström; 1941). 
This force is supplied by horizontal gradients in the stratification, so the interface tilts such that 
the thermocline rises at the upwind end of the fluid and is depressed downwind. The magnitude of 
the tilt is dependent on the strength of the stratification relative to the surface shear stress. 

The startup phase of the problem is a wave response from the initial horizontal stratification to the 
tilted steady condition, The wave response is usually a damped seiche where the tilt increases past 
the steady state condition and then oscillates around, and decays to, the steady state condition. 
The shear generated by the seiche response is described in Spigel and Imberger (1980) along with a 
discussion of the timescales associated with the entrainment mechanisms. For a given wind stress, 
if the stratification is weak enough, the tilt will bring heavier fluid to the surface, and into the 
wind-driven shear zone, this is termed upwelling (figure 1). This fluid is then dispersed downwind 
via a Taylor shear dispersion mechanism (Monismith; 1986, Imberger and Monismith; 1986). 

Upwelling must generate two-dimensional entrainment and mixing, but initial e.xperimental studies 
modelled the entire entrainment process with a one-dimensional entrainment velocity law hnked 
to some kind of bulk Richardson number (Keulegan and Brame; 1960, Wu; 1973, Kranenburg; 
1985) , regardless of whether the fluid had upwelled or not. The two-dimensional nature of the prob
lem was considered by Monismith (1986); an appendix to that paper (Imberger and Monismith; 
1986) shows how a two-dimensional model of the entrainment also gives a bulk Richardson number 
law. Most of the experiments mentioned examined only initially two-layered fluids and most had 
significantly diffuse interfacial regions (Monismith; 1986 includes some initially linearly stratified ex
periments). The effect of a finite interface is important as it allows more than one baroclinic mode to 
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exist (Monismith; 1985, Stevens; 1989). Consequently the two experiments discussed here describe 
the startup of the response of a three layered fluid. The middle layer is an approximation to the 
continuously stratified thermochne region. 

There is an obvious need to describe the likely response of a lake or reservoir under different wind 
and stratification combinations. Two parameters quantify the balance described above, where the 
surface stress is balanced by horizontal gradients in the stratification. Spigel and Imberger (1980) 
introduced the Wedderburn number {W) to describe the dynamics of the upper interface. However 
it is apparent that the effects of the stress are not confined to the upper interface, Imberger and 
Patterson (1990) introduced the Lake number (LN) to described the response of the entire fluid. 
Qualitatively, if W ^ I and Li^ ^ 1, the stress is not strong enough to cause any large scale 
interfacial tilt, and conversly, if < 1 and L v̂ < 1 the lower layers will upweU, 

The force/moment ratios described by W and LAT are comparable in the field and laboratory, however 
the aspect ratio [L/H] wifl usually be smafler in the laboratory, A typical aspect ratio for a lake is 
L/H ^ 10000/100 = 100, this would require a laboratory experiment with a typical vertical scale 
of 100 mm to be 10 m long, an unobtainable scale given the nature of the apparatus. Consequently, 
the circulation in the surface mixing layer reaches quasi-steady state sooner than might occur in a 
field e.xperiment. Nevertheless the stress transfer at the base of the surface layer is still present, and 
when comparing modal models (internal wave modes such as that of figme 2(c) have no horizontal 
velocity zero crossings in homogeneous portion ofthe water column), the circulation, as described by 
Baines and Knapp (1965) must be integrated over the upper layer before comparing with baroclinic 
modes. 

§2 T h e experiments 

Two experiments are described to elucidate the initial response of the fluid. Rather than describing 
experiments at opposite ends of the I^v and W parameter scheme the experiments chosen are just 
either side of = 1 and W — 1 where the stress just balances the baroclinic restoring force. The 
first experiment E6 has W = 1,7 and LN = 1-8 while the second experiment E5 has W = 0.4 and 
Lu = 0,5, 

The laboratory experiments were performed in a glass tank (2,0 X 0,4 x 0,4 m) with a horizontal 
moving belt in contact with the fluid surface to introduce the shear stress, and the stratification was 
achieved using saline fluid. Conductivity probes periodically recorded the density profiles at several 
locations along the main a.xis of the fluid. The belt was made from light-weight mylar coated with 
smafl (1 mm diameter) balls acting as rougness elements, and was suspended from pivots above 
the tank, A force transducer (LVDT) held the belt in place and was used to measure the stress 
imparted to the fluid, allowing the first direct measurements of the actual work input in this kind 
of experiment. 

For a variety of reasons velocity measurements of the flow field are diflncult to obtain in this type of 
experiment, however, in this study successful measurements ofthe flow field were taken by applying 
a correlation technique to digitised images of aluminium flakes suspended in the flow (Stevens and 
Coates; 1990), This allows a quantitative description of the mean flow field. It must be noted that 
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ügure 2; Experiment E6 (a) density profile, (b) buoyancy frequency squared profile and (c) the first 
two horizontal baroclinic wave modes normalised with respect to their own maximum 

the technique employs a search radius, and the flow near the belt (i.e the top 10 mm) was such 
that I t was unrecordable. However, this region can be estimated with reasonable confidence using 
boundary layer models and conservation of volume. The horizontal velocity measurements (profiles 
in the vertical), shown in figures 3(a), (b) and (d), were taken at approximately x/L = 0.33 and 
were averaged over a 120 mm longitudinal section of the flow. The density profiles of figures 3(c) 
and (e) were taken at x/L=OA. The fluid depth was 160 mm in both experiments. 

Experiment E6; = 1.8 and W = 1.7: Given the periods for the first two barochnic modes 
(86 seconds and 167 seconds) and assuming the tflting caused by each mode occurs over a timescale 
comparable with the quarter-period, the first 50 seconds are clearly of interest. The initial density 
profile and buoyancy frequency squared profiles for E6 are shown in figures 2(a) and 2(b) respectively. 
The first two barochnic modes are shown in figure 2(c). The parameterisation for this experiment 
gave W = 1.7 and LN = 1.8. This qualitatively imphes that the fluid should not upwefl and that 
the tilting should be comparable for the two interfaces. The stress was introduced over a period of 
30 seconds, just under a third of the fundamental period (86 seconds), to reduce the oscülations in 
the tütmg of the internal interfaces about the quasi-steady state tilt. 

Considering figure 3(a) the initial profile (t = 9 seconds) shows the downwind near-belt fiow and the 
barotropic upwind return fiow; there is no vertical shear below z = 140 mm. The near-belt region 
appears to have thinned at < = 19 seconds (the boundary layer is stfll laminar at this time and 
location). By < = 29 the boundary layer is turbulent over almost the entire belt-water contact area, 
and the turbulent front has penetrated to half the upper layer depth. Scahng for the propagatior^ 
speed of this front suggests a timescale for the entrainment of the entire upper layer aste = / i i / u , , 
where hi is the upper layer thickness and u. is the friction velocity within the fluid (Spigel and 
Imberger; 1980). The return flow in the lower half of the surface layer at < = 29 seconds (before the 
turbulent front has reached the base of the surface layer) implies a barotropic circulation within the 
upper layer. The middle layer has accelerated upwind slightly at < = 29 and appears fully developed 
hyt - 39 seconds. This strong flow in the middle layer must be associated with the second baroclinic 
mode shown in figure 2(c). Also the lower layer has stopped, there is considerable shear at both 
interfaces at < = 39. If the fast flowing near-belt region is incorporated into an integrated mean 
average velocity for the upper layer it results in a down-wind flow of approximately 8 mms"'-. The 
stagnation in the lower layer at < = 39 seconds can be attributed to a reduction in the eff'ect of the 
first mode (Ti/2 = 43 seconds). 

The velocity profile remains unchanged for the next twenty seconds, however by < = 64 seconds the 
lower layer has started moving downwind reaching a peak at < = 74 seconds. This is attributed to 
a reversal in the first mode from that shown in figure 2(c). Similarly the flow at t = 104 seconds is 
linked to a reduction and subsequent reversal of the second mode. The duration of the experiment 
was not long enough to make any conclusions about the decay ofthe second mode, the lower interface 
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tilt shown in Rgrne 4(b) was still present, but with a smaller amplitude, at t = 230 seconds when 
the belt was switched off. 

Experiment E5; = 0.5 and W = 0.4: The stratification for this e.xperiment was weaker than 
that of experiment £'6 and the interfacial regions were higher in the water column. The u. was only 
slightly larger than that for £"6 and the resultant parameters were W = 0.4 and = 0 5 The 
baroclinic periods were longer (100 and 241 seconds), reflecting the weaker density differences A 
major diff'erence between this experiment and £"6 described above is, in this experiment, the upper 
interface reaches the surface at the upwind end (i.e. upwefls) at < « 40 seconds. From figure 3(e) the 
middle layer is identifiable at least for the period examined here, although it is partially entrained 
into the upper layer later in the experiment. The effect of the upwelling on the density profile is 
obvious at ^ = 65 seconds; the density difference between the upper and middle layers has been 
halved. 

Integrating the velocity in the upper layer (after incorporatng the near-belt flow) gave upper layer 
velocities of approximately 8-10 mms-^ downwind. The velocity fluctuations do not appear nearly 
as complicated as those of experiment £6. The initial first mode response grows tifl at least t - 42 
seconds, this is apparent in the upwind velocity in the lower layer. By < = 71 seconds the first mode 
has relaxed, the lower layer flow is only slightly upwind and the integrated velocity in the upper 
layer has dropped to nearly zero. The second mode is still present generating the strong flow in 
the middle layer at < = 71 seconds. At later times the velocities vary httle from this last profile, 
indicating the upwelling must be removing the fluid advected upwind in the middle layer via the 
mode two response. The complete reflection of both modes seen in experiment £6 is not apparent 
here. 

§3 Discussion 

The experiments described in section §2 illustrate an initial barotropic flow, then as the boundary 
layer at the belt grows and entrains the surface mixing layer the barochnic modes become apparent. 
The behaviour of the modes, after the initial startup, depends on whether the fluid upwells. The 
circulation in the upper layer appears to grow quickly in the initial phase of the experiment, there 
is no circulation in the lower two layers. 

The modal dynamics are apparent from the velocity information, however, the upwelling mechanism 
appears to dampen the wave response. Figures 4(a) and 4(b) show density contours for £6 at 
a transient time and quasi-steady state. Figure 4(c) shows contours for £ 5 during the startup 
(the Ap = 4 Kgm~^ contour defines the lower interface), there was no quasi-steady state in this 
experiment; the upper layer continued to entrain the two lower layers until the belt was stopped. 
The smafl amount of entrainment of the middle layer into the surface layer in £6 is not suprising as 
figure 4(b) shows that the Ap = 0 Kgm~^ contour never reaches the surface shear zone. The flow 
reversal in the lower layer during experiment £6 is reflected by the change in sign of the slope of 
the lower interface. 

Predicting exactly what conditions upweUing occurs is important for two reasons. Firstly, if up-
welhng occurs it dominates the entrainment processes in the surface layer, whether the entrained 
fluid is from the deeper fluid and/or the intermediate layer. Secondly, the tilting mechanism drives 
basin scale motions deep in the fluid, which generates velocity shear entrainment processes far from 
the original energy input. The experiments discussed here show that if the fluid does not upwell 
then the wave response is less-damped than if the fluid had upwelled. 

The authors would like to thank John Taylor and Greg Ivey for their support and John Bagrie for 
building the apparatus. This work was supported by a Commonwealth Postgraduate Award and 
the Australian Research Council. 
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figure 4; spatial density contours ofAp = p- 1000 , (a) experiment E6 at t = 48 seconds (I Kgm~ 

contour intervals), (b) experiment E6 at t - 96 seconds (I Kgm~^ contour intervals) and (c) exper

iment E5 at t = 47 seconds (0.5 Kgm~^ contour intervals). 
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F i g u r e 3 t o 5 i n d i c a t e t h e m e a s u r e m e n t r e s u l t s o f t h e w a t e r 

t u r b i d i t y a n d t e m p e r a t u r e i n t h e r e s e r v o i r o b t a i n e d o n S e p t e m b e r 

2 1 , S e p t e m b e r 2 6 a n d O c t o b e r 4 , r e s p e c t i v e 1 y . A n d f i g u r e 6 p r e s e n t 

t h o s e r e a d i n g s b e f o r e a n d a f t e r l o w e r i n g t h e i n t a k e l e v e l t o E L . 

2 5 2 . 6 r a f r o m E L . 2 8 1 . 3 m t o d i s c h a r g e t h e f l o o d f l o w o n S e p t e m b e r 2 5 
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I n t h e f i g u r e 3 ( S e p t e m b e r 2 1 ) , b o t h t h e i n f l o w a n d o u t f l o w a r e 

s m a l l a n d t h e r e s e r v o i r w a t e r i s t h e r m a l l y s t r a t i f i e d . T h u s o n l y 

t h e w a t e r a t i t s s u r f a c e l a y e r w i t h t u r b i d i t y l e s s t h a n 5 p p m i s 

d i s c h a r g e d t h r o u g h t h e i n t a k e . T h e s e r e s u l t s i n d i c a t e t h a t t h e 

i n t a k e c o u l d f u l f i l l t h e p u r p o s e r e q u i r e d . O t h e r r e a d i n g s t o n o t e 

i n f i g u r e 3 s h o w t h a t t h e w a t e r w i t h t h e h i g h e s t t u r b i d i t y e x i s t s 

a r o u n d t h e E L . 2 4 7 . 4 0 m l e v e l c o r r e s p o n d i n g t o t h e l e v e l a t t h e 

i n t a k e t u n n e l b o t t o m . T h e r e s u l t s i n f i g u r e 6 s h o w t h a t t h e t e m p 

e r a t u r e d i s t r i b u t i o n w a s n o t a f f e c t e d s i g n i f i c a n t l y b y t h e f l o o d 

o f t h e m a g n i t u d e s t u d i e d h e r e . R e s u l t s a l l s u g g e s t t h a t t h e d e n 

s i m e t r i c s t r a t i f i c a t i o n i n t h i s p a r t i c u l a r r e s e r v o i r i s d u e t o t h e 

w a t e r t e m p e r a t u r e d i f f e r e n c e m a i n l y , a n d n o t d u e t o t h e t u r b i d i t y 

d i f f e r e n c e . H e a v y r a i n f e l l i n t h i s d i s t r i c t o n S e p t e m b e r 2 5 a n d 

t h e i n f l o w a n d o u t f l o w r a t e s a t t h e r e s e r v o i r i n c r e a s e d r a p i d l y 

b y 5 3 2 . 6 m 3 / s a n d 4 8 5 . 8 m 3 / s r e s p e c t i v e l y . T h e i n t a k e o p e n i n g w a s 

l o w e r e d b y E L . 2 5 2 . 6 m a n d r e m a i n e d t h e r e u n t i l O c t o b e r 1 7 , 1 9 8 8 t o 

f l u s h o u t t h e t u r b i d w a t e r b o d y i n t h e m i d d l e l a y e r . F i g u r e 4 r e 

p r e s e n t s t h e r e s u l t s o b s e r v e d i n a d a y a f t e r t h e r a i n f a l l h a d 

p a s s e d . I t i s s e e n t h a t t h e w a t e r t u r b i d i t y i n c r e a s e d t h r o u g h o u t 

t h e w h o l e r e s e r v o i r , r e a c h i n g t h e m a x i m u m v a l u e o f 1 0 0 0 p p m i n t h e 

m i d d l e l a y e r b e t w e e n E L . 2 5 0 m a n d E L . 2 7 0 m . W a t e r t u r b i d i t i e s 

a b o v e a n d b e l o w t h e m i d d l e l a y e r d e c r e a s e d . H o w e v e r , t h e w a t e r 

t e m p e r a t u r e s a f t e r t h e r a i n f a l l w e r e m a i n t a i n e d i n v e r t i c a l d i s t 

r i b u t i o n , a s t h e y w e r e b e f o r e t h e r a i n f a l l . S t r a t i f i c a t i o n i n t h e 

r e s e r v o i r h a s r e m a i n e d s t a b l e . I n t h e f i g u r e 4 , a r e s e e n a 

c o u p l e o f c l e a r s t a b l e i n t e r f a c e s , a t s e v e r a l m e t e r s b e l o w t h e 

w a t e r s u r f a c e a n d a t t h e l e v e l o f i n t a k e t u n n e l b o t t o m , ( n a m e l y 

E L . 2 4 7 . 4 0 m ) . T h e r e a s o n t h e i n t e r f a c e i s f o r m e d a t E L . 2 4 7 . 4 0 m , i s 

t h o u g h t t o b e d u e t o s o m e w a t e r m a y l e a k l e a k i n g t h r o u g h t h e g a p 

b e t w e e n t h e m o v a b l e i n t a k e g a t e a n d i t s s u p p o r t i n g s t r u c t u r e 

b e c a u s e i t i s n o t a t i g h t f i t . A n o t h e r i n t e r e s t i n g i t e m s e e n i n 

f i g u r e 4 i s t h a t t h e w a t e r a p p r o x i m a t e l y 2 0 m b e l o w t h e i n t a k e 

o p e n i n g b o t t o m c a n b e d r a w n u p i n t o t h e i n t a k e . F i g u r e 5 s h o w s 

r e s u l t s m e a s u r e d n i n e d a y s a f t e r t h e h e a v y r a i n f a l l o n S e p t e m b e r 

2 5 . T h e i n t a k e o p e n i n g b o t t o m h a d b e e n k e p t a t E L . 2 5 2 . 6 ra s i n c e 

S e p t e m b e r 2 4 . T h e f i g u r e s h o w s t h a t t h e b o d i e s o f w a t e r w i t h a 

d e p t h o f a b o u t 3 0 m , a n d w i t h t u r b i d i t i e s l e s s t h a n 3 0 0 p p m , f l o w 

t o w a r d t h e i n t a k e . O t h e r t u r b i d w a t e r b o d i e s w i t h t u r b i d i t i e s m u c h 

l e s s t h a n t h o s e i n f i g u r e 4 s t a g n a t e a r o u n d t h e l e v e l o f t h e i n t a k e 

b o t t o m . 

A s s h o w n a b o v e , f l o o d f l o w , w h i c h b r i n g s o l i d p a r t i c l e s i n a n d 

s t i r s u p s e d i m e n t a r y p a r t i c l e s f r o m t h e b o t t o m , i n c r e a s e s r e s e r v o i r 

t u r b i d i t y w h i c h t a k e s a l o n g t i m e t o s e t t l e . I n t h i s s t u d y t h e 

i n t a k e o p e n i n g w a s m a i n t a i n e d a t E L . 2 5 2 . 6 m ) u n t i l O c t o b e r 1 7 , 1 9 8 8 

t o f l u s h o u t r e m a i n i n g t u r b i d i t y f r o m t h e f l o o d o f S e p t e m b e r 2 5 

1 9 8 8 . 

E f f e c t s o f i n t a k e o p e n i n g h e i g h t u p o n t h e w i t h d r a w a l d e p t h 

T h e t u r b i d i t y i n t h e r i v e r w a t e r d o w n s t r e a m f r o m t h e r e s e r 

v o i r c a n b e t o l e r a b l y c o n t r o l l e d b y t h e w i t h d r a w a l i n t a k e . W i t h 

a s s u m p t i o n s o f i n v i s i d f l u i d a n d l i n e a r v e r t i c a l d i s t r i b u t i o n o f 

w a t e r d e n s i t y , Y i h ( 1 9 5 8 ) a n a l y z e d t h e s t r a t i f i e d f l o w t o w a r d a 

l i n e s i n k a n d s u g g e s t e d t h a t t h e w i t h d r a w d e p t h ( D ) s h a l l b e d e p e n d 
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URBIDITY: ( 

10 2 0 ° 

F i g u r e 3 M e a s u r e d d i s t r i b u t i o n s o f 
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3 0 0 
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1 

9 / 2 7 , 9 : 4 5 

l l l l 1 1 ( 1 1 

F i g u r e 5 M e a s u r e d d i s t r i b u t i o n s o f 

t u r b i d i t y a n d t e m p e r a t u r e 

O c t o b e r 4 , 1 9 8 8 ) 

10 20 30 4 0 

T e m p e r a t u r e ( ° C ) 

( b ) T e m p e r a t u r e c h a n g e s 

F i g u r e 6 C h a n g e s i n v e r t i c a l 

d i s t r i b u t i o n s o f t u r b i d i t y a n d 

t e m p e r a t u r e w i t h l o w e r i n g i n t a k e 

g a t e 

P l a t e 1 TM 2 b a n d i m a g e o f w a t e r 

s u r f a c e o f K - r e s e r v o i r ( S e p t . 2 6 ) 

( S e p t . 2 6 , 1 9 8 8 ) -13A.22-

P l a t e 2 TM 2 b a n d i m a g e o f w a t e r 

s u r f a c e o f t h e s e a o f f t h e 

K u m a n o r i v e r ( S e p t . 2 6 , 1 9 8 8 ) 



u p o n d e n s i m e t r i c F r o u d e n u m b e r s d e f i n e d a s f o l l o w i n g ; 

( D / h ) 2 = ^ r F r : F r = ( Q / B h 2 ) / ( I 7 ^ : ^ = ip,-p,)/p,h 

w h e r e , Q = r a t e o f i n t a k e f l o w , B = i n t a k e w i d t h , h = r e s e r v o i r d e p t h , 

g = g r a v i t y a c c e l e r a t i o n , F r = d e n s i m e t r i c F r o u d e n u m b e r a n d ƒ b a n d 

f s= d e n s i t i e s a t w a t e r s u r f a c e a n d r e s e r v o i r b o t t o m r e s p e c t i v e l y 

I n p r a c t i c a l i n t a k e s , t h e o p e n i n g h e i g h t s a r e u s u a l l y f i n i t e , 

e v e n l a r g e r t h a n t h e d i v i d i n g d e p t h s e s t i m a t e d w i t h e q u a t i o n s ( 1 ) 

T h u s a s e r i e s o f m o d e l t e s t s w e r e d o n e i n t h e p r e s e n t s t u d y t o 

i n v e s t i g a t e t h e e f f e c t o f s u c h f i n i t e o p e n i n g h e i g h t o n t h e 

c h a n n e l w i t h 0 . 1 2 m w i d t h 

K 

7.0 

6.0 

5.0 

4.0 

3.0 

2.0 

1 .0 

0.0 

w i t h d r a w n d e p t h . T h e t e s t s w e r e d o n e i n 

0 . 6 m d e p t h a n d 5m l e n g t h . 

E i g h t l i n e a r d i s t r i b u t i o n s o f 

w a t e r d e n s i t y w e r e a s s u m e d b y 

r e f e r r i n g t o t h o s e o b s e r v e d i n 

t h e K - r e s e r v o i r . T h e i n t a k e s 

w e r e o p e n e d a t t h e w a t e r s u r 

f a c e a n d i t s o p e n i n g h e i g h t s 

w e r e v a r i e d o v e r t h e r a n g e 

b e t w e e n 2 c m a n d 1 O c m . V e r t i c a 1 

d i s t r i b u t i o n s o f d e n s i t y a n d 

v e l o c i t y w e r e m e a s u r e d a t e a c h 

s e c t i o n f i x e d a t 1 . 5 m , 2 m , 

2 . 5 m a n d 3m u p s t r e a m f r o m t h e 

i n t a k e . T h e w a t e r d e n s i t y w a s 

a d j u s t e d b y c h a n g i n g t h e s a l t 

c o n c e n t r a t i o n . V e r t i c a l d i s 

t r i b u t i o n o f v e l o c i t i e s w e r e 

m e a s u r e d b y t a k i n g p h o t o g r a p h o f v e r t i c a l v i s i b l e d y e l i n e s a d d e d 

i n t h e o b s e r v a t i o n s e c t i o n a t e v e r y 1 0 s e c o n d s i n t e r v a l . T o t a l 

d i s c h a r g e a t t h e i n t a k e w a s m e a s u r e d . A l s o t h e f l o w r a t e a t e a c h 

s e c t i o n , w h e r e t h e v e l o c i t i e s w e r e m e a s u r e d , w a s c a l c u l a t e d b y 

i n t e g r a t i n g t h e m e a s u r e d v e l o c i t y d i s t r i b u t i o n . 

T h e r e s u l t s i n d i c a t e t h a t D / h c a n b e p r e s e n t e d b y t h e f o l l o w 

i n g f o r m u l a , a s s h o w i n g i n f i g u r e 7 . 

( D / h ) 2 = K F r , K = 1 7 . 9 3 ( b / h ) + 0 . 6 1 4 , ( b = i n t a k e o p e n i n g h e i g h t ) 
( 2 ) 

O b s e r v a t i o n o f t u r b i d i t y a t d o w n s t r e a m w a t e r r e g i o n f r o m s a t e l l i t e 

0.0 0.1 0.2 b / h 

F i g u r e 7 E f f e c t o f i n t a k e o p e n i n g 

h e i g h t o n w i t h d r a w n l a y e r d e p t h 

T h e 

d o w n s t r 

t u r b i d i 

t h e t u r 

w a t e r 

t h e K - r 

a r e a o n 

o f i t s 

i n t h e 

h a s b e e 

t h e b r i 

c o r r e 1 a 

e x p r e s s 

w h e r e , 

t u r b i d w a t e r 

e am w i l l b e 

t y g r a d u a l 1 y , 

b i d w a t e r d i s 

e n v i r o n m e n t , 

e s e r v o i r a n d 

S e p t e m b e r 2 6 

w a t e r s u r f a c e 

f i g u r e 1 w e r 

n k n o w n b y t h 

g h t n e s s i n t h 

t e w e l 1 . F o r 

e d b y t h e f o i 

d i s c h a r g e d 

m i x e d w i t h 

w i t h f 1 o w i 

c h a r g e d f r o 

I a n a l y z e d 

i t s d o w n s t r 

, 1 9 8 8 . P l a 

. T h e w a t e r 

e m e a s u r e d 

e p r e v i o u s 

e T M 2 b a n d 

t h i s p a r t i c 

l o w i n g e q u a 

f r o m t h e r e s e 

i t s e n v i r o n m e n 

n g d o w n s t r e a m , 

m t h e r e s e r v o i 

t h e L a n d s a t TM 

e a m r e g i o n i n c 

t e 1 i n d i c a t e s 

t u r b i d i t i e s a 

o n t h e g r o u n d 

s t u d y ( O n i s h i 

i m a g e ( C C T v a l 

u l a r c a s e , t h e 

t i o n . 

Y = ( 2 . 9 6 X 1 0 • ) X ' ' 

Y = t u r b i d i t y ( p p m ) a n d X ^ C C T v a l u e 
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r v o i r i n t o t h e r i v e r 

t a n d d e c r e a s e i t s 

T o s t u d y e f f e c t o f 

r o n i t s d o w n s t r e a m 

d a t a o b t a i n e d o v e r 

l u d i n g c o a s t a l s e a 

t h e T M - 2 b a n d i m a g e 

t s i x s t a t i o n s s h o w n 

s i m u l t a n e o u s l y . I t 

, S . ( 1 9 8 8 ) ) t h a t b o t h 

u e ) a n d t h e t u r b i d i t y 

c o r r e l a t i o n c a n b e 

( 3 ) 



W i t h e q u a t i o n ( 3 ) a n d t h e p l a t e 2 , c o n t o u r 

z o n t a l d i s t r i b u t i o n s o f w a t e r t u r b i d i t y a t b o t h 

t h e c o a s t a l w a t e r z o n e a r o u n d r i v e r m o u t h c a n b 

i n f i g u r e s 8 a n d 9 . W i t h c o m p a r i n g b o t h f i g u r e s 

t h e p l a t e 1 , o n e c a n s e e t h a t t h e t u r b i d i t y i n 

d o w n s t r e a m f r o m t h e i n t a k e d e c r e a s e s i t s l e v e l 

d i s t a n c e . A n d o n e c a n a l s o s e e t h a t t h e h i g h 

c o a s t a l s e a o f f t h e r i v e r m o u t h r e s u l t s f r o m r o 

m e n t a t i o n a r o u n d t h e r i v e r m o u t h , s a n d d r i f t a t 

z o n e , b u t n o t f r o m t h e t u r b i d i t y a t t h e r e s e r v o 

m a p s 

t h e 

e d r 

, a n 

w a t 

i n 

t u r b 

l i i n 

t h e 

i r u 

s h o w i n g 

r e s e r v o 

a w n , a s 

d r e f e r r 

e r d i s c 

r a t h e r 

i d i t y a 

g u p t h e 

c o a s t a l 

p s t r e a m . 

h o r i -

i r a n d 

s h o w n 

i n g t o 

h a r g e d 

s h o r t 

t t h e 

s e d i -

w a t e r 

umt:cCT 

F i g u r e 8 T u r b i d i t y d i s t r i b u t i o n F i g u r e 9 T u r b i d i t y d i s t r i b u t i o n 

i n K - r e s e r v o i r ( S e p t . 2 6 , 8 8 ) o f f r i v e r m o u t h ( S e p t . 2 6 , 8 8 ) 

C o n c l u d i n g r e m a r k s 

I t h a s b e e n w e l l k n o w n t h a t s e l e c t i v e w i t h d r a w a l i n t a k e i s a n 

e f f e c t i v e e n g i n e e r i n g s o l u t i o n t o r e d u c e e n v i r o n m e n t a l e f f e c t o f 

m a n - m a d e r e s e r v o i r o n i t s d o w n s t r e a m w a t e r r e g i o n . T u r b i d i t y a n d 

t e m p e r a t u r e o f t h e w a t e r d i s c h a r g e d f r o m t h e r e s e r v o i r d e p e n d o n 

t h e d e n s i t y d i s t r i b u t i o n i n t h e r e s e r v o i r a n d t h e i n t a k e 

c o n d i t i o n s s u c h a s t h e o p e n i n g h e i g h t , l o c a t i o n a n d F r o u d e n u m b e r 

o f t h e c u r r e n t i n t h e r e s e r v o i r . F o r t h e c a s e s t u d i e d h e r e , t h e 

w a t e r d e n s i t y i n t h e r e s e r v o i r i s m o s t l y d e t e r m i n e d b y t h e t e m p e 

r a t u r e , a n d c o n t r i b u t i o n o f s o l i d p a r t i c l e s f l o a t i n g i n t h e w a t e r 

i s m i n o r . T h e t h e r m a l s t r a t i f i c a t i o n c a n r e m a i n s t a b l e e v e n a t t h e 

t i m e o f c o n s i d e r a b l e h e a v y f l o o d , t h e n o n e c a n o p e r a t e t h e i n t a k e 

w i t h t a k i n g i n t o c o n s i d e r a t i o n o n l y o f t h e d i s t r i b u t i o n o f w a t e r 

t e m p e r a t u r e . T h e m o d e l t e s t s w e r e d o n e f o r t h e t e m p e r a t u r e d i s t r 

i b u t i o n s o b s e r v e d i n t h i s p a r t i c u l a r r e s e r v o i r , a n d t h e e x p e r i 

m e n t a l f o r m u l a ( 2 ) , r e p r e s e n t i n g t h e r e l a t i o n s h i p b e t w e e n t h e 

w i t h d r a w n l a y e r d e p t h , t h e i n t a k e o p e n i n g h e i g h t a n d F r o u d e 

n u m b e r , w a s o b t a i n e d . F r o m a v i e w p o i n t o f w a t e r q u a l i t y c o n s e r 

v a t i o n , c o n t i n u o u s m o n i t o r i n g o f t h e w a t e r q u a l i t y i n r e s e r v o i r 

a n d i t s d o w n s t r e a m i s a l s o i m p o r t a n t . T h e p r e s e n t s t u d y c o u l d 

i n d i c a t e t h e s a t e l l i t e r e m o t e s e n s i n g i s u s e f u l t o m o n i t o r t h o s e . 
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DIURNAL STRATIFICATION AND ITS EFFETS ON 
WIND-INDUCED CURRENT 

by Tadaharu Ishikawa 
Department of C i v i l Engineering, Tohoku U n i v e r s i t y , 
Aoba, Aramaki, Sendai 9 80, Japan 
and Masahiro Tanaka 
Department of C i v i l Engineering, Tokyo I n s t i t u t e of 
Technology, O-okayama, Meguroku, Tokyo 152, Japan 

ABSTRACT 

Fi e l d data obtained i n Lake Kasumigaura (36°N, 140°E, Japan) 
show that^ a d i u r n a l l y developed weak s t r a t i f i c a t i o n d i s t o r t s 
the wind-induced currents and dispersion process i n a shallow 
l a k e . T h e o r e t i c a l c o n s i d e r a t i o n on the deepening of the 
d i u r n a l ^ mixed l a y e r leads to a r e s u l t t h a t the Wedderburn 
number i s a parameter governing the s i m i l a r i t y i n a p h y s i c a l 
model w i t h such a weak s t r a t i f i c a t i o n . 

INTRODUCTION 
I f a lake i s shallower than usual depth of seasonal 

thermocline, which i s 5-15m, the seasonal s t r a t i f i c a t i o n i s 
not developed. Such a lake i s c a l l e d "a shallow lake" h e r e i n . 
I t has been assumed t h a t the process of t r a n s p o r t and 
d i s p e r s i o n i n a shallow lake i s not much a f f e c t e d by thermal 
s t r u c t u r e of water body. Accordingly, a p h y s i c a l model w i t h 
n o n - s t r a t i f i e d water has been adopted t o i n v e s t i g a t e the 
hydraulic processes i n such a lake. 

Even i n a shallow lake, however, a weak s t r a t i f i c a t i o n 
caused by d a i l y cycle of solar r a d i a t i o n i s o f t e n observed i n 
daytimes, and i t sometimes remains even at midnight. There i s 
a p o s s i b i l i t y t h a t t h i s weak s t r a t i f i c a t i o n m o d i f i e s the 
p a t t e r n of wind-induced currents and d i s p e r s i o n process i n a 
shallow lake. 

The e f f e c t s of d i u r n a l thermal s t r a t i f i c a t i o n on wind-
induced c u r r e n t has not been much i n v e s t i g a t e d because of 
d i f f i c u l t y of f i n e scale measurements of v e l o c i t y and 
tur b u l e n c e i n the f i e l d . Recent progress of f a c i l i t i e s , 
however, enables us to measure t h i s f a i n t phenomenon. 

The objects of the present study are follow i n g s ; 
(1) t o i n v e s t i g a t e the d i u r n a l s t r a t i f i c a t i o n and i t s e f f e c t 
on wind-induced currents through f i e l d observation and 
(2) to f i n d a s i m i l a r i t y law f o r d i s p e r s i o n i n a shallow lake 
f o r a physical model w i t h weakly s t r a t i f i e d water. 

FIELD OBSERVATION 

Studv S i t e 
Lake Kasumigaura i s located 7 0km east from Tokyo. The 

lake has a surface area of 17 0km2, a mean depth of 3.9m and a 
maximum depth of 7.3m. The residence time of the lake i s 
about 6 months so t h a t the lake can be assumed to be a closed 
system i n the research of the d i u r n a l s t r a t i f i c a t i o n . The 

-13A.25-



Figure 1. Water temperature i n a year(September 1987 to 
August 1988). 

measurement s t a t i o n i s l o c a t e d at the center of the lake 
where the depth i s 5.8m. 

F i g . l shows water temperature records a t the depths of 
0.5m and 5m i n a year. Both records almost c o i n c i d e to each 
other, t h a t i s , the seasonal s t r a t i f i c a t i o n i s not developed. 
The d i f f e r e n c e of two records i s shown along the a x i s of 
abscissa. There are a l o t of pulse l i k e f l u c t u a t i o n s whose 
magnitudes are 1-2°C and d u r a t i o n s are 1 to 3 days. These 
f l u c t u a t i o n s are caused by d i u r n a l s t r a t i f i c a t i o n . The 
d i u r n a l s t r a t i f i c a t i o n seems to be i n t e n s i f i e d from March to 
May and i n August when the averaged water temperature goes 
up. ( I t i s a r a i n y season from June to J u l y i n Japan. The 
r a i n y season ended July 31 i n 19 88.) 

Equipments 
Two electro-magnetic current meters were used to measure 

three components of v e l o c i t y . Their sensors are so small t h a t 
they h a r d l y d i s t u r b e d the f l o w . The response frequency i s 
20Hz which i s higher than the r e p r e s e n t a t i v e frequency of 
wind-induced t u r b u l e n c e . Temperature was measured using a 
thermometer w i t h accuracy of 0.1°C. 

A l l sensors were mounted on an elevator which was guided 
by a f i x e d v e r t i c a l p i l e . The v e r t i c a l p r o f i l e s of 
temperature and v e l o c i t y were taken a t 0.25m or 0.5m 
i n t e r v a l s w i t h the sampling time of 30sec f o r each p o i n t . The 
t o t a l time required to complete the p r o f i l e s was 15 min. A l l 
analog outputs were transformed i n t o d i g i t a l time s e r i e s by 
an A/D converter w i t h sampling i n t e r v a l of 0.02 sec. and 
stored i n micro-computer. 
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Observation r e s u l t s 
Two layered f l o w was observed whenever a th e r m o c l i n e 

e x i s t e d , a lthough the temperature d i f f e r e n c e across the 
thermocline was sometimes less than 1°C. Fig.2 shows the data 
o b t a i n e d on August 24 i n 1987 when the water was w e l l 
s t r a t i f i e d and almost s t a t i o n a r y before the wind s t a r t e d 
blowing. Wind t r a c t i v e f o r c e accelerated o n l y the water of 
the mixed l a y e r . This f a c t means t h a t the thermocline w i t h 

the temperature d i f f e r e n c e of even 1°C prevents the v e r t i c a l 
t r a n s p o r t of momentum completely. Fig.3 shows the data 
obtained on August 26 i n 1987 when the wind d i r e c t i o n 
suddenly changed i n the evening. The response of the f l o w 
keeps to show the p a t t e r n of the two layered flow. 

Fig.4 shows a v e l o c i t y p r o f i l e observed when the whole 
water column was w e l l mixed. The v e l o c i t y i s almost uniform 
i n v e r t i c a l . I t i s c l e a r t h a t the d i s p e r s i o n c a p a b i l i t y of 
the two layered f l o w shown i n f i g s . 2 and 3 are much l a r g e r 
than t h a t of the w e l l mixed flow. Therefore, the h o r i z o n t a l 
t r a n s p o r t a t i o n and mixing of suspended and d i s s o l v e d 
m a t e r i a l s i n the lake must be h i g h l y a f f e c t e d by the d i u r n a l 
s t r a t i f i c a t i o n . 

28 29 28 29 28 a 28 29 28 3 28 29 TCc 

V e l o c i t -

Z!m] 13:00 1330 U:00 1 « 0 15:00 15:30 Time<N-) 

Fig.2. V e r t i c a l p r o f i l e s of v e l o c i t y and temperature 
(24 August 1987). 

5[m/sl N 

Wind v e l o c i t y 

Ó i Ó 4 Ó 4 Ó 4 Ó ' i Ó ' l U[cm/^l 

V e l o c i t y 

Q 28 29 28 » 28 _ 29 28 ^ 29 28 _ 29 28 29 T['ci 

Temperature' 

Z[ml 18:00 19:00 20:00 22:00 0.00 2:00 TimsOv) 

Fig.3. V e r t i c a l p r o f i l e s of v e l o c i t y and temperature, 
(26 August 1987) . 
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Fig.5 V e r t i c a l p r o f i l e of tur b u l e n t i n t e n s i t y . 
Fig.4 V e l o c i t y P r o f i l e without a thermocline(28 August 1987). 

C i r c l e s i n f i g . 4 show no n d i m e n s i o n a l t u r b u l e n t 
i n t e n s i t y , which i s obtained by removing the surface wave 
motion from the observed v e l o c i t y records, against the depth 
normalized by the thickness of the mixed l a y e r . Turbulent 
i n t e n s i t y has a peak at the bottom of the mixed l a y e r . Small 
dots i n the f i g u r e are the t u r b u l e n t i n t e n s i t y observed when 
whole water column was w e l l mixed. The s o l i d l i n e i s a 
corresponding curve f o r w a l l t u r b u l e n c e (The depth i s 
normalized by the t o t a l depth.) I t should be noted t h a t the 
turbulence i n t e n s i t y i n a mixed layer over the thermocline i s 
much l a r g e r than t h a t w i t h o u t the thermocl i n e . This f a c t 
i m p l i e s t h a t the shear near the bottom of the mixed l a y e r 
r a t h e r than the s t i r r i n g a t the water surface i s the major 
source of turbulence i n the mixed layer. 

DISCUSSION 

Entrainment Rate 
The entrainment r a t e i s a basic f a c t o r f o r d e s c r i b i n g 

the behavior of the s t r a t i f i e d water. P r i c e et al.(1978) 
suggested two b a s i c models of wind-induced en t r a i n m e n t 
reference to the parameterized t u r b u l e n t energy equ a t i o n 
presented by N i i l e r & Kraus (1977) . One i s the dynamic 
i n s t a b i l i t y model (DIM) which assumes t h a t the energy f o r 
mixing i s produced by the shear i n s t a b i l i t y a t the mixed 
layer base. The other i s the t u r b u l e n t erosion model (TEM) 
which assumes t h a t turbulence f o r mixing i s d i f f u s e d from the 
upper surface t h i n layer. 

As data described above imply t h a t DIM might be s u i t a b l e 
f o r d e s c r i b i n g the deepening of the d i u r n a l mixed l a y e r . I n 
t h i s s e c t i o n , a new f o r m u l a t i o n of DIM i s presented i n order 
to discuss the dispersion i n a shallow lake. 

Turbulent energy produced by the shear deformation {Es} 
i s estimated as f o l l o w s . 

Es = J T j ^ ^ U*2AU (1) 
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w h e r e U*;the s u r f a c e f r i c t i o n v e l o c i t y a n d AU; the v e l o c i t y 

d i f f e r e n c e b e t w e e n t h e m i x e d l a y e r a n d u n d e r n e a t h c a l m l a y e r . 
T h e i n c r e a s e o f t h e p o t e n t i a l e n e r g y a c c o m p a n i e d w i t h 

t h e m i x e d l a y e r d e e p e n i n g i s w r i t t e n a s f o l l o w s . 

2 ^e^gA = "I Pv'e-Bu (2) 

w h e r e £=Ap/po, Ap; the d e n s i t y d i f f e r e n c e b e t w e e n t h e t w o 

l a y e r s , p o ; t h e r e f e r e n c e d e n s i t y , g ; t h e g r a v i t a t i o n a l 

a c c e l e r a t i o n , h ; t h e m i x e d l a y e r t h i c k n e s s a n d B u ; t h e t o t a l 

b u o y a n c y o f t h e m i x e d l a y e r . A s s u m i n g t h a t Ep i s a c e r t a i n 

f r a c t i o n o f Es, we o b t a i n t h e f o l l o w i n g r e l a t i o n f o r t h e 

e n t r a i n m e n t r a t e . 

We = A'U*2AU/Bu o r E [AUj =A'Ri[U*]-l (3) 

w h e r e IVg; t h e e n t r a i n m e n t r a t e , A ; some c o n s t a n t , E[AU] =We/AU 

a n d Ri [U*]=Bu/U*2. 

F i g . 6 s h o w s t h e r e l a t i o n b e t w e e n E [AU] a n d Ri[U*] 
o b t a i n e d f r o m t h e f i e l d o b s e r v a t i o n . T h e f i e l d d a t a s h o w s t h e 
r e l a t i o n d e s c r i b e d b y e q . ( 3 ) a n d t h e v a l u e o f A i s a l m o s t 
c o n s t a n t a n d a b o u t 1. 

E q . ( 3 ) i s c o n s i s t e n t w i t h f o r m u l a t i o n i n e x i s t i n g 
s t u d i e s , w h e n t h e i n t e r n a l s e t u p i s n e g l i g i b l e . U n d e r s u c h a 
c o n d i t i o n , t h e h o r i z o n t a l m o v e m e n t o f t h e m i x e d l a y e r i s 
d e s c r i b e d b y t h e f o l l o w i n g e q u a t i o n . 

j£(hAU) = U*2 ( 4 ) 

E l A U l 

10'' 

10 

J i l l 1 1 1 1 111II 
1 1 L 

— 
E[AU] = A'R1[U*] - I ~ 

\ y A = 1 
\ O I / E 

— 
O V I 

— 

\ ) 1 I — 

— N D I Ü — 

I I I I 1 1 1 1 1 1 III 1 1 1 

10' 10= 
R i i U » l 

F i g . 6 D i m e n s i o n l e s s e n t r a i n m e n t 

r a t e s E[AU] v e r s u s Ri[U*]. 

F i g . 7 . S c h e m a t i c d i a g r a m o f 
d i s p e r s i o n p r o c e s s i n d i 
u r n a l l y s t r a t i f i e d l a k e . 
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From Eqs.(3) and (4), we obtain 

E[U*] =Ri[U*]'^/2 (5) or Ri [AU] = const. (5) 

S i m i l a r i t y Condition 
S i m i l a r i t y c o n d i t i o n f o r p h y s i c a l model are s t u d i e d 

considering a water tank w i t h a length L and the depth of H 
and assuming t h a t the wind blows f o r a d u r a t i o n of T. Water 
p a r t i c l e s i n i t i a l l y set on a v e r t i c a l l i n e are dispersed as 
shown i n f i g . 7 . The f o l l o w i n g two conditions are required so 
t h a t kinematic s i m i l a r i t y i s e s t a b l i s h e d f o r d i s p e r s i o n i n 
two tanks of d i f f e r e n t size. 

F i r s t l y , the r a t i o of h o r i z o n t a l t r a v e l distance to the 
tank length must be common. 

(AU'T/L)r = 1 (7) 

where the s u b s c r i p t r means the r a t i o of values f o r each 
tank. Secondly, the r a t i o of mixed l a y e r deepening to the 
tank depth must be common. 

(We'T/H) r = 1 (8) 

S u b s t i t u t i n g eqs. (3) and (7) i n t o eq. (8), we obtain. 

• Bu 

U*2 L 
= 1 (9; 

where iVd i s a dimensionless parameter known as Wedderburn 
number which Spigel and Imberger(1980) used to c l a s s i f y the 
mixing i n lakes. 

CONCLUSION 
A weak s t r a t i f i c a t i o n , which i s made by d a i l y c y c l e of 

solar r a d i a t i o n , d i s t o r t s the modifies wind-induced c u r r e n t s 
and a f f e c t s d i s p e r s i o n process i n a s h a l l o w l a k e . The 
deepening process of the thermocline i s described w e l l by the 
dynamic i n s t a b i l i t y model (DIM). This model suggested t h a t 
the Wedderburn number i s the parameter which governs the 
s i m i l a r i t y of d i s p e r s i o n i n a p h y s i c a l model w i t h a weak 
s t r a t i f i c a t i o n . 
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OBSERVATIONS OF MIXING AND MASS TRANSPORT PROCESSES 
I N GLENMORE RESERVOIR, CALGARY, ALBERTA 

by S t e v e Graham 
N o l a n , D a v i s and A s s o c i a t e s (1986) L t d , 

S t J o h n ' s , N e w f o u n d l a n d A1L1C4 

I n t r o d u c t i o n 
G l e n m o r e R e s e r v o i r (22,800 a c r e - f e e t ) i s t h e p r i n c i p a l 

d r i n k i n g w a t e r s u p p l y f o r t h e C i t y o f C a l g a r y , A l b e r t a . The C i t y 
c o m m i s s i o n e d a s t u d y ( 1 , 2 ) o f m i x i n g p r o c e s s e s i n Glenmore as a 
p r e v e n t a t i v e measure t o e n s u r e p u b l i c h e a l t h a nd s a f e t y . 

I n i t i a l l y , c o n s i d e r a t i o n was g i v e n t o p e r f o r m i n g a n a l y t i c -
n u m e r i c , p h y s i c a l m o d e l i n g , a n d / o r f i e l d s t u d i e s . However, e a c h 
h a d l i m i t a t i o n s t o a d d r e s s t h e p r o b l e m a t h a n d — i d e s t t o 
p r e d i c t t h e t r a n s p o r t c h a r a c t e r i s t i c s o f an i n t r o d u c e d m i s c i b l e 
c o n t a m i n a n t u n t i l i t r e a c h e s t h e w a t e r s u p p l y i n t a k e a t t h e dam. 
C h a r a c t e r i s t i c f l o w - t h r u speed , V g , d e f i n e d a s : 

Vc = L / T R [ 1 ] 

w h e r e T^ i s t h e c h a r a c t e r i s t i c r e t e n t i o n t i m e ( = V o l / Q ) , a n d L 
i s t h e r e s e r v o i r l e n g t h ( 1 8 , 5 0 0 ' ) , h a d mean m o n t h l y v a l u e s o f 
0.9 t o 7.1 mm/s ( s e e T a b l e 1 ) , w h i c h w o u l d h a v e a f f o r d e d v e r y 
c o m f o r t a b l e r e s p o n s e t i m e s i n t h e e v e n t o f a s p i l l . However 
i n i t i a l d r o g u e e x p e r i m e n t s showed t h a t d r o g u e s c o u l d be b l o w n t o 
any p o i n t i n t h e r e s e r v o i r o v e r n i t e . The s u r f i c i a l a d v e c t i v e 
t r a n s p o r t p r o c e s s e s c l e a r l y w e r e w i n d - d o m i n a t e d . The e f f e c t o f 
t h i s u pon d i s p e r s i v e p r o c e s s e s i n t h e r e s e r v o i r was n o t known. 

To i n v e s t i g a t e t h e s e f u r t h e r , t r a c e r e x p e r i m e n t s u s i n g b o t h 
s a l t a nd f l u o r e s c e i n w e r e c o n d u c t e d . (Use o f r h o d a m i n e a n d 
s i m i l a r c o n s e r v a t i v e t r a c e r s was f o r b i d d e n b y t h e D e p t o f H e a l t h 
on t h e b a s i s o f e v i d e n c e t h a t t h e y a r e m u t a g e n s a n d / o r 
c a r c i n o g e n s ) . T y p i c a l r e s u l t s a r e shown i n F i g u r e s 1 a n d 2. 
T r a n s p o r t o f t h e dye c l o u d was a l m o s t c o m p l e t e l y d e t e r m i n e d by 
l o c a l w i n d d i r e c t i o n , and e x h i b i t e d v e r t i c a l s h e a r . L o c a l w i n d 
d i r e c t i o n , i n t u r n , was s t r o n g l y i n f l u e n c e d by l o c a l t o p o g r a p h y , 
p a t i c u l a r l y i n t h e l o w e r p o r t i o n o f t h e r e s e r v o i r w h i c h l i e s i n 
a s e m i - c a n y o n . A p p r o p r i a t e p h y s i c a l m o d e l i n g w o u l d t h u s h a v e t o 
c o r r e c t l y s i m u l a t e t h e l o c a l w i n d f i e l d i n a w i n d - t u n n e l . 
D e t a i l e d c o m b i n e d w i n d t u n n e l and h y d r a u l i c m o d e l t e s t i n g i s 
q u i t e r a r e , a nd n e i t h e r s u i t a b l e f a c i l i t i e s n o r a d e q u a t e b u d g e t 
was a v a i l a b l e f o r t h i s t y p e o f a p p r o a c h 

F o r i n i t i a l i n t e r p r e t a t i o n o f f i e l d d a t a , none o f t h e many 
a n a l y t i c f o r m u l a t i o n s o f f e r e d a s i g n i f i c a n t i m p r o v e m e n t ( u n t i l 
t h e d y e c l o u d r e a c h e d t h e b o u n d a r i e s ) o v e r t h e g e n e r a l h e a t 
e q u a t i o n : 

F o r a n i n s t a n t a n e o u s s u r f a c e r e l e a s e , t h e e x p e c t e d maximum 

c o n c e n t r a t i o n , c^, i s : 
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C x p ( ^ k t ) [ 3 ] 

As shown i n F i g u r e 3, t h e m i x i n g was f a i r l y " w e l l - b e h a v e d " . 
The peak c o n c e n t r a t i o n s ( a d j u s t e d f o r p h o t o c h e m i c a l d e c a y ) o f 
t h e c l o u d s w e r e : 

c/c^ = (4.07E-02) * f°-^^ [ 4 ] 

The d i f f e r e n c e i n t h e c o e f f i c i e n t o f t (-0.87 v s . -1.5 i n eqns 
[ 4 ] and [ 3 ] ) i s u n e x p l a i n e d , b u t n o t u n c h a r a c t e r i s t i c f o r 
u n c o n t r o l l e d f i e l d e x p e r i m e n t s . T y p i c a l v a l u e s o f h o r i z o n t a l 
t u r b u l e n t d i f f u s i v i t y / d i s p e r s i o n , E^, (0.15 m^/s), i n c r e a s e d 2 t o 
3 t i m e s t h i s v a l u e f o r p e r i o d s o f h i g h w i n d - i n d u c e d a d v e c t i o n . 
T y p i c a l v a l u e s o f v e r t i c a l d i f f u s i v i t y , E^, v a r i e d an o r d e r o f 
m a g n i t u d e w i t h s t r a t i f i c a t i o n , b u t e v i d e n t l y t r a d e d o f f w i t h E,̂  
as w e l l i n o r d e r f o r eqn (4) t o be so w e l l - b e h a v e d . I t i s a l s o 
n o t s e l f - e v i d e n t t h a t t h e s e p r o c e s s e s c o u l d be r e p r o d u c e d i n a 
p h y s i c a l m o d e l , p a r t i c u l a r l y a d i s t o r t e d one. 

F i n a l l y , a p o i n t a b o u t l o c a l p r o c e s s e s i s made. T h e s e a r e 
s e l d o m i n v e s t i g a t e d i n t h e c o u r s e o f l a r g e - s c a l e f i e l d s t u d i e s . 
A l i m i t e d s a m p l i n g o f s h o r t t i m e and l e n g t h phenomena was done 
f o r t h e G l e n m o r e s t u d y , and t h e r e s u l t s w e r e m o s t i n t e r e s t i n g . 
O v e r a l l t e m p e r a t u r e p r o f i l e s i n t h e r e s e r v o i r h a d t y p i c a l 
g r a d i e n t s o f 1 deg C/15m v e r t i c a l l y and 1 deg C/2.1 km 
h o r i z o n t a l l y . Y e t , as shown on F i g u r e 4, t e m p e r a t u r e p r o f i l e s 
t a k e n a t t h e same s p o t midway a l o n g t h e r e s e r v o i r o v e r a p e r i o d 
o f 5 h o u r s h a d a r a n g e o f 1 deg C a t t h e s u r f a c e . S i m i l a r l y , 
p r o f i l e s t a k e n w i t h i n 5 t o 10 m e t e r s o f e a c h o t h e r a t a b o u t t h e 
same t i m e h a d a b o u t t h e same t e m p e r a t u r e r a n g e a t t h e s u r f a c e 
( s e e F i g u r e 5 ) . I n b o t h c a s e s l o c a l v a r i a t i o n s d e c r e a s e d r a p i d l y 
t o a b o u t t h e 5 m e t e r d e p t h l e v e l . T h i s w o u l d a p p e a r t o i n d i c a t e 
t h a t t u r b u l e n t a c t i v i t y i s c o n f i n e d t o t h i s d e p t h . As i t 
c o r r e s p o n d s t o t h e l e n g t h s c a l e o f s u r f a c e v a r i a t i o n , i t i s 
s u r m i s e d t h a t t h e s u r f a c e l a y e r i s c o m p r i s e d o f 5 m c o n v e c t i v e 
c e l l s ( a t m o s t ) . These d a t a o b v i o u s l y h a ve i m p l i c a t i o n s a b o u t 
t i m e s c a l e s and l e n g t h s c a l e s o f m i x i n g , as w e l l as a p p r o p r i a t e 
s a m p l i n g p r o c e d u r e s . G i v e n t h a t m e a sured l o c a l v a r i a t i o n s w e r e 
s i g n i f i c a n t r e l a t i v e t o m a c r o s c o p i c o n e s , c o r r e c t r e p r o d u c t i o n 
i n a p h y s i c a l m o d e l w o u l d be d i f f i c u l t . 

Summary 
The r e s u l t s may be s p e c i f i c t o s m a l l w e s t e r n i m p o u n d m e n t s , an d 

n o t g e n e r i c . N e v e r t h e l e s s t h e methods o f a n a l y s i s m u s t be 
a p p r o p r i a t e t o b o t h t h e p r o b l e m a t hand and t o t h e p h y s i c a l 
c o n d i t i o n s a t t h e s i t e . W i n d - d r i v e n m i x i n g i n s h a l l o w p a r t i a l l y -
s t r a t i f i e d i m p o undments may n o t be a s u i t a b l e c a s e f o r 
s i m u l a t i o n w i t h f o r p h y s i c a l m o d e l i n g . 

R e f e r e n c e s 
As i t i s d i f f i c u l t t o d i s t i l a 200+pp r e p o r t i n t o 6 p a g e s ; t h e 

r e a d e r i s r e f e r r e d t o t h e o r i g i n a l s t u d y r e p o r t and a 20 pp 
summary, w h i c h a r e l i s t e d b e l o w . 
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EVALUATION OF TIDAL EFFECTS ON THERMAL PLUMES 
USING A PHYSICAL MODEL 
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A b s t r a c t 

A 1:150 s c a l e h y d r a u l i c model study of thermal plumes from a s u r f a c e 
d i s c h a r g e and a submerged d i f f u s e r , each t e s t e d s e p a r a t e l y under i d e n t i 
c a l c o n d i t i o n s , was conducted to e v a l u a t e the unsteady temperature r i s e 
p a t t e r n s during a t y p i c a l t i d a l c y c l e . The unsteady o f f s h o r e tempera
t u r e d i s t r i b u t i o n s f o r the s u r f a c e d i s c h a r g e and the d i f f u s e r d uring a 
t i d a l c y c l e were compared to determine the r e l a t i v e e f f e c t s of 
re-entrainment of p r e v i o u s l y d i s c h a r g e d heated water. I n g e n e r a l , no 
n o t i c e a b l e d i f f e r e n c e s i n re-entrainment due to t i d e r e v e r s a l s between 
the t e s t e d s u r f a c e d i s c h a r g e and d i f f u s e r were apparent. The model a l s o 
i n d i c a t e d some s i t e bathymetry e f f e c t s on the re-entrainment as shown by 
the v a r i a t i o n of a r e a s f o r given temperature r i s e isotherms. 

I n t r o d u c t i o n 

Cooling water d i s c h a r g e s t r u c t u r e s of s t e a m - e l e c t r i c power p l a n t s a r e 

designed to f u n c t i o n so t h a t the water temperature r i s e due to the 

d i s c h a r g e i s w i t h i n the l i m i t s imposed by r e g u l a t o r y agencies, and so 

t h a t any thermal r e c i r c u l a t i o n from the d i s c h a r g e to the i n t a k e i s 

i n s i g n i f i c a n t . T i d a l e f f e c t s cause time dependant entrainment and 

re-entrainment of water i n t o the plume, and h y d r a u l i c model s t u d i e s a r e 

of t e n used to study t h i s important unsteady phenomenon. 

A comprehensive h y d r a u l i c model study i n v o l v i n g both a s u r f a c e d i s c h a r g e 
and a d i f f u s e r w i t h approximately the same t o t a l o f f s h o r e momentum was 
conducted f o r a power s t a t i o n d i s c h a r g i n g warm water to the ocean. 
Unsteady t i d a l c u r r e n t s were s i m u l a t e d i n the model over a 1.25 t i d a l 
c y c l e s t a r t i n g a t the maximum ebb c u r r e n t by imposing r e v e r s e flows a t 
the two e x t r e m i t i e s of the model b a s i n . Appropriate amplitude and phase 
d i f f e r e n c e s based on s i n u s o i d a l v a r i a t i o n s were generated. Each of the 
two d i s c h a r g e s t r u c t u r e s was t e s t e d s e p a r a t e l y and changes i n a r e a s 
w i t h i n given temperature r i s e isotherms during the t i d a l r e v e r s a l were 
e v a l u a t e d f o r each c a s e to q u a n t i f y the e f f e c t of re-entrainment of 
p r e v i o u s l y d i s c h a r g e d water. 

T h i s paper p r o v i d e s a comparison of the e f f e c t s of t i d e r e v e r s a l on the 
thermal plumes f o r the t e s t e d s u r f a c e d i s c h a r g e and d i f f u s e r d e s i g n s . 
Since a n a l y t i c a l or numerical s i m u l a t i o n of plumes i n unsteady c u r r e n t s 
i s v ery complex, the r e s u l t s provided may be u s e f u l i n c a l i b r a t i n g o r 
e v a l u a t i n g the r e l i a b i l i t y of such models. Also, by comparing r e s u l t s 
to a p r e v i o u s study, [ 1 ] , s i t e bathymetry e f f e c t s were evaluated. 
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D e s c r i p t i o n of P h y s i c a l Model 

A 1:150 s c a l e model of the c o o l i n g water system of a power p l a n t was 
b u i l t i n a 50 m X 25 m model b a s i n . The bathymetry was s c a l e d , based on 
the map of F i g u r e 1, down to the 30 m contour, the plume being r e l a t i v e 
l y t h i n and hence una f f e c t e d by deeper contours. 

The model was designed and operated based on Froude s i m i l i t u d e , t h a t i s , 
keeping the model Froude number and d e n s i m e t r i c Froude number the same 
as i n the prototype. The thermal d i s c h a r g e temperature was ad j u s t e d to 
give a nondimensional d e n s i t y d i f f e r e n c e , Ap/po, of 0.0037, equal to 
t h a t i n the prototype a t an ambient water temperature of about 23°C, a 
s a l i n i t y of 30 ppt and a temperature r i s e i n the discharged water of 
about 11°C. 

T y p i c a l t i d e c u r r e n t s , w i t h a net to maximum t i d a l c u r r e n t r a t i o of 
0.23, were simulated assuming a s i n u s o i d a l v a r i a t i o n over a per i o d of 
1.25 c y c l e , the f i r s t 0.25 c y c l e being designed to e s t a b l i s h i n i t i a l 
c o n d i t i o n s . The t i d a l sequence was s t a r t e d a t maximum ebb c u r r e n t . 
Water s u r f a c e v a r i a t i o n s were a l s o simulated w i t h an amplitude of 40 cm 
and a l a g of 1.35 hr wi t h r e s p e c t to the c u r r e n t , a l l prototype v a l u e s . 
Such a v a r i a t i o n was achieved by imposing computer c o n t r o l l e d r e v e r s i n g 
flows a t the two e x t r e m i t i e s of the b a s i n . 

The i n t a k e s t r u c t u r e was modeled a t the l o c a t i o n shown on F i g u r e 1. The 
s e l e c t e d s u r f a c e d i s c h a r g e and d i f f u s e r l o c a t i o n s and o r i e n t a t i o n s a r e 
a l s o marked i n F i g u r e 1, and the d e t a i l s of the designs a r e i n c l u d e d i n 
Fi g u r e 2. The d i f f u s e r d i s c h a r g e was about 240 to 420 m away from the 
shore. The t o t a l o f f s h o r e momentum produced by the s u r f a c e d i s c h a r g e 
was approximately the same as t h a t of the d i f f u s e r . 

Temperatures throughout the t e s t b a s i n were measured by a t o t a l of 705 

thermocouples c l o s e to the water s u r f a c e . A few v e r t i c a l a r r a y s were 

a l s o i n s t a l l e d to measure temperature p r o f i l e s a t s e l e c t e d l o c a t i o n s . A 

m u l t i p l e x e r a c t i v a t e d by an o n - s i t e mini computer scanned a l l 705 probes 

i n 200 seconds. A t o t a l of 23 scans c o n s t i t u t e d the 1.25 t i d e c y c l e 

with a t o t a l model time of about 73 minutes. The thermocouple outputs 

were d i g i t i z e d and sent to a VAX 750 computer f o r data a n a l y s i s . 

T e s t R e s u l t s 

Near s u r f a c e temperature r i s e isotherms a t maximum f l o o d , s l a c k a f t e r 
flood, maximum ebb and s l a c k a f t e r ebb using the t e s t data from a 
t y p i c a l t e s t a r e shown i n F i g u r e 3 f o r the d i f f u s e r . S i m i l a r g e n e r a l 
plume f e a t u r e s were observed f o r the s u r f a c e d i s c h a r g e , designed to meet 
the same thermal c r i t e r i a . From F i g u r e 3 c o n s i d e r a b l e v a r i a t i o n s of the 
ar e a under given isotherms and change i n plume d i r e c t i o n s a r e e v i d e n t , 
u n d e r l i n i n g the importance of i n c l u d i n g any t i d a l e f f e c t s i n a thermal 
model. 

Using data from a t y p i c a l t e s t , the v a r i a t i o n of area w i t h i n the temper

a t u r e r i s e isotherm equal to 13% of the i n i t i a l temperature r i s e a t the 

di s c h a r g e i s p l o t t e d i n F i g u r e 4 f o r one t i d e c y c l e . During f l o o d t i d e , 
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temperature r i s e and, t h e r e f o r e , the are a w i t h i n the s t a t e d isotherms 
decreases with i n c r e a s i n g c u r r e n t , as expected, s i n c e there i s l i t t l e 
re-entrainment a t tha t time. The a r e a i n c r e a s e s as flood c u r r e n t 
d e c r e a s e s , and a t s l a c k a f t e r f l o o d , e s s e n t i a l l y the same ar e a i s 
obtained as a t the f i r s t s l a c k a f t e r the one q u a r t e r ebb c y c l e used to 
s t a r t the t e s t . Without any re-entrainment and with symmetrical topog
raphy, one would expect the are a to again decrease w i t h ebb c u r r e n t s . 
However, temperatures and areas i n c r e a s e due to a combination of both 
f a c t o r s . 

The p r e v i o u s l y heated water d i s c h a r g e d during f l o o d c u r r e n t , see F i g u r e 
3, r e t u r n s with ebb c u r r e n t s to be r e - e n t r a i n e d i n t o the plume. In 
a d d i t i o n , ebb c u r r e n t s a r e not as st r o n g due to the topography e f f e c t s , 
l e a d i n g to the i n d i c a t e d net c u r r e n t on F i g u r e 4, and thus do not 
i n c r e a s e l o c a l d i l u t i o n as much as f l o o d c u r r e n t s . An e a r l i e r study by 
Brocard [ 1 ] , which had no to p o g r a p h i c a l e f f e c t s , showed l e s s e r a r e a 
v a r i a t i o n s during ebb. The cumulative e f f e c t of re-entrainment and 
topography i s t h a t a r e a s during ebb c u r r e n t a r e even g r e a t e r than those 
a t e i t h e r s l a c k . 

The i n c r e a s e s i n areas under temperature r i s e isotherms during a t i d a l 

c y c l e a r e i n d i c a t i v e of the re-entrainment back i n t o the plume of the 

hot water p r e v i o u s l y discha rg ed . Examining the r e s u l t s of F i g u r e 4, 

a l l o w i n g f o r some experimental s c a t t e r , the isotherm a r e a i n c r e a s e s f o r 

the t e s t e d s u r f a c e d i s c h a r g e and d i f f u s e r are more or l e s s the same. 

Hence, i n terms of re-entrainment e f f e c t s due to t i d a l c u r r e n t r e v e r 

s a l s , no n o t i c e a b l e d i f f e r e n c e s between a d i f f u s e r and a s u r f a c e d i s 

charge of the same t o t a l o f f s h o r e momentum were apparent. 

Conclusions 

Model t e s t r e s u l t s show a c o n s i d e r a b l e v a r i a t i o n of the thermal 
plume ar e a and d i r e c t i o n d u r i n g a t i d a l c y c l e , confirming the 
importance of s i m u l a t i n g t i d a l e f f e c t s i n a thermal model. 

Comparing the v a r i a t i o n s of ar e a s under corresponding temperature 
r i s e isotherms f o r the t e s t e d d i f f u s e r and s u r f a c e d i s c h a r g e under 
i d e n t i c a l ambient and d i s c h a r g e c o n d i t i o n s and same t o t a l o f f s h o r e 
momentum, the extent o f re-entrainment due to t i d a l e f f e c t s was 
found to be more or l e s s the same fo r both the s u r f a c e d i s c h a r g e and 
the d i f f u s e r . 

S i t e bathymetry may i n f l u e n c e the re-entrainment due to t i d e r e v e r 

s a l , and should be c a r e f u l l y modeled. 
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FIGURE 1 B A T H Y M E T R Y OF SITE AND I N T A K E OF DISCHARGE LOCATIONS 
(SURFACE DISCHARGE OR DIFFUSER A T ONE TIME) 
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T H E R M A L P L U M E S T U D Y I N T H E D E L A W A R E R I V E R - P R O T O T Y P P 
M E A S U R E M E N T S AND N U M E R I C A L S I M l ^ ^ ^ ^ 

by Bryan R. Pearcei, Vijay G . Panchangi, Diane Fosteri, Liaqat Ali Khan2, Peter Sucsyi 
Howard Mcllvaine3, Robert F . Daugherty^, Charles C. Millei^, and Victor J. Schulei^ ' 

Abstract 

To examine a variety of possible configurations for heated water discharge at the 
Atlantic Electric Company's Deepwater Power Plant on the Delaware River a pair of 
numencal models and a field measurement program were established. The'hydraulic 

as input to the heat transport equation is obtained from a 
hydrodynamic model applied to a 12 K m portion ofthe Delaware River, between New 
Castle, Delaw-are and Penns Grove, New Jersey. The model is calibrated by comparing 
he computed results with measured water surface elevations and velocities A 

Lagrangian tracer technique has been used for simulating the transport and mixing of the 
hot water into the nver the far-field heat transport modll was calFbrated by^d^usLg Se 
diffusion coefficient and companng to field measurements. 

Introduction 

Figure 1 shows a section of the Delaware River between New Castle, D E and Penns 
Grove, NJ, tiie location of the heated water discharge, and the location of the current 
meter stations, S, and transects, T. This study has been undertaken to examine tiie effects 
of the heated water discharge into the river, especially the propagation of the thermal 
p ume and the boundaries of the 1.0 °F and l . ^ T isotherms, t o simulate the thermal 
plume, two models were developed. The first model, T I D E , is a two-dimensional water 
flow model. The depth integrated momentum and continuity equations are solved bv an 
explicit fimte-difference method. This model provides the hydraulic information 
necessary for the solution of the heat transport equation. The second model, P L U M E 
simulates the transport of heat, and computes the temperature increase due to the hot' 

^^"^^ ',^T^TTf.^'^'^y'i ^̂ ^̂  the physical processes in the river 
govern the mixine. The P L U M E model simulates the transport and mixing process using 
196^.^^'^'' techmque" ( Fisher, et al., 1979; Bugliarelfo and Jackson 

Heat Transport Mndel 

The ti-ansport of heat is governed by the advection-diffusion equation. For the two-
dimensional case this equation (Fisher et al., 1979) can be written as follows: 

+ X ( T - T J - h Q , 

where: T is the water temperature, Te is tiie equilibrium water temperature, U is the depth 
mean velocity in x-direction, V is the deptii mean velocity in y-direction, D is the 
diffusion coefficient, ^ is a heat decay coefficient, and Qs is the rate of heat added to the 
system. Instead of solving the heat transport equation numerically, these processes are 
simulated in the P L U M E model by "tracers" (imaginary particles) that are iniected into 
the channel and their movements are ttaced in time. 

^ Department of Civil Engineering.University of Maine, Orono, ME, 04469. 
School of Civil and Environmental Engineering, Cornell University, Ithaca, NY 14853. 

3 Aüantic Electric Co. ,P.O. Box 1500-MLC, PleasantviUe, NJ, 08232. 
Environmental Consulting Services, Inc. 100 South Cass St, Middletown, DE, 19709 
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2 

Circle of Radius L 

Ay' 

With respect to mixing in estuaries and coastal water bodies, there are several reasons 
(Dimou and Adams, 1989) one might use a particle-tracking model instead of the more 
common concentration (Eulerian) models: 1) Dispersion coefficients in estuaries are not 
constant, but vary as a function of tidal velocity; this variation is more easil>^ modeled by 
a random walk process. 2) Sources are more easily represented in a particle-tracking 
model (i.e., by mtroduction of particles), whereas concentration models have difficulty 
resolving concentration fields whose spatial extent is small compared to that of the 
discretization. 3) In particle-tracking models the computational effort is concentrated in 
regions where most particles are located, i.e. regions with highest concentrations, whereas 
in concentration models all regions of the domain are treated equally in terms of 
computational effort. 4) Particle tracking is well suited to the capabilities of new 
supercomputers, particularly parallel processors. 5) Particle tracking models have zero 
numerical diffusion which is a very important consideration in modeling plumes with 
large lateral extent. 

The process consists, essentially, of 
having all tracer particles move or 
jump at each time step. The jump 
consists of two parts (see Figure 2): 
the advection part due to the motions 
of the water body and a random part 
which represents the diffusion process. 
In the limit of small jumps and time 
steps, it can be shown that this process 
represents the above heat transfer 
equation. The particles each carry an 
amount of heat determined by the 
number of particles input and by the 
heat discharge. The temperature at a 
certain location is computed from the 
number of particles in a computational 
cell fixed in space. Thermal decay can 
be simulated by adjusting the 
probability that a particle wil l be 
removed from the simulation. The 

theoretical details of this method, based on "random walk", are described by Fisher et 
al.(1979), Bugliarello and Jackson (1964), and others. 

Water Flow Model 

To determine the flow velocities for the P L U M E model a circulation model was 
constructed and applied with the help of extensive current measurements. The two-
dimensional equations of motion (eg. Abbott, 1979) describing the fluid flow are: 

[x(n+l).y(n+l)] 

Position of the Particle 
at time t= (n+1) At 

Ax' 
[x(n),y(n)] 

Position of a Particle 
at time t= n At 

Figure 2. Schematic of Tracer Technique 

^ , 8(HU) , 3 ( H V ) _ au kuV U^-h 

H 

kvV U % V ^ 

H 

where: g = gravity, f = the Coriolis parameter, r\ = the deviation of the free surface from 
mean sea level, and k = the bottom friction coefficient. Botii the flow data and the fact 
that the plume remains largely in shallow water suggest that the vertically averaged 
equations are suitable for this simulation. The added complexity of a three-dimensional 
model is not necessary. 
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Model Applicarinns 

Figure 1 shows the schematic representation of the model domain wi th Ax = Ay = 96 
m. The total number of computational cells is 112 x 44 or 4928. The open boundaries of 
the model are located at New Castle and Penns Grove. The locations o f these boundaries 
have been selected such that the T F isotherm is far inside the model domain, and the 
boundary conditions do not affect the computed results in the region of interest. Figure 3 
shows the bed topography of the river (in meters) below the chart datum. These data were 
extracted f r o m the 1: 40000 scale hydrographic chart of the Delaware River, "Smvma 
River to Wilmington" (NOAA Chart No. 12311 ). ^ 

I n order to simulate the actual f ie ld conditions for tuning the model, the amplitude 
and phase for the major tidal constituents were obtained f r o m N O A A and then used to 
resconstruct the tide at the model boundaries. The tide is then-

n 

r i (tidal elevation)=2^ f i ( t ) ai cos(cOit + Voi(t)-Ki) 
where: f is a slowly varying factor, a is the constituent amplitude, t is time, Voi(t) is the 
phase referenced to Greenwich, and Ki is the phase of the constituent (Shureman, 1958). 
Figure 4 shows the plot of the water level boundary conditions used in this model 
application, in particular August 22, 1989, the day of the f ie ld campaign. Note the phase 
differences which are primarily responsible for driving the f lows. For the boundary 

shown in Figure 4, the f low model was calibrated by adjusting the bed fr ict ion 
coefficient, k. The model is run for several tidal cycles to eliminate undesirable 
transients. Figure 5a,b,c compares the computed velocities to measurements at several 
stations. (Reference Figure 1 for locations.) In order to achieve a reasonable calibration i t 
was necessary to use a f r ic t ion factor that varied wi th depth. I n this case the shallow 
regions required a much larger damping factor than the relatively deep water of the 
channels. This may be caused by the fact that in some areas the water is so shallow that 
there is a significant boundary layer development due to the wind wave activity which 
results in consequently high bottom frict ion. Considering the approximations involved 
and the uncertainty in many parameters, the results of the model calibration appear 
satisfactory. The f l ow model was run with a time step of 5 seconds. 

To simulate the plume, i t is assumed that hot water is discharged continuously at one 
or more locations (See Figure 1 for the discharge location used fo r this study). The 
model is started wi th AT = 0°C throughout the model domain. The time-step used in 
these computations is 5 minutes. To avoid excessive storage requirements, the output 
f r o m the T IDE model is stored at 15-minute intervals. The intermediate values necessary 
for the computations are obtained by linear interpolation. 

A step length comparable to a value of D = 2.5 mVs was used to obtain the plumes 
shown in Fig. 6a,b fo r ebb and f lood tide respectively. There are two isotherms in the 
figures, l .S 'T and 1.0°F. These plots represent the conservative case of zero decay. 
Numerical experiments indicate that the computations reach quasi-steady state in about 
three tidal cycles. Thereafter, there are no significant changes in the boundaries o f the 
isotherm at low water slack and excess heat is leaving through the model boundaries. The 
situation with zero decay is especially realistic on a hot and calm summer day. Figure 7, 
by comparison, shows the measured thermal f ie ld (ebb tide) with the same heat input that 
was used in the simulation represented by Figure 6a,b (ACEC,1973). 

Summary 

The above paragraphs describe ini t ial modelling efforts to simulate the thermal 
regime in the Delaware River between New Castle, DE and Penns Grove, NJ. The 
simulations are made using two coupled computer models, T I D E and P L U M E . The 
hydrodynamic model, T I D E , was calibrated by adjusting the f r ic t ion coefficient and 
forced wi th the predicted tide as boundary conditions. The computed water surface 
elevations and velocities match the observed values reasonably we l l . The computed 
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thermal plume boundaries are consistent with the limited field data obtained by the US 
Army Corps of Engineers in 1972 ( A C E C , 1973). Since the P L U M E model results are 
not highly dependent on the coefficient of diffusion, we may surmise that advection is the 
dominant mode of heat transport in this reach of the river. Diffusion becomes important 
at high and low water slack, when the velocity of flow approaches zero. 

Our present efforts are now directed towards obtaining improved model tuning and 
refinement that will allow the models to make accurate predictions of various scenarios 
(e.g. with other diffuser locations or heat discharges). 

References 

Abbott, M.B., 1979, Computational Hydraulics: Elements of the Theory of Free Surface 
Flows, Pitman, London, U ! K . 

Atlantic City Electric Company ( A C E C ) , 1973, Thermal Hydrology Study, Deep Water 
Station, Delaware River Pennsville, New Jersey. 

Bugliarello, G. , and Jackson, E . D . , 1964, Random Walk Study of Convective Diffusion, 
Joumal of the Engineering Mechanics Division, A S C E , EM4, August, pp.4877 

Dimou, K . N . , and E . E . Adams, "2-D Particle Tracking Model for Estuary Mixing", 
Proceedings, Estuarine and Coastal Modeling, Nov 1989, Newport, RI . 

Fisher, H.B. et al.,1979. Mixing in Inland and Coastal Waters, Academic Press, N.Y. 

Pearce, B .R. , L . A . Khan, V . G . Panchang, D. Foster, Numerical Thermal Plurne 
Simulation for the Delaware River between New Castle and Penns Grove, Interim 
Report, Department of Civi l Engineering, University of Maine, Orono, M E and 
Environmental Consulting Services Inc, Middletown, D E . 

Shureman, P., 1958, Manual of Harmonic Analysis and Prediction of Tides, Govemment 
Printing Office, Washington D. C. 

SCALE IN FEET 
1000 0 1000 

Figure 7 - Prototype Thermal Plume Data - °F 

-13B.10-



2.5 

5 

O 

. . . . . . . . . 
RB*ISGHOVE - f — N E W C A S T L E 

. . . / . . \ A 
/ l \ i 

' i . . . i . . . . 1 . . , , ( . . . . 

0.0 5.0 10.0 15.0 20.0 25.0 

TIME-HOURS 

Figure 4 - Boundary Conditions for Water 

Flow Model 

TIME 

Figure 5a - Prototype and Model Velocity 

Comparisons (T2S3) 



O Surf Vel 

• Mid Vel 

-—Model Velocity 

-Model ETA 

1.S 

UJ 

T3S3 
. . . . 

: : /o otrf \ 

--ff-.; - p /--5»-- ~-V , 
• / iVe cy, '• : - / •• '. «; 
: / \ \ ••\ i, / / f>\ Y 

s~ : 

> \ 

' - ' \ .' 7 i \ / \ 
/ \ ^ \ \i y h p 

Y ; ' - ' \ .' 7 i \ / \ 
/ \ ^ \ \i y h p 

V; i V y 1 y 
i , , , , i - . . . . i ,.'/, . 

2 S 
Ë 

1 UJ 

1-5 è 

0.0 5.0 10.0 15.0 20.0 25.0 

TIME 

Figure 5b - Prototype and Model Velocity 

Comparisons (T3S3) 

O Surf Vel 

9 Mid Vel 

—-Model Velocity 

-Model ETA 

1-5 

8 1 

, „ 1 , , . , 

T4S3 

• • • • 

: / O . / 

' \ ' ' ' 

: 
' \ '. 

1 ' \ ' 

O / 

\ 
V'* 

AV. 

\ '• 

\ 
\- \ 

/ ° ;? 

1.5 ' 

. 1 
UJ 
LU 

0 . 5 ^ 

10.0 15.0 

TIME 
20.0 25.0 

Figure 5c - Prototype and Model Velocity 

Comparisons (T4S3) 



NUMERICAL AND EXPERIMENTAL STUDIES OF WAVE FORCES IN 
DIFFRACTION REGIME ON MULTIPLE CYLINDLRICAL PIERS 

Dr.H.RAMAN & T.V.GOPALAKRISHNAN, I I T , MADRAS, INDIA. 

I n t r o d u c t i o n 

The phenomenon o f d i f f r a c t i o n o f water waves by n a t u r a l 
boundaries or nan-made s t r u c t u r e s i s of considerable 
s i g n i f i c a n c e i n wave s t r u c t u r e i n t e r a c t i o n . This phenomenon 
becomes extremely important i n the determination of wave 
fo r c e s , p a r t i c u l a r l y when the s i z e of the s t r u c t u r e 
increases, because the i n c i d e n t wave f i e l d gets deformed by 
the presence o f the s t r u c t u r e . However, the problem of 
determining the wave loading on s t r u c t u r e s i s q u i t e complex. 
The f l u i d - s t r u c t u r e i n t e r a c t i o n manifests i n the complex 
hydrodynamic pressure d i s t r i b u t i o n on the s t r u c t u r e as w e l l 
as the r e s u l t a n t forces and moments. The work presented 
herein addresses the approaches of model t e s t i n g i n the 
la b o r a t o r y and numerical a n a l y s i s using f i n i t e element models 
f o r the study of wave forces on groups of c y l i n d e r s . 

Numerical Model 
The s c a t t e r i n g of regular plane waves by a group of r i g i d , 
b o ttom-fixed, s u r f a c e - p i e r c i n g v e r t i c a l c y l i n d e r s i n water of 
uniform depth was considered i n t h i s study. This three 
dimensional problem could be reduced t o two dimensions by 
in t r o d u c i n g the depth t r a n s f e r f u n c t i o n i n v o l v i n g the 
v e r t i c a l coordinate, both f o r constant depth and m i l d l y 
s l o p i n g cases. By s o l v i n g the Laplace equation i n three 
dimensions w i t h appropriate boundary c o n d i t i o n s we get, 

$ (x,y,z) = z (z ) . 0(x,y) .. .. ( i ) 
where 0 and $ are the complex 2D and 3D p o t e n t i a l s 
r e s p e c t i v e l y and Z(z) i s the depth t r a n s f e r f u n c t i o n . 
Berkhoff (1975) showed t h a t under the assumption of m i l d l y 
s l o p i n g seabed, employing the same depth t r a n s f e r f u n c t i o n , a 
con s i s t e n t approximation c a l l e d the mild-slope equation 
governing the d i f f r a c t i o n - r e f r a c t i o n o f l i n e a r waves could be 
obtained. 

The problem of water wave d i f f r a c t i o n by large bodies 
e s s e n t i a l l y i nvolves unbounded domain i n plan . To solve the 
problem using a v e r s a t i l e f i n i t e element based numerical 
technique, i t i s expedient t o d i v i d e the problem domain i n t o 
inner and outer domains. The inner domain would c o n s i s t of 
the s o l i d o b s t r u c t i o n s t o f l o w extending t o about 100 times 
the l i n e a r dimension (here diameter) of the o b s t r u c t i o n 
whereas the outer domain would extend from the boundary of 
the inner domain t o i n f i n i t y . 

I n t h i s study, the problem of d i f f r a c t i o n around groups o f 
c y l i n d e r s was t r e a t e d numerically by employing a two 
dimensional f i n i t e element model. The inner domain was 



modelled using conventional f i n i t e elements. Two types of 
f i n i t e elements were used i n the inner region. These were 
the isoparametric forms of the 6 noded t r i a n g u l a r and 8 noded 
rectangular elements. The i n f i n i t e element approach proposed 
by Bettess and Zienkiewicz (1977) was used f o r modelling the 
outer domain. As the outer domain extends t o i n f i n i t y i n one 
of the co-ordinates, exponential shape f u n c t i o n s were used. 
The parent shape of the i n f i n i t e elements used i n t h i s study 
i s the s t r i p shown i n F i g . l . I t i s a rectangle extending t o 
i n f i n i t y i n the | d i r e c t i o n , | and ^1 being the reference 
coordinates. The element has three reference p o i n t s , i n each 
of the d i r e c t i o n s , g i v i n g a t o t a l of 9 nodes. The above 
techniques e s s e n t i a l l y attempt t o enforce the Sommerfeld 
r a d i a t i o n c o n d i t i o n i n the f a r - f i e l d . The v a r i a t i o n a l 
f o r m u l a t i o n could be r e a d i l y used i n con j u n c t i o n w i t h the 
Rayleigh-Ritz method t o d e r i v e the numerical approximation t o 
the d i f f r a c t i o n problem. Standard numerical i n t e g a t i o n 
procedures using Gauss-Legendre numerical i n t e g r a t i o n were 
employed f o r the f i n i t e elements, whereas a s p e c i a l 
i n t e g r a t i o n scheme was used f o r the i n f i n i t e elements. The 
assembly and s o l u t i o n of the f i n i t e element equations were 
based on the f r o n t a l scheme due t o Ivons (1970). The 
i n t e g r a l s associated w i t h forces i n any given d i r e c t i o n and 
moments due t o these on c y l i n d e r s were evaluated using 
numerical quadrature (Simpson's Rule) both c i r c u m f e r e n t i a l l y 
and v e r t i c a l l y . 

Experimental I n v e s t i g a t i o n s 
The aim of the experimental i n v e s t i g a t i o n was t o study the 
pressure d i s t r i b u t i o n around a v e r t i c a l c i r c u l a r c y l i n d e r a t 
d i f f e r e n t e l e v a t i o n s and t o measure the i n l i n e forces due t o 
l i n e a r plane i n c i d e n t wave f i e l d . Three cases were 
considered: s i n g l e c y l i n d e r , two c y l i n d e r and three c y l i n d e r 
cases. The experiments were conducted i n a 0.9m wide and .a 2m 
wide flume a t Indian I n s t i t u t e of Technology, Madras, I n d i a . 

For groups of c y l i n d e r s w i t h spacing parameter S/a the f o r c e 
f u n c t i o n could be expressed as 

F / ( S g H D ^ ) = f ( k a . - | ) . . . . (2) 

where F i s the f o r c e , § i s the d e n s i t y of water, g i s the 
a c c e l e r a t i o n due t o g r a v i t y , H i s the wave he i g h t , D i s the 
diameter of the c y l i n d e r , k i s the wave number and a i s the 
radius of the c y l i n d e r . This r e l a t i o n could be used i n 
conju n c t i o n w i t h the numerical r e s u l t s on model c y l i n d e r s i n 
order t o p r e d i c t the forces on prototype s t r u c t u r e s . 

For measuring forces a s i n g l e conponent drag balance working 
on the p r i n c i p l e of s t r a i n gauge bridge was used. The model 
was connected t o a drag balance l e a v i n g a clearance of 
approximately 5nm. Pressure f l u c t u a t i o n s were sensed by 
f l u s h type i n d u c t i v e pressure transducers w i t h a range of 
+ Ikgf/sq.cm. For measuring i n c i d e n t wave hei g h t s , resistance 



type wave gauges were used. These were located about 3m. 
away from the model on the upstream side. The experiments 
were conducted i n two d i f f e r e n t wave flumes as given below: 

1. Various geometric and wave parameters used i n 0.9m wide 
wave flume: Model c y l i n d e r : 20cm diameter r i g i d PVC pipes, 90 
cm long; S t i l l water depth : 50cm; Location of pressure 
transducers: 15cm, 35cm^ and 45 cm v e r t i c a l l y below s t i l l 
water l e v e l a t 9 = 0 ,90'and 180* w i t h respect t o the 
d i r e c t i o n of wave propagation; Parameters measured: T o t a l 
i n l i n e f o r c e , pressures a t four e l e v a t i o n s and i n c i d e n t wave 
f i e l d ; Spacing parameter: S/a = 3,4,5 and 6 f o r two c y l i n d e r 
case; Wave pe r i o d : 0.5s t o 1.8s i n steps of O.ls; Wave 
d i r e c t i o n : 9 = 0'for s i n g l e c y l i n d e r and two c y l i n d e r cases. 
The experiment was run f o r 12 d i f f e r e n t wave heights f o r the 
s i n g l e c y l i n d e r case and three d i f f e r e n t wave heights f o r the 
two c y l i n d e r case. 

2. Various geometric and wave prameters used i n 2m wave 
flume: Model c y l i n d e r : 20cm. diameter r i g i d PVC pipes 150cm 
long; S t i l l water depth : 100 cm; Parameters measured : 
Tot a l i n l i n e f o r c e and i n c i d e n t wave f i e l d ; Spacing parameter 
: S/a = 3,4,5 and 6 f o r two c y l i n d e r case and S/a = 4 and 5 
fo r three c y l i n d e r case; Wave pe r i o d : 0.5s t o 1.8s i n steps 
of . I s ; Wave d i r e c t i o n : 9 = O', 45° and 90* f o r two c y l i n d e r 
case and 9 = 0 ° , 90° and 180° f o r three c y l i n d e r case. The 
experiment was run f o r 8 d i f f e r e n t wave heights f o r s i n g l e , 
two c y l i n d e r and three c y l i n d e r cases. 

Discussion of Results 

Two Cylinder Case: The numerical and experimental r e s u l t s of 
the study showed t h a t the leading c y l i n d e r experiences the 
most severe force f o r 9 = 0°. The force r a t i o R ( r a t i o o f the 
force on the le a d i n g c y l i n d e r of the two-cylinder case t o the 
corresponding f o r c e on the s i n g l e c y l i n d e r case obtained from 
experimental work i n the 0.9m wide flume) was compared w i t h 
numerical r e s u l t s f o r 9 = 0 ° and S/a = 4. Issacson's (1978) 
numerical r e s u l t s based on Green's Function Approach was al s o 
used f o r comparision. Good c o r r e l a t i o n was observed f o r the 
peak and trough values of the f o r c e r a t i o which e x h i b i t s an 
o s c i l l a t o r y t r e n d w i t h respect t o ka. Si m i l a r r e s u l t s were 
obtained f o r the t r a i l i n g c y l i n d e r ' a l s o . I t was found t h a t 
the l e a d i n g c y l i n d e r experiences about 25% t o 30% higher 
force than the t r a i l i n g c y l i n d e r . 

The f o r c e r a t i o R on the leading and t r a i l i n g c y l i n d e r s of 
the two c y l i n d e r case based on the present work was compared 
w i t h the r e s u l t s of other i n v e s t i g a t o r s f o r 9 = 0 ° ,45° and 
90° and f o r S/a = 3,4,5 and 6 . The case w i t h 9 = 0*gave the 
l a r g e s t increase i n force r a t i o and e x h i b i t e d marked 
f l u c t u a t i o n s of R w i t h ka. The leading c y l i n d e r i s exposed 
to the p a r t i a l standing waves due t o the i n t e r f e r e n c e of the 
t r a i l i n g c y l i n d e r and hence experiences considerable increase 
i n f o r c e . I n t e r f e r e n c e e f f e c t was found t o be severe on the 
leading c y l i n d e r f o r 9 = O'and S/a = 3. The increase i n 



force on the leading c y l i n d e r was about 51% higher compared 
t o an i s o l a t e d c y l i n d e r a t ka = 0.75. 

To i l l u s t r a t e the importance of i n t e r f e r e n c e e f f e c t s i n large 
diameter c y l i n d e r groups numerical r e s u l t s f o r an array of 
two c y l i n d e r s of equal radius was considered. The 
numerically evaluated maximum i n l i n e and l a t e r a l wave forces 
and moments f o r the large diameter two c y l i n d e r group ( i n 
non-dimensional form) were compared w i t h the corresponding 
q u a n t i t i e s f o r a 20m diameter i s o l a t e d c y l i n d e r . For a p a i r 
of c y l i n d e r s a l i g n e d perpendicular t o the d i r e c t i o n of wave 
advance ( 9 = 90') the peak i n l i n e force on e i t h e r of the 
c y l i n d e r s was found t o be only 4 t o 5% more than the force 
experienced by an i s o l a t e d c y l i n d e r . ^ This demonstrated the 
i n s i g n i f i c a n c e of i n t e r f e r e n c e e f f e c t . For a p a i r of 
c y l i n d e r s a l i g n e d i n the d i r e c t i o n of wave advance, i t was 
observed t h a t the leading c y l i n d e r experiences about 33% 
la r g e r i n l i n e peak f o r c e i n conparison t o the i s o l a t e d 
c y l i n d e r peak f o r c e . Also, the forces on the leading and 
t r a i l i n g c y l i n d e r s show an o s c i l l a t i n g t r e n d w i t h ka and the 
peak forces occur a t s l i g h t l y d i f f e r e n t ka values. I n the 
case o f the t r a i l i n g c y l i n d e r , the peak f o r c e was only 
s l i g h t l y l a r g e r than the i s o l a t e d c y l i n d e r value. 

Three Cylinder Case: The FEM and experimental r e s u l t s 
p e r t a i n i n g t o the v a r i a t i o n of fo r c e r a t i o R w i t h s c a t t e r i n g 
parameter ka was compared w i t h the approximate a n a l y t i c a l 
s o l u t i o n due t o Spring and Monkmeyer (1974) and also w i t h 
the r e s u l t s o f Mclver and Evans (1984). The c o r r e l a t i o n 
obtained among the methods was g e n e r a l l y found t o be good. As 
observed i n the two c y l i n d e r group, the l a r g e s t increase i n 
force r a t i o occured when 9 = 0 ° . Also, i n t h i s case there was 
marked f l u c t u a t i o n between the maximum and minimum values o f 
R w i t h ka. Agreement between the numerical p r e d i c t i o n s and 
experimental r e s u l t s could be considered s a t i s f a c t o r y i n a l l 
cases. Out of the three wave angular approaches ( 9=0* ,90° 
and 180° ) and two spacing parameters (S/a = 4 and 5) 
considered, the i n t e r f e r e n c e e f f e c t was found t o be severe on 
the l e a d i n g c y l i n d e r f o r 9 = 0 ° and S/a = 4. ( 9=0° means 
one c y l i n d e r i s d i r e c t l y i n f r o n t of the remaining two 
c y l i n d e r s ) . For t h i s case there was a 52% increase i n the 
force on the leading c y l i n d e r compared t o an i s o l a t e d 
c y l i n d e r a t ka = 0.65. The increase i n peak force on the 
leading c y l i n d e r when compared t o the peak force on an 
i s o l a t e d c y l i n d e r i s 42% f o r t h i s case. This c l e a r l y b r i n g s 
out the predominant i n t e r f e r e n c e e f f e c t i n the three c y l i n d e r 
case even f o r a l a r g e r spacing compared t o the two c y l i n d e r 
case. The two t r a i l i n g c y l i n d e r s were found t o experience 
only about 6% increase of fo r c e over the corresponding 
i s o l a t e d c y l i n d e r values. Considering p o s s i b l e e r r o r s due t o 
side e f f e c t s of the flume, p a r t i a l r e f l e c t i o n from the beach 
and nonlinear e f f e c t s of waves, the agreement between the 
numerical and experimental r e s u l t s might be considered good 
f o r the s i n g l e and two c y l i n d e r cases and s a t i s f a c t o r y f o r 
the three c y l i n d e r case. 



• 1 
n 

0 * * -

al 00 

^ 
— K -

- 1 * - ) * 
0 1 

( a ) Undeformed or parent shape 

X Refe rence point 
O Node 

( b ) Deformed c l emen t shope 

F I G . 1 . INF IN ITE. E L E M E N T G C O M E T R Y 

NUMBER OF NODES > 407 

NUMBER OF FINITE ELEMENTS. 102 
NUMBER OF INFINITE E L E M E N T S . I t 

F I G . 2 - TWO-CYLINDER DISCRETIZATION 

-13B.17-



<u. 

7.51-

6 .Oh 

5 *.5 
O l 

- 1 * ^ J.O 

1-S 

I > 20 c m . 
h 1100 cm. 

s /a > 5 
J I I J L . 

.» 
J 1-

0-2 O.i 0.6 O- l 1-0 1-2 Ui 1.6 

ka 

F I G . A - M E A S U R E D AND COMPUTED F O R C E S CYL - 1 

OR C Y L - 2 O F T H R E E CYLINDER C A S E . 

- 1 3 B . 1 8 T 



Session 14A 

i 

IVIixing in Tanks and Channels 

I 

i 

i 





M I X I N G IN W A S T E W A T E R D E C H L O R I N A T I O N BASINS: 

P H Y S I C A L M O D E L I N G C R I T E R I A AND A P P L I C A T I O N S 

by Heinz G. Stefan, Thomas R. Johnson, John R. Thene, 
Frederick N. Luck and Craig A. Silver 
St. Anthony Falls Hydraulic Laboratory 

University of Minnesota, MinneapoUs, Minnesota 55414 USA 

Abstract 

The injection, transport and mixing of an S02-solution in chlorinated 
wastewater was studied in physical models of five treatment plants. The 
criteria and considerations which were applied to the modeling are presented. 
In the operation of the models non-reactive tracers, high-speed concentration 
measurements and statistical data analysis were used. Model scales ranged 
from 1:4.8 to 1:12. Field data were collected in one case study, and a 
model/prototype comparison for this case will be given. Prototype flow rates 
ranged from 180 £/s to 28,500 ^/s. 

Introduction 

Removal of residual chlorine from wastewater after disinfection is required 
by the U.S. Environmental Protection Agency because chlorine is toxic and 
harmful to organisms in the receiving water. One method of dechlorination is 
to inject a solution of SO2 into the chlorinated effluent. The SO2 solution 
must become thoroughly mixed with the effluent for the reaction with the 
residual chlorine to be complete. The reaction is nearly instantaneous. 

Existing and projected wastewater treatment plants ( W W T P s ) are 
therefore modified or built with "dechlorination basins" as the last stage of the 
treatment process. Five such basins were recently studied in physical models 
(see Stefan and Johnson, 1987; Stefan et al., 1988; Silver et al., 1989; Luck 
and Stefan, 1989; Thene and Stefan, 1989a; Thene et al., 1989b) with three 
main objectives: (a) to determine if the SO2 solution was well distributed and 
mixed in the wastewater, (b) to recommend design modification if objective (a) 
was not met, and (c) to make recommendations for sampling locations and 
procedures at the outlet from the basin. 

Figure 1 gives an example of a typical flow pattern (streamlines) through 
the largest of the dechlorination basins studied. The proposed designs, 
although different in sizes and basin geometries, had the following common 
features: 

(1) The flow was a free surface (open channel) flow. 
(2) The S02-solution was injected through one or several multiport diffusers 

with jet port diameters typically on the order of 5 to 8 mm spaced 75 
to 290 mm. 

(3) Multiport diffusers were perpendicular to the flow, horizontal and usually 
near the bottom of the approach channel. 

(4) Jet discharge velocities of the S02-solution were typically from 3.1 to 6.2 
m/s and typically 5 to 20 times the wastewater mean flow velocities. 

(5) A skimmer (baffle) wall or a lateral channel contraction downstream from 
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(5) A skimmer (baffle) wall or a lateral channel contraction downstream from 
the manifold system forced either a vertical or horizontal flow contraction 
and hence acceleration of the flow. 

(6) A weir usually at the downstream end of the basin controlled stages and 
water depths in the basin. 

(7) Downstream from the weir a hydraulic jump would form at low enough 
tailwater stages. 

C H L O f l l N A T I O N DECHLORINATION TAILWATER Q - 7 7 m'lt 
CH A N N EL BASIN 

S O , 

Fig. 1. Streamlines at normal tailwater and two-flow rates. Manifolds 
for injection of SO2 solution are upstream from baffle waU. 

Modeling Criteria and Constraints 

An ideal physical (or mathematical) model of a dechlorination basin 
would allow the exact reproduction of S02-concentration time series at all 
locations in the model. To achieve this, the distributions of flow velocities 
and turbulence and the reaction kinetics would have to be duplicated at a 
specified geometrical and time-scale. The actual model had to faU short of 
some of these requirements and was developed based on the following 
reasoning: 

(1) The dominant flow patterns are driven by gravity and inertial forces and 
hence Froude similarity was used to scale flow rates, velocities and time. 

(2) A conservative tracer (dye or NaCI) instead of a reactive one was used 
in the model. This was done to avoid the addition of a reagent to the 
water in the model study. The effect of a loss of material by a reaction 
is to delay complete mixing. Use of a conservative tracer therefore is 
less rigorous. This was accepted to save on study costs. 

(3) Full Reynolds similarity would have been desirable but was not 
achievable simultaneously with Froude scaling. To maintain sufficient 
turbulence levels geometrical scales were chosen from 1:4.8 to 1:12. As a 
result, Reynolds numbers scaled from 1:14 to 1:40. A more detailed 
discussion of Reynolds effects in this study will be given below. 

(4) Mass transfer in fluids is scaled by use of a Peclet number. In a 
dechlorination basin, molecular diffusion is so small compared to 
turbulent diffusion that it can be ignored. Hydraulic residence times in 
the basin are on the order of minutes. Turbulent Peclet numbers match 
in model and prototype if the turbulent eddy diffusion coefficient is 
linearly related to mean flow velocities and length scales as is usually the 
case. The coefficient of proportionality is, however, a function of 
Reynolds numbers. 

-14A.2-



The main source of turbulence which produces the mixing in the basin is 
shear. Referring to the flow regions shown in Fig. 1, one can see that 
different tree shear and/or wall shear producing flow mechanisms are present. 
The S02-multiport diffusers and the jets discharged from them produce 
small-scale turbulence. The separated flow regions shown in Fig. 1 typically 
produce large-scale turbulence. Columnar walls and steps in the bottom can 
be added to produce intermediate-scale turbulence. Length and velocity scales 
of different elements shown in Fig. 1 are summarized in Table 1. Reynolds 
numbers (calculated with a temperature of 20° C ) were all in the turbulent 
range, except those based on the smallest geometrical scale (jets and 
manifolds). The jets and manifolds are not significant sources of turbulence, 
however, because of their small momentum input relative to the total flow 
(ratio is 1:1000 or less). Jet mixing has, however, significance for the initial 
dilution of the injected SO 2 (tracer) and is a Reynolds number dependent 
process (Kuhlman, 1985). 

Table 1. Length Scales, Velocities and 
Reynolds Numbers in the Basin Flow Field 

Prototype Model 

(1) Tracer jets 
diameter 

(m/s) 
0.0044 0.00037 

velocity (m/s) 3.45 1.00 
Reynolds No. Re 15,000 370 

(2) Manifold 
diameter 
velocity 
Reynolds No. 

D (m) 
V (m/s) 
Re 

0.076 
0.35-1.31 

27,000-99,000 

0.006 
0.1-0.37 
600-2200 

(3) Port inlet to basin 
depth h (m) 
velocity V (m/s) 
Reynolds No. Re 

0.37 
0.35-1.31 

480,000-1,800,000 

1.14 
0.1-0.37 

1,000-42,000 

(4) Approach channel 
depth h (m) 
velocity V (m/s) 
Reynolds No. Re 

2.7-3.7 
0.073-0.35 

270,000-960,000 

0.23-0,31 
0.021-0.10 

6500-23,000 

(5) Column wall 
width 
velocity 
Reynolds No. 

d (m) 
V (m/s) 
Re 

0.3 
0.15-0.70 

45,000-210,000 

0.025 
0.042-0.20 
1,100-5,000 

Local measurements of concentrations give the cumulative effect of 
mixing, integrated along a pathline and over travel time. The measured 
concentrations, therefore, do not indicate a local behavior of the flow. 

Model Validations 

Several tracer studies were conducted in a prototype to examine the 
validity of the model. The field measurements were made in the largest of all 
basins studied which was also the one that required the largest geometrical 
scale reduction (1:12) for laboratory model studies. The procedures for field 
and laboratory measurements are described in detail elsewhere (Stefan et al., 
1990 or 1988). Prototype and model measurements of mean dye concentration 
at 15 points in the original basin are compared in Fig. 2. The values given 
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are expressed as the ratios of measured concentrations to the concentration at 
the weir. Isopleths were drawn from each set of measurements. The general 
shape of the dye plume inside the basin was similar except in regions of 
strong concentration gradients where a slight error in scaling or location would 
change concentration drastically. The slightly greater width of the plume in 
the prototype probably indicated greater turbulent spreading in the prototype 
than in the model. The air plume shown in Fig. 2 was scaled according to 
buoyancy flux, but air bubble size could not be scaled. (It was eventually 
removed in both prototype and model for lack of well-defined mixing 
effectiveness.) The S O 2 (tracer) plume rose somewhat faster in the prototype 
than in the model basin. There was a separated flow region extending from 
the bottom of the weir upstream into the basin. In the model, that region 
was smaller than in the prototype as can be inferred from the isopleths. It is 
shown as a dotted line in Fig. 2. Standard error between model and 
prototype mean concentrations measured in the basin was 0.39 and at the six 
most downstream data points, 0.25. 

The results shown in Fig. 2 were those of a diagnostic study indicating a 
poorly functioning basin. The injected SO2 solution (dye) was carried along 
the basin bottom and did not get in contact with half of the water flow. 
Concentration fluctuations measured on top of the weir were high. The 
coefficient of variation was from 0.18 to 0.34 in the model for flow rates from 
10.5 m3/s to 28.5 m^/s and approximately 0.25 in a prototype measurement. 
It was decided that the laboratory and field data matched well enough so that 
the model could be used to find modifications of the basin which would give 
better mixing than that shown in Fig. 2. A second multiport diffuser and a 
columnar wall shown in Fig. 1 were eventually added to the prototype. 

• -Af f ! I N J E C T I O N 

• - O F F U S E R W t T H O U T T R A C E R N J E C T I O N 

• - D I F n j S E R W I T H T R A C E R ( N J E C D O N 

Fig. 2. Mean dye concentrations measured in the field (top) and mean 
conductivity distribution measured in model experiments (bottom). 
The means are relative to the values of the overflow. 
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Measurements made in the prototype after basin modification provided a 

source of post-audit model validation. Coefficients of variation S / X and 

normalized means X/Xave of concentration measurements near the end of the 

basin are given in Table 2. The S / X values indicate that the same level of 

mixing has been achieved in both model and prototype. S / X can range from 
zero for fully mixed conditions to larger than 1.0 for very incompletely mixed 

conditions. The X/Xave values in model and prototype are also within a few 
percent of each other and within a few percent of 100 percent, indicating that 

the average concentrations X measured in the model and field are in 
reasonable agreement. 

Table 2. Range of Statistical Parameters of Concentrations 
Measured in Field Tests and 

Model Experiments After Structural Modifications in Basin 

q Location 
Tests m2 /s Tracer of Samples •̂ /Xave S/X 

9 
2 
2 
2 

Field Tests' 
Model Tests 2 
Model Tests 3 
Model Tests 3 

0.30-0.41 Rhodamine WT dye pier 
0.27-0.39 Salt mid-weir 
0.27-0.47 Blue dye pier 
0.27-0.47 Blue dye mid-weir 

0.88-1.14 

1.00-1.05 
0.94 

0.02-0.07 
0.05-0.07 
0.05-0.07 
0.03-0.08 

All sampling points located 2 m above bottom and 0.5 m 
'Metropolitan Waste Control Commission (1987) 
^Stefan and Johnson (1986) 
3Stefan and Johnson (1987) 

upstream of weir. 

Model Applications 

Physical models were also used to study four new dechlorination basins 
which are now under construction. Two of these were of the type shown 
schematically in Fig. 3. Geometrical and flow features are described in the 
reports listed in the references. Because the flow rates were smaller than in 
the above described case, geometrical scale ratios could be kept within 1:4.8 to 
1:9.1 and Reynolds numbers ratios from 1:14 to 1:27. 

A recurring question in these designs was for the optimum angle for the 
multiport diffuser jets relative to the water flow direction. Figure 3 shows 
some of the options. In aU cases the main objective for the orientation of the 
multiport diffuser was not the jet mixing but the uniform distribution of the 
injected S O 2 solution over the depth and width of the flow. Without this 
initial good distribution of the chemical the effluent from the basin was never 
uniformly mixed. Secondary flows and separated flow regions were two of the 
causes for non-uniform initial distribution. Another objective in the 
orientation of the multiport diffuser in the cross flow was to aim for a jet 
trajectory which would reach about mid-depth, i.e. the flow region where high 
turbulent diffusivities would complete the vertical mixing. The horizontal jet 
spacing was from 16 to 46 jet diameters. 
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Fig. 4. Normalized concentration fluctuations S / X . 
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Of the different flow mechanisms which contributed to mixing (e.g. jets, 
open channel flow), those that produced large scale and high velocity eddies 
were the most effective (hydraulic jumps, separated flow regions). The least 
contributions to mixing occurred in flow contractions and accelerating flows 
where turbulent eddies were strained. Design engineers sometimes have the 
notion that high velocity regions have the most mixing when in effect the 
opposite may be true. 

An example of the progressive mixing with distance from the injection is 
shown in Fig. 4. Time-series records of concentrations were analyzed to 

obtain standard deviations S and means of the concentrations X. S / X = 0 
indicates fully mixed conditions. 

Conclusions 

Physical model studies of mixing in free surface flow reactor basins have 
been conducted, validated and found very useful. Despite some limitations in 
turbulence modeling imposed by geometrical scales, physical models reproduce 
the key flow and mixing phenomena. When reactor basins of complex 
three-dimensional geometry are to be investigated, model studies are 
particularly useful. 
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S I M I L A R I T Y AND S C A L E E E F E C T S IN MODELLING r R E E - S U R E A C E MIXING VESSELS 

Martm Vide, J.P. Loscertales, C. Cisneros, A. Dolz, J, 
Civil Engineering School. 

Jordi Girona Salgado, 31. 08034 Barcelona. Spain. 

ABSTRACT - Experimental research in a free-surface mixing vessel proves the existence of a domain 
of self-similarity. Two lower limits to this domain caused by the scale effect of viscous and densimetric 
forces are found. However, no upper l imit due to the free surface disturbances is found. 

1. Introduction 

This paper presents some residts f rom experimental research CMried out in order to ascertain 
the similarity laws and scale effects in one particular hydraulic structure: a free-surface circulation 
vessel containing a constant volume of fluid which is continuously renewed by the discharge of a jet 
and the extraction of the same flow rate through an orifice. Water supply tanks are an example of 
hydraulic structures that respond to this pattern. Due to the highly three-dimensional nature of the 
flow, the scope of the research is the physical models used to determine the mean flow characteristics 
such as the mean residence time, for design or operation purposes. This is a performance parameter 
which provides an overall efficiency of the mixing flow induced by the jet. 

2. E x p e r i m e n t a l se t -up and measuring technique 

Figure 1 shows the experimental set-up. I t is a rectangular vessel 1.075 m long, 0.528 m wide, 
btult of perspex, wi th a water depth of 0.541 m. Water discharge enters the vessel through a 22 mm 
diameter pipe attached vertically to one of the walls. The outlet is a 28 mm diameter orifice located on 
the same wall. F ig . l also shows two different discharge pipes used for different aspects of the research 
[1], [2]. The reason for this experimental set-up was a 13.8 scale model of a protoype in which the risk 
of short-circidting between inlet and outlet was of concern. Short-circuiting means in this context 
that one part of the jet discharge leaves the vessel rapidly due to the short distance between inlet and 
outlet. This flow behaviour would reduce the efficiency of the mixing scheme. 

The tool for the overall flow analysis in the vessel is the residence time distributions, which are 
obtained by using an ionic tracer technique. An injection device providing a known mass of NaCI 
solution over 2 seconds was instaUed at the inlet pipe. Two in-flow conductivity probes at the inlet 
and outlet pipes recorded electrical signals caused by the traced water entering the vessel and the 
traced water extracted f rom i t . The experimental restdts are conductivity vs. time citrves, which are 
transformed into curves in terms of tracer concentration vs. time. The response of the system to 
a quasi-instantaneous tracing input exhibits some typical featiu-es. The first phase showing several 
peaks and troughs is the immediate response in which the existence of some short-circtuting could 
be discussed. The long-term phase is a regular decreasing ciirve fltting an exponential exhaustion 
equation, which proves that a complete mixing has already been achieved in the vessel. During this 
long-term phase most of the tracer mass (~ 80 %) is extracted. However, ordy the short-term phase 
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is used in tlie similarity research. 

3. Similarity analysis 

The experimental set-up in F ig . l is well suited to basic research concerning the role of the 
different hydrodynamic forces. Firstly, the Proudian scaling criterion was considered appropriate since 
a free-surface exists and the degree of turbulence in the model was regïirded as sufficient for the 
development of a fully turbident flow regime. The Reynolds number of the jet in the model operated 
according to the Proudian discharge scale (flow rate of 2000 l/h in the model) was 32200. The flow 
patterns in the vessel are mostly governed by the momentum of the jet. The jet has no different 
densimetric properties f rom the receiving water, so i t does not appear necessary to take into account 
any other similarity condition. 

On the other hand, the nearly stagnant free-surface during the model tests with pipe I ( f ig . l ) 
suggested that the adherence to the Proudian criterion could be relaxed. I f the free-surface does not 
play any relevant role in the flow, self-similarity could exist for the flow in the vessel. This particular 
kind of similarity is known in close-conduit flow with a sufficient degree of turbulence, in which neither 
viscous forces nor gravitational forces play a role. The similarity theory states for this case that the 
kinematic scales (velocity, flow rate) and the dynamic scales (pressure, head loss) are not fixed by the 
geometric scale. Thus mechaidcal similarity between a prototype and a geometrically sinülar model 
enables us to freely choose the kinematic scade for model testing (e.g. flow rate scale) and the following 
statements can be made: 

a. The model can be operated at any flow rate within certain limits of what wül be called the self-
similarity domain. Clearly, i t should not be operated at such a low discheirge that viscous forces 
start to play a role (flow not fully turbulent). This would be a lower l imit for the self-similarity 
domain. Another self-siimlarity l imit may exist when the flow boimdaries are not rigid but flexible, 
as a free-surface is. The latter would be an upper Hmit to the free choice of the flow rate scale in the 
model, since the flow may not be self-similar i f the model is operated at such a high discharge that 
gravitational or surface tension waves or any disturbance at the free—surface appear. 

b . One set of different tests (i.e. different flow rates in the same model) coidd be used to determine the 
limits of the self-similarity domain. Such a study woidd fu l f i l the same task as a set of geometrically 
similar models biult to different sizes and tested foUowing a particidar scaUng criterion, in order to 
ascertain scale effects. 

As a summary, the flow in circidation vessels Hke the one in F ig . l might prove to be self-similar, 
Hke the close-conduit flow. This self-similarity can be verified with a Q-set of tests [Q: discharge) 
instead of a A-set of models (A: geometric scale). This self-similarity wotdd extend over a certain 
domain, Hmited in the lower range of flow rates by the effect of viscous forces and probably also in 
the upper remge of flow rates by the disturbances at the free-surface. I f these Hmits were exceeded, 
scale effects would start to act. These scale effects are properly "kinematic scale effects", for they are 
not produced by a model too smaU, but by a model of any scade operated at a flow rate too low (and 
probably also at a flow rate too high). 

I n addition to these scale effects, attention must be paid to the effect of the measuring technique 
on the flow behaviour. The traced water with a certain amount of salt has a density p' that is sHghtly 
greater than the receiving water density p. I t produces a negative buoyancy in the traced water. This 
is, firstly, a purely experimentad drawback which might disturb the self-similarity. A Hmit on the 
self-similarity domedn by the effect of this densimetric force arises by physical reasoning in the same 
sense (lower Hmit) as the effect of viscous forces. This Hmit wiU deserve further attention, not only 
wi th respect to the measuring technique assessment, but also as a general scale effect of densimetric 
forces. 
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4. Experimental strategy 

E self-similarity takes place in the flow, enabling us to operate it with diff'erent flow rates, this 
self-similarity would mean that the flow is similar to itself. In the model testing with two diff'erent 
flow rates Q i , Qa, one of them (say Qi ) can be taken as a reference flow rate. Then, between the two 
tests there is an intrinsic kinematic scale AQ = Q^lQx- The scales of other magnitudes relevant to the 
residence time distributions can be derived from this kinematic scale. For the flow in any circulation 
vessel there is a characteristic parameter called the circulation time T , defined as T = F / Q , where V\ 
volume of water in the vessel and Q\ water flow rate. Therefore, the intrinsic scale of this temporal 
magnitude between the two tests is AT = ( A Q ) - \ since the volume remains constant for any test. 
Another important parameter related to the tracing technique is Co, tracer concentration in case of 
instantaneous perfect mixing in the vessel, Co = A f / V , where M: total mass of tracer injected. The 
intrinsic scale of CQ is Aco = i.e. the ratio between the total mass of tracer injected in the two 
tests ( M 2 / M 1 ) . 

The experimental curves are obtained in terms of concentration C vs. time t, where t is the 
elapsed time from the instant of tracer injection and C is the tracer concentration at any instant i at 
the outlet pipe. If self-similarity holds, C and i will follow the same intrinsic scales between the two 
tests as the parameters Co and T . Then, the non-dimensional quotients C / C Q and tjT will prove to 
have scale unity, whatever the intrinsic scales AQ, \M are. In other words, the average plots C/Co vs. 
i / T shotdd be equal in the self-similcirity domain. 

Co and T are common parameters used to obtain non-dimensional plots from experimental 
concentration curves in many studies dealing with residence time distributions. The variables C / C Q 
and tjT are suitable since the equation of tracer mass conservation can be written: f'^ = 1, 

irrespective of flow rate Q and tracer mass M. This continuity equation also shows that the area of 
this curve is unity, which is the mathematical condition for the non-dimensional plot to be the actual 
residence time distribution. 

Therefore, the experimental work to investigate the similarity in the flow under consideration 

consists of testing the model with different flow rates (10 runs each test), measuring the conductivity at 

the outlet pipe and comparing the average residence time distributions. If self-similarity holds, these 

distributions will show agreement. The experimental program was plaimed to verify self-similarity for 

the flow in the vessel as well as to find out the lower and upper limits of the self-similarity domain. 

The experimental program was divided into two parts. In the furst part, discharge pipe I was used 

(fig.l) . This inlet arrangement does not produce any perceptible disturbance at the free-surface (the 

maximtmi water discharge tested is 4000 l/h). The aim of the tests with pipe I is to verify self-

similarity and find out its lower Umits. The relevant non-dimensional parameters for this program 

are the jet Reynolds number Re - where u-mean jet velocity, D-inlet pipe diameter, !/-kinematic 

viscosity and the jet Densimetric Froude number Fvd = -^p^, where g' = g^-^, p-density of receiving 

water (1.00 grjcrv?) and p'-density of traced water, which can be controlled by the density of the 
tracer solution {pt < l.lbgr/cm^) 

In the second part of the experimental program, discharge pipe I I was used (fig.l) . The free-

surface now shows some degree of perturbation. The surface agitation increases as the fiow rate 

increases. The horizontal jet direction, far from the opposite wall, is thought to be responsible for this 

agitation, whereas the vertical direction of pipe I causes the jet to impinge and spread out over the 

bottom. The aim of the tests with pipe I I is to check if seLf-simüarity continues holding and if an upper 

Hmit of the self-similarity domain can be fovmd due to the eff'ect of the free-surface disturbances. For 

pipe I I two kinds of tests were performed: the first one as described and the second one after putting 

a floating cover on the free surface. This floating cover keeps the atmospheric pressure unchanged but 

suppresses the surface perturbation completely. 
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5. Results and discussion 

Pipe I tests.- By decreasing Q and keeping the remaining parameters constant, a set of tests with Re 
and Fvd both decreasing was planned. I f the residence time distributions C/CQ V S . t/T show agreement, 
self-similarity domain would be proven over the corresponding range of Re and Fri. Furthermore, 
additional tests were planned for decreasing Re with constant f r j and decreasing Ftd wi th constant 
Re in order to recognize the two different scale effects. This can be achieved by varying Q and pt, 
keeping the remaining parameters constant. Table 1 displays the complete set of tests. They are 
plotted in a Fvi - Re plane in Fig.2. 

Figures 3.1-3.9 are the C/CQ V S . i/T curves obtained as the average of 10 runs of tests 1-9. Tests 
1,2 and 3 show a very good coincidence, although number 3 exhibits a l i t t le damping. This sUght 
tendency becomes an abrupt change of form in tests 4 and 5, demonstrating that the self-similarity 
domain fails. Whether viscous or densimetric forces are responsible for this abrupt change is elucidated 
in test 6 in which Frd has the same value as in test 3 and Re has the same value as in test 5. Since 
the curve in no.6 recovers the form of no.3, this makes clear that at Fr^ ~ 17.0 the self-similarity fails 
due to the effect of densimetric forces. The foUowing tests are designed to find the starting point of 
viscous forces scale effect. Tests 7,8 and 9 keep Frd constant whereas Re decreases. Tests 7,8 show a 
very good agreement with tests 3 and 6. FinaUy, the expected change of form is found in test 9. 

Therefore, the limiting value of Re is found to be about 11000. Self-similarity holds for vadues of 
Re larger than 11000 and for values of Fvd larger than 17. I t must be emphasized that these Umiting 
values of Re and Ftd are specific for the geometry iUustrated in F ig . l (pipe I ) . The scale effects 
produced by exceeding these self-similarity Umits are clear in figs.3.1, 3.5 emd 3.9. As a consequence 
of the change of form, the mean residence times tm. (centre of gravity of the eirea, table 1) in the case 
of an incorrect model operation (a flow rate so low that Ftd < 17 or Re < 11000 or both) are sUghtly 
greater (~ 5 %) than within the seLf-simUarity domain for correct model operation. 

Pipe I I tests.- The test results are presented in fig.3. The residence time distributions for different 
inlet arrangements (pipes I and I I ) are different, since the change in depth or direction of the jet 
changes the flow pattern. However, residence time distributions also feature a remarkable coincidence 
in pipe I I tests, in spite of the disturbances at the free-surface. Nevertheless, i f some scale effect 
related to the free-surface perturbation was hidden in figs.3.10-3.13, the tests wi th the floating cover 
would reveal a difference in the residence time distributions. But this is not the case, as can be seen 
by comparing figs.3.10-3.13 wi th figs.3.14-3.17. Table 1 displays the complete set of tests wi th pipe 
I I . 

These restdts prove that the self-similarity domain for the specific geometry in F ig . l (pipe 
I I ) stiU holds when the free surface is not stagnant but showing disturbances of up to ~ 10 mm. 
Some related results can be foimd in references [3], [4]. The foUowing physical interpretation may be 
proposed. The surface perturbation is not produced by an external force, but is due to the velocity 
fields induced by the jet, which can be assumed to be self-similar. Thus, the magidtude of point 
mean velocities wiU increase at the same rate as the discharge increases, so that the velocities close to 
the free surface wiU end up as able to deform this fiexible boundary. However, the flow field remains 
essentiaUy unchanged in this situation. The resisting force against the free surface deformation is the 
surface tension force. Therefore, the scale effect of surface tension forces wovdd be negUgible. 

6, Conclusions 

The existence of self-simUarity for the three-dimensional fiow in the vessel, (Fig . l ) in the 
presence of rigid bovmdaries as weU as a free surface, has been proven. The seLf-simflEirity properties 
enable us to operate the model at any discharge scale within the so-caUed self-similarity domain. 
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There are two lower Umits to this domain, corresponding to the effect of viscous and densimetric 
forces. I f these Unüts for the model's operation are exceeded, scale effects wiU arise, resulting in 
greater mean residence times them for a correct model operation. 

Within the self-similarity domain the mixing process in the vessel is driven by the momentum 
flux ofthe jet, which is dominant with respect to the densimetric and viscous forces. As the discharge 
increases, the velocity fields induced by the jet are more intense, u n t ü they manage to overcome 
the resistance to the free surface deformation. In spite of this upper Umit being exceeded (the free 
surface experiences perceptible distiirbances), the self-similarity continues holding, at least as regards 
the residence time distributions. This fact is interpreted in the sense that no relevant scale effect is 
attributable to the surface tension when a free surface is present. 
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Abstract 

A s e r i e s of experiments .were conducted to measure d i s p e r s i o n i n an overland 
flow system. The overland flow system consisted of three p a r a l l e l grass 
covered areas 30.5 .m long, and 2.9 m wide, and sl o p i n g a t 5 percent. 
Primary wastewater was applied at the upper end of the slopes and was 
c o l l e c t e d at the lower end of the slope. Steady h y d r a u l i c flow was 
established p r i o r t o a l i n e source of c h l o r i d e t r a c e r being applied to the 
upstream end of the slope. The c h l o r i d e t r a c e r concentration was measured 
at the o u t l e t of the overland flow system. Data were c o l l e c t e d during three 
consecutive years so t h a t the e f f e c t s of grass growth and slope maturation 
on d i s p e r s i o n could be studied. 

Twenty f o u r , twenty f i v e , and e i g h t d i s p e r s i o n measurements were made i n 
years one, two, and t h r e e , r e s p e c t i v e l y . The average v e l o c i t i e s during the 

-3 -2 
di s p e r s i o n measurements varied from 3x10 m/s t o 2.5x10 m/s. 

-2 2 
L o n g i t u d i u a l d i s p e r s i o n c o e f f i c i e n t s varied from a low of 2x10 ra /s t o a 

-1 2 
high of 3x10 m/s. Phenomena which lead to d i f f i c u l t i e s i n r e l a t i n g 
the d i s p e r s i o n measurements t o v e l o c i t y include the c o n t i n u a l changing 
growth patterns of the grass, grass harvesting p a t t e r n s , and the 
development of erosion channels on the slope. 
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Figure^. Typical runoff hydrograph. 

160 

T i m e (min.) 

Figure/ Typical chloride response curve for meas
uring detention time. 
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Abstract _ 
Flows in natural waterways are affected by wide variation of bed material and chan

nel topography. The large-scale turbulence, generated by the transverse shear, controls 
the mixing processes. The small-scale bed-generated turbulence may be ignored. Hence, 
i t is possible to achieve dynamic similitude of the mean flow field and, at the same time, 
the transverse mixing processes, using distorted-scale physical models. The bed-friction 
coefficient in the model should be selected according to the model law originally derived 
for the mean flow; that is, the model-to-prototype ratio of the f r i c t ion coefficients, (c/)^ 
should be chosen to be equal to the vertical-to-horizontal distortion ratio, Zr/Xr. 

Introduction 
Most natural waterways have wide variation of roughness, depth, and velocity of 

the flow across the wid th and longitudinal section. The horizontal length scale of these 
lateral and logitudinal variations is usually very large compared w i t h the water depth. 
The flows around the islands as shown in the aerial photographs of Figs. I f a ) and 1(b) 
are examples. The cross-stream diameters of the islands {D in the figures) are 280 m 
and 560 m, while the water depths in the region around the islands are only two to 
three meters. Turbulence in the wakes of these islands is characterized by two distinct 
length scales. The large-scale turbulence, generated by transverse shear, has a horizon
tal length scale comparable to the diameter of the island. The small-scale turbulence, 
generated by the vertical shear and l imited by the water depth, are not visible because 
their length scale is small compared wi th the resolution of the photographs. 

Physical models may be constructed to simulate these transport processes in natural 
waterways. However, i t is not possible to obtained the model-and-prototype similari ty 
of the mean flow and, at the same time, the simihtude of the bed-generated turbulence. 

Figure 1: Aerial Photographs of Flows around Islands in Rupert Bay, Quebec; (a) D = 

280 m, / i = 3 m, = 0.0056, L = 290 m, C}Dl^h = 0.13; (b) D = 560 m, / i = 2 m , cj 

= 0.0062, L = 270 m , CfD/Ah = 0.43. From Babarutsi, Ganoulis and Chu (1989). 
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I t is the aim of in this note to show that the large-scale turbulence is the one controlhng 
the transverse mixing processes in natural waterways and, hence, the simiUtude require
ment for the bed-generated turbulence may be ignored. 

The Wake of a Ci rndar Island 
The significance the transverse-shear generated turbulence, may be demonstrated 

by considering the disturbance generated by a circular island of diameter, D, in an 
open-channel flow of velocity, Ui and depth, h. Turbulence is generated in the wake of 
this circular island by the transverse shear which is related to the velocity defect of the 
wake. As the wake increase in wid th , the velocity deflect in the wake reduced, but the 
eddy diffusivi ty associated w i t h the turbulent motion stay constant. 

The eddy diffusivi ty of this transverse-shear generated turbulence in the wake of the 
circular cylinder is Ut = O.OSbDUi (Townsend, 1956). The eddy diffusivi ty of the bed-
generated turbulence in a wide open-channel of uniform depth is = 0.13.Jcf/2 Uih 

(Noke and Wood, 1988). in which Cf is the bed-friction coefficient. The ratio of the two 
eddy diffusivites is 

Thus, ut/vb = 5.8 D/h for a typical value of Cf = 0.004. According to this relation, if 
the diameter of the circular island is twice as large as the water depth, the eddy dif
fus iv i ty associated w i t h the transverse-shear generated turbulence would be more than 
ten times greater than the diffusivi ty due to the bed-generated turbulence. Thus the 
contribution due to transverse shear generated turbulence is quite substantial. I f the 
wake disturbance is allowed to grow in width , the horizontal length scale of the wake 
eventually w i l l become very large compared w i t h the water depth. 

The Effect of the Bed-friction Inluence 
But the bed f r ic t ion effect becomes important as the horizontal length scale of the 

transverse motion becomes large compared wi th the water depth. The bed-frict ion ef
fect on the transverse-shear generated turbulence has been the subject of a series of 
recent investigations. The large-scale transverse motions created by various transverse 
shear flows, such as the recirculating flows (Babarutsi, Ganoulis and Chu, 1989), jets 
(Chu and Baines, 1989), mixing layers (Chu and Babarutsi, 1988), and wakes (Ingram 
and Chu, 1987), were all found to be affected by the stabilizing influence of the bed-
fr ic t ion . Under this stabilizing influence, the transverse disturbance in a un i form flow 
w i l l diminish over a distance of about one fr ic t ion length scale, h/cj. The horizontal 
length scale of the transverse motion is l imited to about 0.1 h/cj, that is, one tenth of 
the bed-friction length scale. 

The island wake bubbles as shown in Fig. 1 are examples of this bed-friction inf lu
ence. The wakes of the islands do not increase in wid th without bound, but are l imited 
in length scale under the bed fr ic t ion influence. The lengths of the wake bubbles as 
marked in figure are L = 290 m and 270 m, which are large compared w i t h the water 
depth, but comparable to the f r ic t ion length scales oi h/cf = 535 m and 323 m for the 
flows in Figs. 1(a) and 1(b), respectively. 

I n natural waterways, the bed-topography are quite irregular w i t h wide variation of 
bed-material, depth and flow velocity. Large-scale transverse motion are created f r o m 
time to t ime as the local transverse shear exeeds the cri t ical condition defined by Chu, 
W u and Khayat (1983). These transverse motion generated by the irregular topogra
phy of the waterways is the dominant mechnanism affecting the mixing processes. I t is 
important that the bed topography is reproduced fa i th fu l ly in the physical model. Fea
tures of the topography which are small compared w i t h the water depth may be treated 

(1) 
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as bed roughnesses. However, for model-to-prototype similarity of the mean flow, the 
bed roughness is not to be scale down according to the vertical scale. 

Simlarity Requirements for the Depth-averaged Flow Field 
The similitude requirment is deduced f rom an inspection of the equations of motions: 

düh dvh 

I dü ,dü ,dü 1 

2h Fr^ dx 

ld_ (dü _dv ld_ dü dv 

hdx^^'^dx dy^^'^ hdy^'^'^dy'^ dx'^ 

(3) 

l dv ,dv ,dv _ 1 d( vVü^ + v^ 

St dt^'^di^^'d^ - ~J?d~y~^' Yh 

Udx^'^'^dx^ dy^^^ hdy^'^'^dy dx'^ 

in which in the horizontal component of the depth-independent velocity vector, ( 
the free surface elevation, {x,y) the cartesian co-ordinates on the horizontal plane, and 

= c . / i y ^ ( ü ' + ö 2 ) ' , (5) 

the eddy viscosity associated w i t h the bed-generated turbulence. The variables i n the 
above relations are dimensionless, and are normalized by the horizontal length scale, X , 
the vertical length scale, Z , the velocity scale, V, and the t ime scale, T , as follows: 

X * y* . Ü* . V* ~ C ^ h* 
. = - y = - u = - , . = - , C = ^ , h = - . (6) 

The variables w i t h dimension are denoted by the superscript 
To determine the similitude requirements for the transverse-shear generated turbu

lence, the depth-independent part of the velocity is further separated into parts; i.e., 

ü{x,y,t) = U{x,y,t)+ u'{x,y,t) (7) 

in which U represents the mean flow and u', the velocity f luctuation of the large-scale 
transverse-shear generated turbulence. The Reynolds stress equations for the transverse-
shear generated turbulence can be derived, but i t does not lead to new dimensionless 
parameters, (see, e.g., Babarutsi and Chu, 1989). 

The relevant dimensionless parameters, which appears in the governing equations, 
are: 

V 

Fr = — 7 = = = Froude number 

VT 
St = —— = Strouhal number 

X 
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Be = ^~ = Bed fr ic t ion number 

Ct = —77T = Bed fr ic t ion coefRcient 

The model and the prototype w i l l be dynamic similar i f the numerical values of these 
dimensionless parameters are the same for the model and the prototype. Equality 
of these dimensionless parameters between the model and the prototype leads to the 
following requirments: 

Vr=ghK (8) 

Tr=XJVr = X r g 7 h ; ' , (9) 

{Cf)r = Z j X r , (10) 

(c/)r = 1 (11) 

in which K = K , / V ; , T , = TmlT,,Xr = Xrr^lX.^Zr = Zm/Z^g^ = gm/gp,{Cf)r = 

{cf)m/{cf)p\ the subscripts 'p ' , ' m ' and ' r ' , denote the prototype, the model, and the 
model-to-prototype ratio, respectively. 

Eq. 10 and Eq. 11 can not be satisfied simultaneously in a distorted scale model, 
since Z^ > X^. Since the bed-generated turbulence is of minor importance in natural 
waterways the dependent on the eddy viscosity i/^ may be ignored and the requirement 
of Eq. 11 removed. The result is the similarity requirements given by Eqs. 8, 9, and 10, 
which are the requirements originally derived for the mean flow (see, e.g., Steven et a l , 
1942). 

The aerial photographs in Fig. 1 may be used as an exmple to demonstrated the 
lack of dynamic similariy between a distorted scale model and its prototype. Dynamic 
simiUtude is not achieved in this example because the f r ic t ion coefficients around the 
two islands are approximately the same. The clear-water wake of the large island (the 
prototype) has a rather lower level of sediment suspension. The tu rb id wake of the small 
islands (the model) is marked by high level of turbulent mixing events. 

For these two islands, the horizontal length scale ratio is X^ = 280:560; the vertical 
length scale ratio is Z^ = 3:2; this gives a distortion ratio of Z^/Xr 3:1. Hence, the 
bed-friction coefficient around the small island should be about 3 times greater than the 
f r ic t ion coefficient around the large island, according to the model law given by Eq. 10. 

Manning-Strickler Empirical Relation 
The grain-size of the roughness element, kg, may be determined using the Manning-

Strickler empirical relation: 

cj = OmO{j)' (12) 

According to this relation, (c/)r = (ks)? /Zr; this requirement and Eq. 10 lead to the 
following relation for the grain-size ratio: 

^ = ' | ) ' (13) 
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For a vertical-to-horizontal distortion ratio, = 3, the relative grain-size in the 
model wdl be 27 t ime greater than the prototype. The island-model may be used as 
example: a 2 cm pebble in the 2 m depth of water in the prototype wi l l have a model 
grain-size of 81 cm in the 3 m water depth of the model. The model-grain size is 27% 
of the water depth i n the model! The relative grain size in the model is so large that 
the Manning-Stnckler relation may not be applicable at all . I t is this kind of diff icul ty 
that make model calibration a requirement in practice. 

Modelling of Sediment Transport 

The modelling of sediment transport follows the conventional approach (see e g 
Steven et al., 1942). The specific weight, 7 , of the movable bed material is selected'by 
the requirement that the value of the entrainment function, 

p - _ £ / (^^ + 

in the model be the same as in the prototype; that is {cj)rV^l-(r{k,)r = 1. This require
ment and the Manning-Strickler requirement lead to the following relation between the 
distortion ratio and the specific ratio of the bed material: 

r,-i7^ (15) 
The vertical-to-horizontal distortion ratio, Z./AT^, w i l l be 4.06, for a model-bed material 
w i t h a sohd-fluid density ratio of 1.1 (i.e., 7 , = 1 : 16.5), and Qr = 1. I t , fur ther 
more, the grain Reynolds number. 

u^k, rq- J{ü^ + ¥)k, 

= — = \/i ^ — (16) 

in the model is required to be the same as in the prototype, {cf)IVr{k,)r/i^r = !• 
Eliminating of ( c ; ) , and and making use of the Manning-Strickler relation, leads to 
the more restrictive requirments as follows: 

Z. = ( ^ ) i f (H) 

--e'^(f)' (IS) 
Using a model-bed material w i th a solid-fluid density ratio of 1.1, the vertical length 
scale ratio,_ Zr, w i l l be 1:26.3, and a horizontal length scale ratio, Xr, 1: 107, i f the 
gravity ratio, gr = I , and viscosity ratio, i / , = 1. These requirements are inflexible. 
More fiexible solution may be obtained i f the condition for the grain Reynolds number 
is relaxed. But , this and other details pertaining to the art of sediment-transport mod
elling w i l l not be considered here. 

Modelling of Stratified Flows 

The governing equations for one-layer stratified flow is the same as Eqs. 2 to 5, 
except that gravity g is replaced by the reduced gravity g' = g{Ap)/p and the bed-
fr ic t ion coefficient is replaced by interfacial f r ic t ion coefficient, £ƒ,•. Thus the model law: 
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Vr = g'\z?,Tr = XrlVr = Xr g'P Zr K{cfi)r = Zr/Xr- These requirements have been 
used by Harleman and Stolzenbach (1967) in modelhng cooling water discharge f r o m 
power plants. The model law is applicable for two-layer stratified flows, if the interfacial 
fr ic t ion coefficient is assumed to depend on the relative roughness and the Reynolds 
number in the same way as the bed-friction coefficient. 

Conclusion 
A model law for transverse mixing processes in natural waterways are derived based 

on a depth-averaged formulation. The effect of the bed-generated turbulence and the 
effect of secondary current are ignored because these effects are smaU in natural wa
terways, compared w i t h the effect of the transverse-shear generated turbulence. The 
mixing associated w i t h the bed-generated turbulence and the secondary current is exag
gerated in a distorted scale model; and it may have an undesirable effect at the out fa l l 
where mixing is three-dimensional. This, and other difficulties pertaining to the art of 
physical modelhng, has to be corrected by judgements which may depend on circum
stance. 
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O B S E R V A T I O N O F T H E R I V E R C L O S U R E A T T H E B A I S H A N 
H Y D R O E L E C T R I C P R O J E C T A N D V E R I F I C A T I O N B Y M O D E L 

X u B i n g h e n g ' a n d L i X i n z h o u 2 

A B S T R A C T 

D i s c u s s i o n s o f t h e p a p e r p r e s e n l e d 
o b s e r v a l i o n a n d m o d e l t e s I v e r i f i c a t i o n 
o f B a i s h a n l i y d r o p o w n r p l a n l , w h i c h i s a 
p r o j e c t w i t h l o l a l i n s t a l l e d c a p a c i t y o 
S e c o n d S o n g h u a r i v e r , t h e r i v e r c l o s u r e 
d a r a s i t e i n O c t o b e r , 1 9 7 6 . 

1. I N T R O D U C T I O N 

T h e r i v e r c l o s u r e a t B a i s h a n h y d r o p o w e r p l a n l w a s e x e c u t e d i n 
O c t o b e r , 1 9 7 6 . W h e n t h e a c t u a l d i s c h a r g e w a s 1 1 8 m ^ / s a n d t h e m a x . 
f l o w v e l o c i t y w a s 4 . 8 1 m / ü w i t h t h e m a x . w a t e r l e v e l d i f f e r e n c e i n 
t h e g a p b e i n ( } 1 . 2 8 m. T h e t w o - d i r e c t i o n v e r t i c a l l y c l o s i n g m e t h o d 
w i l h d o u b l e c l o s i n g d i k e s n l u p s t r e a m a n d d o w n s t r e a m r e s p e c t i v e l y 
w a s a d o p t e d . A p p r o x i m a t e l y a l o l a l q u a n t i t y o f 2 0 0 0 0 m^ r i p r a p s 
w e r e c o n s u m e d f o r I h e c i o <i u r n w i l l i m a x . w e i g h t o f s i n g l e r o c k b l o c k 
b e i n g a b o u t 2 . 5 I . I n t h e f o l l o w i n g p r e s e n t e d a r e t h e b r i e f a c c o u n t 
o f l h e c l o s u r e d e s i g n , p r i i t o l y p e o b s e r v a l i o n a n d v e r i f i c a t i o n b y 
m o d e l l e s t . 

2. C L O S U R E D E S I G N 

T h e d a m o f B a i s h a n h y d r o p o w e r p l a n l i s a c o n c r e t e g r a v i t y a r c h 
o n e , 1 4 9 . 5 m h i g h , 6 7 6 . 5 m a r c l e n g t h a l i t s l o p , c o n s i s t i n g o f 4 0 
m o n o l i t h s . M u l t i - p h a s e c o f f e r d a m s a n d o p e n c h a n n e l s c o n n e c t e d w i l h 
b o t t o m o u t l e t s w e r e a d o p t e d i n c o n s t r u c t i o n d i v e r s i o n . 

T h e f i r s t - s t a g e d i v e r s i o n w o r k s w e r e t o t h e r i g h t o f N o . 1 3 
m o n o l i t h i n c l u d i n g a l o n g i t u d i n a l c o n c r e t e c o f f e r d a m a n d t w o 
d i v e r s i o n b o t t o m o u t l e t s w i t h a n i n v e r t e l e v a t i o n o f 2 8 5 . 0 m, 
9 r a X 2 1 i n e n t r a n c e a n d 9 m X 1 4 . 2 m e x i t ( w i d t h b y h e i g h t ) , a n d a n o p e n 
c h a n n e l w i t h 2 0 m b o t t o m w i d t h a t u p s t r e a m a n d d o w n s t r e a m . 

T h e s e c o n d - s t a g e d i v e r s i o n s t r u c t u r e s w e r e a t t h e l e f t b a n k 
c o m p o s i n g o f t w o e a r t h - r o c k f i l l c o f f e r d a m s , o n e a l t h e u p s t r e a m a n d 
t h e o t h e r d o w n s t r e a m , d e s i g n e d t o p r o l e e t a g a i n s t o n c e - i n - t e n - y e a r 
f r e q u e n c e f l o o d w i t h a d i s c h a r g e b e i n g 2 9 1 0 / s . E a c h o n e o f t h e 
c o f f e r d a m s w a s a c c o m p a n i e d w i t h a c l o s i n g d i k e , 8 m w i d e a t t h e l o p , 
2 2 0 ra a x i s s p a c i n g b e t w e e n t h e d i k e s . T h e l a y o u t o f t h e a x e s o f t h e 
o p e n d i v e r s i o n c h a n n e l s , b o t t o m o u t l e t s a s w e l l a s t h e u p s t r e a m a n d 
d o w n s t r e a m e a r t h - r o c k f i l l c o f f e r d a m s a r e i l l u s t r a t e d i n F i g 1 . 

1 . S e n i o r E x p e r t , I n s t i t u t e o f R e s e a r c h , S o n g l i a o c o n s e r v a n c y c o m m . 
P . R . C h i n a . 

2 . S e n i o r E n g i n e e r , I n s t i t u t e o f R e s e a r c h , S o n g l i a o c o n s e r v a n c y 
c o m m . P . R . C h i n a . 

a r c f 0 c u s e d o n t h e d e s i g n 
o f t h e c o n s t r u e t i o n c I 0 s u 
l a r g e - s c a l e h y d r o e I e c I r i c 

f 1 5 OQ MW, b u i I t o n t h e 
o f w h i c h w a s a c h i e v e d a t 
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F i g . l L a y o u t o f d i v e r s i o n C o f f e r d a m s o f B a i s i i a n H y d r o p o w e r P l a n t 
© u p s t r e a m o p e n c h a n n e l © b o l l o r a d i v e r s i o n o u t l e t s © d o w n s t r e a m 

o p e n c h a n n e l © c e n t r a l l i n e o f t h e o p e n c h a n n e l © t h e S e c o n d 
S o n g h u a r i v e r © a x i s o f t h e u p s t r e a m r o c k f i l l c l o s u r e d i k e 

© a x i s o f t h e a r c h d a m © a x i s o f t h e d o w n s t r e a m r o c k f i l l c l o s u r e 
d i k e . 

3. R I V E R C L O S U R E O B S E R V A T I O N 

T h e r i v e r c l o s u r e p r o c e s s s t a r t e d o n O c t . 1 5 . 1 9 7 5 . W h e n t h e 
r i v e r d i s c h a r g e w a s 1 3 5 m ^ / s . T h e c o n s t r u c t i o n w a s c o n d u c t e d w i t h 
v e r t i c a l l y c l o s i n g m e t h o d f r o m t h e r i g h t a n d l e f t b a n k s 
s i m u l t a n e o u s l y , b o t h f o r t h e u p s t r e a m a n d t h e d o w n s t r e a m c o f f e r d a m s . 
T h e a c t u a l a p p r o a c h i n g e l e v a t i o n s f o r u p s t r e a m a n d d o w n s t r e a m 
r o c k f i l l c l o s i n g d i k e s w e r e 2 9 3 . 5 m a n d 2 9 2 . Ü m r e s p e c t i v e l y . T h e 
p a r t s o f c o f f e r d a m s a t t h e e n t r a n c e a n d e x i t o f t h e o p e n c h a n n e l s 
a n d w a t e r - r e s i s t i n g r o c k b a r r i e r s w e r e b r o e k e n o f f b y b l a s t i n g a t 1 2 
n o o n o f O c t . 1 7 . a n d t h e r i v e r c l o s u r e s u c c e e d e d a t 9 a . m . o n O c t . 2 1 
w h e n t h e I n f l o w w a s 1 1 8 m^/s. T h e d i s c h a r g e s m e a s u r e d a t t h e o p e n 
c h a n n e l a n d g a p s w e r e 9 0 , 2 m ^ / s a n d 2 7 . 8 m^/s r e s p e c t i v e l y w l i e n t h e 
w a t e r s u r f a c e w i d t h s o f u p s t r e a m a n d d o w n s t r e a m g a p s w e r e 6 . 7 ra a n d 
1 1 . 1 ra, t h e m a x . w a t e r h e a d d i f f e r e n c e w e r e 1 . 2 8 m a n d 0 . 2 m, a n d 
t h e m a x . v e l o c i t i e s w e r e 4 . 8 1 ra/s a n d 2 . 4 1 m / s r e s p e c t i v e l y b e f o r e 
t h e r i v e r c l o s u r e . T w e n t y 2 0 t s e l f - d u m p i n g t r u c k s f o r e a c h s h i f t 
w e r e e m p l o y e d f o r r o c k f i l l m a t e r i a l c o n v e y a n c e , a t o t a l o f 5 3 t r u c k s 
w e r e e m p l o y e d o n t h e v e r y d a y o f r i v e r c l o s u r e . T h e b o r r o w a r e a s 
w e r e a b o u t 1 a n d 2 k m d o w n s t r e a m f r o m t h e d a m s i t e f o r t h e r i g h t 
a n d l e f t b a n k s r e s p e c t i v e l y . T h r e e e l e c t r i c s h o v e l o f 3 , 4 a n d b m ^ 
c a p a c i t y s e p a r a t e l y w e r e a d o p t e d f o r l o a d i n g w h i l e D^o t y p e d o z e r s 
w e r e f o r m a t e r i a l l e v e l i n g a n d c l o s i n g p r o g r e s s w a s w i t h t h e m a x . 
d u m p i n g i n t e n s i t y b e i n g 2 4 0 0 m ^ / s h i f t . S h o w i n T a b l e 1 i s t h e 
g r a d u a t i o n o f t h e r i p r a p s u s e d . 

T h e d i a m e t e r s o f r o c k p i e c e s d u m p e d i n t h e c o u r s e o f r i v e r 
c l o s u r e w e r e g r e a t e r t h a n u s u a l , t h e g r a d u a t i o n w a s e s t i m a t e d a s 
f o l l o w s , a b o u t 3 0 p e r c e n t s o f s m a l l e r t h a n 2 0 0 r a r a p a r l i c l e s , 4 0 
p e r c e n t s 2 0 0 t o 4 0 0 m m a n d a b o u t 3 0 p e r c e n t s o f l a r g e r t h a n 4 0 0 mm. 
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I n t h e c o u r s e o f d i v e r s i o n , d o s i n g p r o g r e s s a n d h y d r a u l i c 
p a r a n e t e r s w e r e o b s e r v e d , s e e T a b l e 2 f o r t h e o b s e r v e d r e s u l t s 
T h e s c h e n a t i c c l o s i n g p r o g r e s s a l o n g l h e a x i s o f u p s t r e a m a n d 
d o w n s t r e a m r o c k f i l l c l o s i n g d i k e s w a s i l l u s t r a t e d i n F i g . 2 . 

T a b l e 1 G r a d u a t i o n o f R i p r a p s 

D i a m e t e r o f r o c k p a r t i c l e ( c m ) < 5 5 - 2 0 2 0 - 4 0 .> 4 0 

5 
R i g h t b a n k ( % ) 6 0 2 0 1 5 

.> 4 0 

5 

L e f t b a n k ( H ) 2 0 2 0 3 0 3 0 

l ^ s e c t i o n o f t h e u p s t r e a m r o c k f i l l c l o s u r e d i k e 

s e c t i o n o f t h e d o w n s t r e a m r o c k f i l l c l o s u r e d i k 

F i g . 2 

( D f 
(3) c 

T h e C l o s i n g P r o g r e s s S e c t i o n s o f U p s t r e a m a n d D o w n s t r e a m ' 
R o c k f i I I C l o s u r e D i k e s 

i r s t - s t a g e c o f f e r d a m © l o n g i t u d i n a l c o n c r e t e c o f f e r d a m 
e n t r a l l i n e o f o p e n d i v e r s i o n c h a n n e l 

I — f i n i s h e d f r o m 1 5 t o 1 ? o f O c t . 1 9 7 6 . 
I I — f i n i s h e d f r o m 1 7 t o 1 8 o f O c t . 1 9 7 5 . 

4. M O D E L T E S T V E R I F I C A T I O N 

T h e c l o s u r e p r o g r e s s w a s i n - l a b . v e r i f i e d w i t h a n i n t e g r a l 
m o d e l , g e o m e t r i c s c a l e A L= 4 0 , s i m u l a t e d r a n g e o f w h i c h w a s 3 5 0 m 
f r o m d a m a x i s b o t h f o r u p s t r e a m a n d d o w n s t r e a m , i n c l u d i n g t h e w h o l e 
o p e n d i v e r s i o n c h a n n e l . I n a d d i t i o n , t h e r e c t i f i c a t i o n t e s t w a s 
c o n d u c t e d o n t h e s i m i l a r i t y o f r i v e r r o u g h n e s s . T h e s i t u a t i o n s 
v e r i f i e d b y t h e m o d e l a r e , ( 1 ) b o t h t h e d i s c h a r g e o f r i v e r c o u r s e 
a n d t h a t a t t h e c l o s u r e m o u t h a r e 1 2 6 m ^ / s , a n d t h e w a t e r s u r f a c e 
w i d t h s a t t h e c l o s u r e m o u t h s o f u p s t r e a m a n d d o w n s t r e a m c o f f e r d a m s 
a r e 1 8 . 1 ra a n d 2 0 . 2 ra r e s p e c t i v e l y , b e f o r e t h e e n t r a n c e a n d e x i t o f 
o p e n c h a n n e l w e r e b r o e k e n o f f b y b l a s t i n g . ( 2 ) T h e a c t u a l r i v e r 
d i s c h a r g e i s 1 1 8 m ^ / s w h e r e a s t h a t o f t h e o p e n c h a n n e l a n d t h a t a t 
t h e c l o s u r e m o u t h a r e 9 8 . 6 m ^ / s a n d 1 9 . 4 m ^ / s r e s p e c t i v e l y , t h e 
w a t e r s u r f a c e w i d t h s a t u p s t r e a m a n d d o w n s t r e a m c l o s u r e m o u t h s a r e 
7 . 7 m a n d H . l m r e s p e c t i v e l y . T h e r e s u l t s o f m o d e l v e r i f i c a t i o n i n 
c o m p a r i s o n t o t h e p r o t o t y p e o b s e r v a t i o n a r e l i s t e d i n T a b l e 3 f r o m 
w h i c h i l c a n b e s e e n l h a t a s l o n g a s t h e r i v e r i n f l o w , t h e l o c a t i o n s 
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a n d t h e w i d t h s o f w a t e r s u r f a c e o f t h e c l o s u r e m o u t h f o r b o t h t h e 
u p s t r e a m a n d t h e d o w n s t r e a m c o f f e r d a m a r e e q u a l , t h e w a t e r l e v e l s 
u p s t r e a m a n d d o w n s t r e a m o f t h e c l o s u r e m o u t h a n d t h e v e l o c i t i e s a l 
t h e c l o s u r e m o u t h m e a s u r e d i n t h e m o d e l t e s t s a r e v e r y c l o s e l o 
t h o s e o f p r o t o t y p e o b s e r v a t i o n a n d t h e w a t e r s u r f a c e e l e v a t i o n s o f 
c o r r e s p o n d i n g o b s e r v a t i o n p o i n i s w e r e i n v e r y c l o s e a c c o r d a n c e . I n 
a d d i t i o n , t h e m o d e l f l o w r e g i m e s a t t h e e n t r a n c e o f o p e n c h a n n e l a n d 
a l t h e c l s u r e m o u t h s o f u p s t r e a m a n d d o w n s t r e a m c o f f e r d a m s a r e q u i t e 
s i m i l a r . 

W h e n t h e r i v e r i n f l o w m e a s u r e d 1 1 8 m^/s a n d t h e w a t e r s u r f a c e 
w i d t h s a t t h e c l o s u r e m o u t h s o f u p s t r e a m a n d d o w n s t r e a m c o f f e r d a m s 
w e r e 7 . 7 m a n d U . I m r e s p e c t i v e l y , t h e e n t r a n c e w a t e r l e v e l o f t h e 
m o d e l o p e n c h a n n e l r e a c h e d 2 8 9 . 4 m w i t h t h e d i s c h a r g e s t h r o u g h t h e 
o p e n c h a n n e l a n d c l o s a u r e m o u t h o f t h e m o d e l b e i n g 9 2 a n d 2 6 m ^ / s 
w h i c h p r e s e n t 6 % d i f f e r e n c e c o m p a r i n g w i t h t h e c o r r e s p o n d i n g 
p r o t o t y p e r e s u l t s o f 9 8 . 6 m ^ / s a n d 1 9 . 4 m^/s r e s p e c t i v e l y . 

5. C O N G L U T I O N 

5 . 1 . R i v e r C l o s u r e S c h e m e j I t i s p r o v e d t o b e s u c c e s s f u l b y 
c o n s t r u c t i o n p r a c t i c e t h a t t h e r i v e r c l o s u r e w a s a c c o m p l i s h e d b y w a y 
o f t w o d i r e c t i o n a l v e r t i c a l l y c l o s i n g m e t h o d s i m u l t a n e o u s l y f r o m t h e 
l e f t a n d r i g h t b a n k s , a l o n g d o u b l e c l o s i n g d i k e s o f e a r t h - r o c k f i l l 
i / o f f e n l a m s a t l i a i s h a a d a m s i t e , t h e v e r t i c a l l y c l o s i n g m e t h o d 
d e m a n d s s i m p l e a n d e a s y i. o n s I r u r t i o n w o r k . I n i: l o s i n g p r o c e s s , t h e 
s o u n d e f f e c t s t h a t t h e l o w e r w a t e r h e a d d i f f e r e n c e , v e l o c i t i e s a l 
t h e c l o s u r e m o u t h s , t h e l e s s a m o u n t o f l a r g e r o c k b l o c k s a n d l o s t 
r o c k f i l l m a t e r i a l s w e r e c a n b e a c h i e v e d d u e t o t h e i n t e r a c t i o n o f 
t h e d o u b l e c l o s i n g l i n e s o f r o c k f i l l c o f f e r d a m s . I n a d d i t i o n , t h e 
a b o v e c l o s i n g m e t h o d i s r e l a t i v e l y r e l i a b l e , f a v o r a b l e l o 
m e c h a n i z a t i o n o f c o n s t r u c t i o n m a k i n g u s e o f l o c a l m a t e r i a I s , I e s s o r 
n o t a f f e c t e d b y g e o l o g i c a l a n d g e o g r a p h i c a l c o n d i t i o n s . 

5 . 2 . L o c a t i o n o f C l o s u r e M o u t h . T h e m o d e l t e s t s s h o w e d t h a t 
t h e w a t e r l e v e l a t t h e e n t r a n c e o f o p e n c h a n n e l r o s e l ' o i t s h i g h e s t 
v a l u e w h e n t h e c l o s u r e m o u t h o f t h e u p s t r e a m c o f f e r d a m w a s n e a r t h e 
l e f t b a n k c o n s e q u e n t l y , t h e o p e n c h a n n e l i n f l o w w a s i n c r e a s e d b y 
a b o u t 3 0 % i n c o m p a r i s o n t o t h e c a s e w h e r e i n t h e c l o s u r e m o u t h w a s 
c l o s e t o t h e r i g h t b a n k , w h i c h t h e n i n d i c a t e s t h e c l o s u r e m o u t h o f 
t h e u p s t r e a m c o f f e r d a m s h o u l d b e s e t n e a r t h e l e f t b a n k , w h i l e t h e 
l o c a t i o n o f t h e d o w n s t r e a m c l o s u r e m o u t h h a d l i t t l e i n f l u e n c e o n t h e 
d i s c h a r g e o f o p e n c h a n n e l . I n e x e c u t i o n o f r i v e r c l o s u r e , t h e 
u p s t r e a m c l o s u r e m o u t h w a s s o l o c a t e d l h a t t h e d i s t a n c e s f r o m b a n k s 
r i g h t a n d l e f t t o t h e m o u t h w e r e 6 1 . 5 m a n d 3 5 m r e s p e c t i v e l y w i t h 
s a t i s f a c t o r y r e s u l t s . M o r e o v e r , i t i s s u g g e s t e d l h a l t h e a m o u n t o f 
d u m p e d m a t e r i a l s a n d c l o s i n g l e n g t h f o r t h e d o w n s t r e a m c o f f e r d a m b e 
g r e a t e r t h a n t h a t o f t h e u p s t r e a m o n e w i t h t h e c l o s u r e m o u t h a t 
d o w n s t r e a m b e i n g f o r m e d e a r l i e r t h a n u p s t r e a m . 

5 . 3 . O p e n D i v e r s i o n C h a n n e l . T h e h y d r a u l i c p a r a m e t e r s i n 
r i v e r c l o s u r e a r e v e r y c l o s e r e l a t e d t o t h e d i s c h a r g e c a p a c i t y o f 
d i v e r s i o n s t r u c t u r e s a n d t h e f l o o d s t o r a g e c a p a c i t y o f t h e r i v e r 
c o u r s e . A f a v o r a b l e f l o w d i v e r s i o n c o n d i l i o n s h o u l d b e c r e a t e d f o r 
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t h e p u r p o s e o f l o w e r i n g t h e c l o s i n g w a t e r h e a d a n d t h e d i s c h a r g e 
p e r . u n i t w i d t h a l t h e c i o s u r e m o u t h . T h e e n t r a n c e o f d i v e r s i o n 
c h a n n e l f o r B a i s h a n p r o j e c t w a s s e t o n t h e c o n c a v e hank o f r i v e r 
c o u r s e w i t h s t o n e s p r o t u d i n g o u t o n t h e o p p o s i t e b a n l c , f u n c t i o n i n g 
a s a s p u r d i k e , t h e d i v e r s i o n c o n d i l i o n o f w h i c h w a s t o b e f i n e b y 
p r o t o t y p e o b s e r v a t i o n , t h e m a i n f l o w w a s d i r e c t e d t o w a r d t o t h e 
e n t r a n c e o f t h e o p e n c h a n n e l , s i n c e t h e u n d e r w a t e r e x c a v a t i o n o f t h e 
e n t r a n c e a n d e x i t o f o p e n c h a n n e l w a s d i f f i c u l t l o e x e c u t e , 
e s p e c i a l l y t h e s t o n e b a r r i e r s a l t h e d o w n s t r e a m e x i t w e r e r a t h e r 
h a r d l o t r e a t a f t e r b l a s t i n g , w h i c h m a y r e s u l t i n t h e i n c r e a s e o f 
d i s c h a r g e a t t h e c l o s u r e m o u t h , t h e r e f o r e , t h e l o w e r p r o t r u d i n g 
h e i g h t s o f s t o n e b a r r i e r s a t t h e e n t r a n c e a n d e x i t o f d i v e r s i o n 
c h a n n e l a n d a l t h e u n l i n i n g p l a c e s t h e b e t t e r e f f e c t s a c h i e v e d . 

5 . 4 . D u m p i n g T e c h n i q u e , I n e x e c u t i o n o f r i v e r c l o s u r e , c l o s e 
a t t e n t i o n s h o u l d b e p a i d t o t h e u p s t r e a m a n g l e d e v e l o p m e n t o f t h e 
c l o s i n g d i k e a n d t h e f l o w c o n d i t i o n . W h e n e v e r t h e c l o s i n g p r o g r e s s 
w i t h o r d i n a r y - g r a d e d m a t e r i a l m e t w i l h d i f f i c u l t y ( e . g . t h e o r d i n a r y -
g r a d e d r o c k p a r l i c l e s s t a r t e d l o b e w a s h e d a w a y b y w a t e r f l o w w i t h 
4 . 5 m-'s v e l o c i t y ) , i t i s a d v i s a b l e l o d u m p l a r g e b l o c k m a t e r i a l s 
w i t h a n 4 5 ° a n g l e t o u p s t r e a m s o a s l o f o r m a n a r c p r o t r u d i n g 
u p s t r e a m , c a l l e d u p s t r e a m d i v e r s i o n a n g l e w h i l e t h e o r d i n a r y - g r a d e d 
m a t e r i a l w a s p l a c e d i n t h e b a c k - d r a f t z o n e w i t h l o w v e l o c i t y . N o 
s o o n e r t h e l o o c l o s i n g d i k e s b e g a n t o c o n t a c t e a c h o t h e r a t t h e i r 
b o t t o m p a r t s t h a n l a r g e a m o u n t o f d u m p i n g m a t e r i a l s b e g a n t o r u n 
o f f , s o m e w a s c o n v e y e d d o w n s t r e a m l o f o r m a I o n g u e - s h a p p e d c u s h i o n . 
I n t h e c o u r s e o f t o n g u e - s h a p p e d c u s h i o n f o r m a t i o n , t h e u p s t r e a m 
a n g l e a r e a s h o u l d b e s u c c e s s i v e l y f i l l e d w i t h l a r g e b l o c k s o f r o c k 
a t h i g h s p e e d l o a c h i e v e a w i d e , t h i c k a n d s h o r t l o n g u e c u s h i o n 
i n s t e a d o f a n a r r o w , t h i n a n d l o n g o n e , i . e . t o f o r c e t h e f r o n t p a r t 
o f c l o s u r e m o u t h l o s h r i n k r a p i d l y a n d t o i n c r e a s e t h e d i s p e r s e a r e a 
o f w a t e r f l o w a t t h e b a c k f l o w r e g i m e i n o r d e r l o r e d u c e t h e w a t e r 
d e p t h a n d v e l o c i t y s o t h a t o r d i n a r y - g r a d e d m a t e r i a l c o u l d b e p l a c e d 
i n s t e a d o f l a r g e - s i z e d r o c k b l o c k s a n d t o c o n l r o l t h e v o l u m e o f 
m a t e r i a l l o s e l o b e m i n i m u m . 

5 . 5 . R e l a t i o n B e t w e e n M o d e l T e s t a n d P r o t o t y p e O b s e r v a t i o n , I l 
i s s h o w n t h a t t h e h y d r a u l i c f a c t o r s a t d i f f e r e n t l o c a t i o n s , f l o w 
r e g i m e , t h e h y d r a u l i c p a r a m e t e r s o f f l o w d i v i s i o n a n d r i v e r c l o s u r e 
a s w e l l a s t h e c h a r a c t e r i s t i c s o f d u m p e d m a t e r i a l a n d d u m p i n g 
a p p r o a c h i n t h e m o d e l t e s t s h a v e g o o d s i m i l a r i t y i n c o m p a r i s o n t o 
t h e p r o t o t y p e o b s e r v a t i o n w h e n a n o r m a l i n t e g r a l m o d e l w i t h a l i n e a r 
s c a l e o f 1 t o 4 0 w a s a d o p t e d a n d i t s b o u n d a r y c o n d i t i o n a n d t h e 
r i v e r r o u g h n e s s h a d g o o d s i m i l a r i t y t o t h o s e o f t h e p r o t o t y p e , w h i c h 
i n d i c a t e s t h a t m o d e l t e s t s a r e r e l i a b l e f o r c o n d u c t i n g t h e d e s i g n 
a n d e x e c u t i o n o f r i v e r c l o s u r e . 
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R E L I A B I L I T Y OF EXPERIMENTAL AND NUMERICAL METHODS 
OF HYPER-CONCENTRATED, SEDIMENT-LADEN, AND CLEAR-WATER 

FLOOD FLOW ROUTING 

by M, Nouh 
Department of Civil Engineering, Sultan Qaboos University, 

P. O. Box 32483 Al-khod, Muscat, Sultanate of Oman. 

Abstract 

Hyperconcentrated, sediment-laden, and clear-water flood flows were routed using three numerical 
fmite difference methods and measured in a physical model with mobile bed and 18 ephemeral chan
nels. The numerical methods are the explicit Leap-Frog finite difference formulation, the implicit four-
point fmite difference formulation, and the fixed mesh characteristic method. For mean concentration 
of suspended sediment equal to or less than 16 gpl in hyperconcentrated flood flows, or 10 gpl in 
sediment-laden flood flows, the accuracy of the numerical methods m producing results similar to the 
observations from the ephemeral channels is almost the same as that of the physical model. For higher 
concentrations of suspended sediments, the accuracy of the numerical methods, while varies from one 
method to another, is less than that of the physical model. The difference in the accuracy between the 
physical model and any of the numerical method increases as the mean concentration of suspended 
sediment increases. The results of the physical model are generally sensitive to distortion ratio more 
than to model scale of typical grain size and model scale of specific grain weight in fluid. 

Introduction 

The characteristics of water flows with large amounts of suspended sediment are different from 
those of clear-water flows. At large concentrations of suspended sediment, the fluid viscosity and 
density are mcreased; and turbulence mtensity, velocity and sediment concentration distributions, flow 
resistance and sediment transport capacities are changed. Due to the effect of suspended sediment 
concentration on flow resistance and on sediment transport capacities, previous investigations (Nouh, 
1988) have indicated that the accuracy of commonly used flood routmg methods; namely, the constant 
and variable parameter Muskingum-Cunge methods, and the constant and variable parameter diffusion 
methods, varies with the characteristics of both flood and suspended sediment flows as well as with the 
boundary conditions of problem. Another recent study (Nouh, 1990) has shown that the accuracy and 
efficiency of some second-order accuracy numerical methods; including the Leap-Frog expücit fmite 
difference formulation, the four-point implicit fmite difference method, and the fixed mesh character
istics method of routing flood flow with large amounts of suspended sediment are normally less than 
that of routmg clear-water flood flow. The present study is an extension to the above previous on the 
subject of accuracy of flood routing methods. Its main objectives have been to : (1) investigate the 
reliability of the aix)ve numerical fmite difference methods by comparing computed hydrographs with 
hydrographs measured m 18 ephemeral channels; (2) investigate the reliability of a physical model by 
comparing hydrographs measured in the physical model with hydrographs measured in the ephemeral 
channels; (3) study the variation of the physical model reliability with various scale parameters; (4) 
compare the reliability of the numerical methods with that of the physical model; (5) relate the differ
ence between the reliability of the numerical methods and that of the physical model to various hydro-
graph and suspended sediment characteristics; and (6) recommend conditions under which experimen
tal and numerical methods can be best utilised. 

Characteristics of Data Utilised for the Study 

Data collected from 18 ephemeral channels and from a physical model were used to achieve the 
objectives of the study. The channels are located in the southwest region of Saudi Arabia. In these 
channels, measurements of discharge and sediment concentration were made during 237 flood hydro-
graphs. The channels are ahnost straight, and the distance between the upstream (inflow) and down
stream (outflow) measuring sections varied from 41.20 km to 89.75 km. The range of the measured 
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peak flowrate was between 1.10 to 5.20 hours, that of peak flowrate was between 138 to 1220 m^/s, that 
of hydrograph duration was between 6.50 to 68.0 hours, and that of suspended sediment concentration 
was between 2.35 to 78.5 gpl. Details of the measurements techniques are reported elsewhere (Nouh, 
1986,1988). 

The pTiysical model is a straight plexiglass tilting flume having 18.4 m length, 0.80 m depth, and 
width adjustable to be in the range between 0.40 to 0.80 m. Bed material was sand composed of desired 
logarithmic-normal size distribution to suit the model-prototype similarity. Discharge of water was 
suppüed to the flume by a centrifugal pump. An automatically operated valve located in the supply line 
provided a means of obtaining flowrates which varied with time. Micropropellers and limnimeters 
located at approximately 4.0 m intervals along the flimie centreline provided a means to measure the 
velocity and the corresponding depth of flow at a certain time. Suspended sediment samples were 
collected during the rising and falling branches of hydrographs, and at the points of velocity measure
ments using a system of pumps and regulating valves. Flow discharge, varying from 20 Ips to 250 Ips 
during a time interval of 300 seconds, was measured by an electromagnetic flow meter, located 2.0 m 
from the flume entrance. Details of the measurements techniques can be found elsewhere (Nouh, 1989, 
1990). 

Different experimental set-ups were performed. Each set-up was designed to provide similarity to 
observed hydrographs in the ephemeral channels. The model similarity is determined by the vertical 
and horizontal model scales, denoted as ŝ  and ŝ^ respectively, by the scale of specific grain weight m 
fluid "s^", and by the scale of typical median grain size "sj^". These scales are computed using the 
available data and a procedure proposed by Yalin and MacDonald (1987). In such a procedure, the 
scales of gravity acceleration, fluid density, kinematic viscosity, and Froude number are equal to unity. 
The scale of a quantity is taken as the ratio of the prototype value to the model value of the quantity. 
The model distortion "Sj." is computed as Sj. = s^/Sy 

For each set-up of experiment, clear-water was admitted to the flume. After reaching the bed 
stability condition, measurements of flow velocities and depths as well as concentrations of suspended 
sediment were made. Then, an increment of sediment at a predetermined size distribution was inject
ed very slowly to the flow, and the same measurements were made. Table 1 shows the range of data 
collected during the experiments (more information about data collection and model scales computa
tion in oral presentation). 

TABLE 1. Range of Data Collected During the Experiments. 

Type of Number of Average rate Suspended r̂ ^D 
flow experiments of sediment 

^D 

discharge Mean Median 
con- diameter 
centration 

(Ips) (gpl) (mm) 

Hyper-
concent 0.01-
rated 68 120-360 3.2-68 less than 0.1 2.1-63 1.5-67 2.0-65 

Sediment- 0.10-
laden 78 100-400 3.1-67 less than 0.5 2.3-66 1.5-68 2.0-67 

Clear
water 22 120-200 less 

than 1.5 2.0-63 1.5-67 2.0-65 

Results and Discussions 

The presence of suspended sediment in an open channel fluid flow changes the viscosity of the 
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fluid and the friction slope of the channel. In this study, the friction slope and both dynamic viscosity 
and mean concentration of suspended sediment were evaluated experimentally under the effect of 
steady flow conditions. It has been found that the bcrease in suspended sediment concentration in
creases the dynamic viscosity of fluid, but decreases the friction slope of channel. Such decrease in the 
friction slepe is believed to be due to the decrease in turbulence (which reduces flow resistance) with 
the increase of suspended sediment in a fluid flow. The relative dynamic viscosity (defined as the ratio 
between the measured dynamic viscosity of water with sediment to the dynamic viscosity of clear-water 
at the same temperature) and the percentage decrease in friction slope (computed as [friction slope in 
case of clear-water - friction slope in case of water with suspended sediment][100/friction slope in case 
of clear-water flow]) were plotted against mean concentration of suspended sediment "C", and are 
shown in Fig. 1. The friction slope was evaluated using Maiming formula, with a caUbrated Manning 
coefficient equal to 0.015. 
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Fig. 1. Variation of viscosity and friction slope with suspended sediment concentration. 

Inspection of the above figure indicates that there is a substantial increase in dynamic viscosity and 
decrease in friction slope due to the mcrease in suspended sediment m the flow. It is also apparent that 
the grain size of suspended sediment affects the amount of change of viscosity and friction slope; the 
finer the grain size (i.e. case of hyperconcentrated flow) the more increase in dynamic viscosity, and the 
more decrease in friction slope. Such changes of viscosity and friction slope may influence the accuracy 
of flood routing methods. 

In evaluating the accuracy, it has been assumed that the observed data from the ephemeral chan
nels and the measured data from the physical model are correct. For a certain mean concentration of 
suspended sediment in an observed hydrograph in an ephemeral channel, the out-flow hydrograph was 
computed by the numerical methods, and was determined using the physical model data and an inter
polation technique. In the numerical methods, the space step and tune step of 5.0 m and 360 seconds, 
respectively, and modification in the friction slope due to characteristics of suspended sediment (as in 
Fig. 1) were considered. The ratios of a hydrograph component predicted by the numerical methods 
and the physical model to the hydrograph component observed in the ephemeral channel were evaluat
ed, then averaged and plotted against mean concentration of suspended sediment (Fig. 2). 

Inspection of Fig. 2 indicates that: (1) the accuracy of the numerical methods, while varies from 
one method to another, decreases as mean concentration of suspended sediment increases; (2) the 
accuracy of the numerical methods is generally less than that of the physical model, and the difference 
in accuracy between the physical model and any of the numerical methods increases as the mean 
concentration of suspended sediment increases; (3) both the numerical methods and the physical 
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model over-estimate hydrograph peak discharge and under-estimate hydrograph volume, and such 
over- and under-estimation of hycirograph component increase as mean concentration of suspended 
sediment increases; (4) the numerical methods displayed accuracy approaching that of the physical 
model in case of C is less than or equal to 16 gpl in hyperconcentrated flood flows, or in case of C less 
than or equal to 10 gpl in sediment-laden flood flows. 

LEGEND 

Fig. 2. Average variation of ratios of hydrograph peak discharge and volume with mean 
concentration of suspended sediment for sediment-laden (top) and hyperconcentrated 
(bottom) flood flows. 

The decrease in accuracy of both the numerical methods and the physical model with the increase 
of C may be due to the change of friction slope "Sf" with that of C, and due to the effect of lateral flows 
which have not realistically considered by either the numerical methods or the physical model. More 
discussions on the accuracy of the numerical methods can be foimd elsewhere (Nouh, 1990). 

The lateral flow, which varies with time and along any of the ephemeral chaimels, is ignored by the 
physical model. Because there is generally considerable lateral outflow from an ephemeral channel 
during the rising branch of hydrograph (i.e. beginning of storm) and lateral inflow to the channel 
during the falling branch of hydrograph, the peak discharge measured m the model is larger than that 
observed in the channel, and the hydrograph volume measured m the model is smaller than that ob
served in the channel. The presence of suspended sediment magnifies this phenomena due to its effect 
on Sf. Fig. 3 shows the ratio of hydrograph peak discharge and that of hydrograph volume under dif-
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ferent conditions of model scales, and compares these ratios with the same predicted by the explicit 
Leap-Frog finite difference formulation. In the figure, QPN(H) and QPN(S) are the peak discharge 
ratios for hyperconcentrated and sediment-laden flows, respectively, and QVN(H) and QVN(S) are the 
hydrograph volume ratio for hyperconcentrated and sediment-laden flows, respectively. 
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Fig. 3. Average variation of (Qjy)p and (Qy)j^ with model distortion (top), with model 
scale of typical grain size (middle), and with model scale of specific grain weight in fluid 
(bottom) [C = 38.6 - 42.3 gpl]. 
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Fig. 3 indicates that the accuracy of the physical model for hyperconcentrated flow is less than that 
for sedimgnr laden flow. This may be due to the internal structure of suspended sediment which has 
not been taken into consideration in the similarity. It is apparent also that the model over-estimation 
of peak discharge, or under-estimation of hydrograph volume, increases as any of the model scales 
increases."The accuracy is sensitive to S j . more than to s^ and S j - j , meaning that the external geometric 
similarity is more important in flood routing than the internal structure similarity of bed material. It 
can also be seen that the prediction accuracy of peak discharge is generally higher than that of hydro-
graph volume. This, as mentioned before, due to the lateral flow which has not been considered by the 
model. As Fig. 3 shows, the explicit Leap-Frog finite difference numerical method may become more 
accurate than a physical model of large scales. 

Conclusions 

[1] The accuracy of the Leap-Frog explicit finite difference formulation, the four-pomt implicit finite 
difference formulation, and the fixed mesh characteristic method of flow routing as well as that of 
the mobile bed physical model decrease as mean concentration of suspended sediment increases, 
and as the gram sizes of the suspended sediment decrease. Thus, the numerical methods are not 
recommended for routing flow with large concentration (C more than 15 gpl) and/or fine sizes 
(i.e. hyperconcentrated) of suspended sediment. In such cases, the physical model may be pre
ferred up to C less than 40 gpl. For larger concentrations, the accuracy of the physical model was 
not satisfactory, and thus the model should not be used. 

[2] The accuracy of the physical model is sensitive to distortion ratio (i.e external geometric similarity 
parameters) more than to scales of internal similarity parameters of bed layer (i.e. model scale of 
typical grain size and model scale of specific grain weight in fluid), and it decreases as any of such 
scales increases. Thus, for results of reasonable accuracy, distortion ratio less than 20, scale of typical 
grain size less than 45, and scale of specific grain weight in fluid less than 30 are recommended. 

[3] The accuracy of the physical model for predicting peak discharge was higher than that for predicting 
hydrograph volume. Thus, the model may be used for estimating peak discharges, needed for flood 
control projects, rather than for estunating hydrograph volumes, needed for water management 
projects. 

[4] The physical model accuracy for routing hyperconcentrated flows (especially at large concentrations) 
was generally unsatisfactory. Thus, improvement of the model to consider the internal structure of 
suspended sediment is recommended as a research topic of engineering importance, 

[5] For small values of C (less than about 15 gpl), the numerical methods displayed accuracy approach
ing that of the physical model. Thus, m these cases, the numerical methods are recommended. 
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C R I T I C A L V E L O C I T Y O F I N I T I A L MOTION IN N O N - U N I F O R M F L O W 

by Haizhou T U * 
Laboratoire de Recherches Hyrauiiques 

Eco le Polytechnique Fédéra le , Lausanne, Switzerland 

A B S T R A C T 

Three schematic models, being similar to a large sand bar in a natural 
river (Fig . 1(2)), have been constructed to study the initial motion in non
uniform flow. The obtained data are used to establish an empirical relation 
(Fig .4) for the coefficients of the deduced crit ical velocity formula (Eq .5 ) , 
which is shown to be valid in non-uniform as well uniform flow. 

INTRODUCnON 

In natural rivers, there exist many large sand bars and shoals, as 
shown in F i g . l . The flows over them are usually non-uniform ones, which, in 
turn, could initiate sediment movements in ways different from those in 
uniform flow. These kind of large sand bars pose usually serious problems due 
to their insistent movement. A shoal, for example, might develop in such a 
way that it disables the navigation, and a large sand bar near a busy port may 
block it partly or even completely. Thus researches on the flow structure and 
the sedimentation processes, the two closely related aspects of the problem, 
are badly needed. The present paper intends to study the sediment initial 
motion on a large bar, based on three schematic models of the sand bar shown 
in Fig . 1(2). 

E X P E R I M E N T S 

The experiments were carried out in a 86m long, 1.2m wide glass sided 
flume, which has cemented bottom and a constant slope of 0.1%. The maximum 
water depth is 60cm, and the maximum flow discharge is 200 1/s. Uniform flow 
can be developed in a working section as long as 40m. 

From the modified longitudinal profile in F i g . 1(2) (the broken line), 
three schematic models were built in the flume. The first one, being 1/40 of 
the natural size, is shown in Fig .2 , where the flow is divided into five zone, 
designated as A , B , C, D, E , respectively. The second and the third models, while 
having the same dimension with the first one in the vertical direction, are 
reduced by a factor of two and four, respectively, in the longitudinal 
direction. The angles ( a and j3) in the three models are in the following range 
(in degrees): a from 2 to 8, ^ from 1.3 to 5.2. 

In the experiments, the point velocities were measured by micro-
propellers with a diameter of 1cm, and point gauges were employed to measure 
the water depth. 

For each of the three models, eighteen holes (each has a volume of 10 x 
3 x 1 cm^) were made on the surface (Fig.2) , such that, if given by x 
coordinates in F i g . 1(2), there are: 

three holes in zone A, located separately at: x=-60m, -40m, -20m 
four holes in zone B , located separately at: x=20m, 40m, 60m, 80m 
four holes in zone C , located separately at: x=250m, 400m, 550m, 700m 
four holes in zone D, located separately at: x=880m, 910m, 940m, 970m 
three holes in zone E , located separately at: x= 1020m, 1040m, 1060m 

•On leave from the Wuhan University of Hydraulic and Electric Engineering, China 
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Fig . 1(1) the Longitudinal Profile of A Shoal in the Yantze River 

Q 
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Fig.1(1) the Longitudinal Profile of A Sand Bar in the Han River 
(the Solid Line) 

According to the possible range of the velocity over the models, two 
types oL natural sands, with being 0.35mm and 0.67mm respectively, were 

used. The sands were sieved to be as uniform as possible, having 0( = 
5/(^25=1.14 for the first group (^50 =0.35mm) and 0=1.20 for the second group 

(^50 =0.67mm). The specific weight of the sands (y^) is 2650kg/m3. 

When the flow discharge Q increases to a certain value, there will be 
some sands somewhere (in one, or several, of the 18 holes) engaged in initial 
motion. Since the sands in all the 18 holes do not begin to move in the 
meantime, the experiments were carried out in each zone separately. F o r 
example, while the tests being done in D zone where the four holes were f i l led 
with sands, all the other holes were filled with pre-made wooden blocks of the 
same size (10 x 3 x 1 cm^). The processes are as in the follows: 

1) close the tailgate in the downstream; 
2) fil l water in the downstream reach of D zone; 
3) begin to run a flow of small discharge in the flume and increase 

gradually the discharge. In the meantime open the tailgate slowly till i t s 
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(b) Side View of the Model 

Fig.2 the First Model (not to scale) 



m a x i m i H n ; 

4) if there appears sediment movement in one of the holes in the zone 
under observation, then measure the corresponding discharge and keep it a 
constant, and measure the water depth and the velocity distribution over the 
hole where the initial motion has appeared. The integrated vertical mean 
velocity is the corresponding critical velocity for the initial movement. 

D A T A A N A L Y S E S 

The data wi l l be analyzed together with a formula for the critical 
velocity developed in the following way. 

In non-uniform flows considered in the present case, a single grain 
could rest on the bottom in one of the five zones (A, B , C , D, E ) . Here the two 
cases shown in Fig.3 (corresponding to B zone and D zone, separately) are to be 
studied, bearing in mind that the other three zones (A , C , E ) are of special 
cases with a=0 . 

As shown in Fig .3 , the forces acting on a single particle in a state of 
initial motion are the following: 

where: O j , Cf and are coefficients; d, the grain diameter, here assumed to 

be equal to d^Q-, g, the gravity acceleration; u^,, a representative velocity acting 

on the grain; and 7^,7 are the specific weight of the natural sands and the 

w a t e r . 
For a particle in a state of initial movement, the resultant moment is 

equal to zero, i.e. 

Considering that in Fig.3(2) a is negative, one has 

F^Cfa^d^r 

w= 02 (rs-y) ( 1 ) 

N=W cos a 

Mf=K2dN = K2dW cosa 

Kl d F- M{-Kj d W sina=0 ( 2 ) 

from E q . 1 

2a2(K2Cosa+K2sina) 

^ l ^ i C f 
• ] . V ( ^ .ëd)=A V C ^ . g r f ) ( 3 ) 

w i t h 

An investigation on the velocity distribution was undertaken before 

- 1 4 B . 1 0 -



3(1 ) , coO 3 (2 ) , ce<0 

Fig.3 the Forces Acting on A Particle in the State of Initial Motion 
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Fig.4 the Plot of rj against m 

the initial motion experiments by the author ( T U , 1985), by using the same 
models described above, and it was shown that a power law 

W=(l+ ^) V (J ) l//n ( 4 ) 

could be used to describe the velocity distribution in non-uniform flow, 
where: D is the water depth, u and V are the point velocity and the vertically 
averaged velocity, respectively; m depends on the flow resistance and the flow 
uniformity (the author proposed ( T U , 1985) using the longitudinal variation of 

the kinetic energy, — ^2^' index for the flow uniformity in non

uniform flows). While in uniform flow m is about 6 to 8 ( L i et al., 1983), it 

varies in our non-uniform experiments from 2 to 20. 
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It-follows from Eqs.2, 3 and 4 that, by assuming that for y=^d, u=u^,. 

(5 ) 

where is the critical average velocity for the initial motion, and 

1 2a2(K2COsa+K2sina) 

From the present initial motion experiments, an empirical relation 
between 77 and m is obtained (Fig.4). It is seen from Fig.4 that: 

1) in non-uniform flow, m in Eq.4 varies from 2 to 20, and the 
corresponding 7] changes from 0.1 to 3.0; 

2) assuming rj = 1.14 and m=6 in E q . 5 , one would have the formula o f 
Shamof (Chien, 1983, p.238) for initial motion in uniform flow, 

3) for m=6, as in the formula of Shamof and also widely used for the 
velocity distribution in natural flow ( L i et al . , 1983), one has, from F i g . 4 , 
r/ = 1.24. Seeing that in the formula of Shamof, 7j = 1.14 leads to underestimated 
critical velocities (Xie, 1981, p.42), 7]=1.24 seems justified. In other words, E q . 4 , 
together with Fig.4, is also valid for the initial motion in uniform flow. 

S U M M A R Y 

Experiments of sediment initial movement in non-uniform flows have 
been carried out. A relation (Eq .5 ) representing the cri t ical condition i s 
developed, from which the critical velocity for the initial motion in both 
uniform and non-uniform flow can be estimated, by using the empir ica l 
relation from the present experimental data (Fig.4). 

Acknowledgment This paper is part of the author's Thesis for Master Degree o f 
Science in C i v i l Engineering, supervised by Professor X i e Janheng, to whom 
he is deeply indebted. 

R E F E R E N C E S 

L i Zhenru, Chen Yuaner and Zhao Yun (1983), "Laboratory Investigation on 
Drag and Li f t Forces Acting on Bed Spheres", Proceedings of the Second-
International Symposium on River Sedimentation. Nanjing, China, 
p.330-343. 

Ning Chien (1983), Mechanics of Sediment Transport. Science Press, Beijing, 
656pp. 

T U Haizhou (1985), A Preliminary pf Sgvgral Problemg in 2-D Npn-Unifomi 
F l o w . Thesis presented to the Wuhan University of Hydraulic and 
Electric Engineering, in partial fulfillment for Master Degree of 
Science in C i v i l Engineering. 

Xie Janheng (1981), River Sedimentation. Water Resourcese Press, Beijing, 
Vol.1, 372pp. 

( 6 ) 

- 1 4 B . 1 2 -



DESIGN OF PHYSICAL MODEL WITH HIGH CONCENTRATED FLOW 
AND ITS APPLICATION TO STUDY A LATERAL DIVERSIONAL 

POWER STATION ON THE YELLOW RIVER 

by Zhou Wenhdo & Zeng Qinghua 
I n s t i t u t e of Water Conservancy and H y d r o - e l e c t r i c 

Power Research (IHWR), B e i j i n g , 100044, China 

Abs t ruc t 

In f lume , the f l o w w i t h high Concentrat ion is a Binghan f l u i d and 
has the c h a r a c t e r i s t i c s of Non-Newtonian f l u i d , but the high concen
t r a t e d f l o w in the Yellow River s t i l l has the behaviors of t u r b u l e n t 
f l o w . S i m i l a r i t i e s f o r the o rd ina ry sediment-laden f l o w can also be 
app l ied to the high concentrated f l ow of the Yellow R ive r . A model 
w i t h high concentrated f l o w has been designed and conducted to study 
a l a t e r a l d i v e r s i o n a l power s t a t i o n on the Yellow R ive r . A ser ies of 
phenomena of f l o w and sediment t r anspo r t which are q u i t e d i f f e r e n t 
from tha t of the f r o n t a l d i v e r s i o n was acquired. 

I n t r o d u c t i o n 

In China, j u s t as the analyses of f i e l d data and numerical ca l cu 
l a t i o n , the physical model is also one of the important too l s to study 
and solve the sedimentat ion problems in hydrau l i c engineer ings . Espe
c i a l l y f o r the complicated major eng ineer ing , the phys ica l model has to 
be used to get a thorough s o l u t i o n of engineer ing sedimenta t ion . Up 
to now, more experience f o r modeling the o rd ina ry sediment-laden f l o w 
has been gained. The Yellow River is a famous r i v e r in the wor ld w i t h 
i t s high sediment concen t r a t i on . The maximum concen t ra t ion of the r i v e r 
was 911 kg/m^(at Sanmenxia S t a t i o n ) . How to simulate the high concen
t r a t e d f l o w is much more s i g n i f i c a n c e in the design of the physical 
model r e l a t e d to the f l o w of the Yellow River . The key problem is whe
ther the s i m i l a r i t y p r i n c i p l e s f o r the o rd ina ry sediment laden f l o w 
can be used to tha t of high concentrated f l o w . A f t e r ananlyzing the 
f i e l d data from the Yellow Rive r , the problem has been solved. 

C h a r a c t e r i s t i c s of High Concentrated Flow 

1) Results of flume experiments 
The r e s u l t s of l a b o r a t o r y experiments ind ica te tha t the low con

cen t ra ted f l o w is a Newtonian f l u i d , but when the concen t ra t ion i n -
ereases to a c e r t a i n va lue , the f l o w behaves a Non-Newtonian f l u i d , 
Bingham f l u i d . The c r i t i c a l concen t ra t ion is 400-500 kg/m. The v e l o 
c i t y d i s t r i b u t i o n f o r the high concentrated f l o w is nea r ly un i form in 
v e r t i c a l d i r e c t i o n and the v e l o c i t y q rad ien t is almost equal to zero 
when Z/H < 0.2 (Z is the height from the bottom, H is the depth) F i g . l . 
As the o r d i n a r y sediment-laden f l o w , the high concentrated f l o w also 
has two f l o w regime: the laminar f l o w and the t u r b u l e n t f l o w . The c r i 
t i c a l e f f e c t i v e Reynolds' number is 2000-4500. 
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F i g . 1 Comparison of v e l o c i t y d i s t r i b u t i o n s in the 
Yellow River and flume 

2. Features of high concentrated f l o w in the Yellow River 
The high concentrated f l o o d occurred every year in the Yellow 

River and i t s t r i b u t a r i e s . Analyses reveal tha t when the average c o n 
cen t r a t i ons f o r the v e r t i c a l l i n e are in the range of 360-1270 kg/m^ , 
or in the range of 528-933 kg/m' f o r c ro s s - sec t i on , the f lows both for" 
the v e r t i c a l l i n e and c ross - sec t ion are t u r b u l e n t f l o w w i t h the e f f e c 
t i v e Reynolds'number more than 8000-2000. There fore , the conclus ion 
can be drawn tha t the high concentrated f lows both in the Yellow River" 
and i t s t r i b u t a r i e s are q e n e r a l l y the t u r b u l e n t f l o w . The v e r t i c a l 
d i s t r i b u t i o n of v e l o c i t y is not unifome. 

The data from the Yellow River and i t s t r i b u t a r i e s f u r t h e r i n d i 
cate t h a t : (1) the v e r t i c a l d i s t r i b u t i o n of v e l o c i t y in high concen
t r a t e d f l o w f o l l o w s the law of Logari thmic d i s t r i b u t i o n w i t h the Karme 
C o e f f i c i e n t of 0 .4 ; (2) the v e r t i c a l d i s t r i b u t i o n of sediment concen
t r a t i o n f o l l o w s the Law of o r d i n a r y sediment Laden f l o w and (3) the 
sediment c a r r y i n g capac i ty of bed mater ia l load also f o l l o w s the same 
law of the o rd ina ry sediment laden f l o w . Therefore , the laws of or
d inary sediment laden f l o w can be used to the high concentrated f low^ 
even the concen t ra t ion reaches 911 kg/m . This impl ies tha t the c r i 
t e r i a of s i m i l a r i t i e s f o r the o rd ina ry sediment laden f l o w can be used 
f o r the high concentrated f l o w in the Yellow Rive r . 

In a d d i t i o n , because the sediment in the Yellow River is very f i n 
{d$o- 0.03mm), the suspended load is the predominant par t in the f l o w 
and bed load can be neglec ted . This f u r t h e r makes the model design 
s i m p l i f i e d . 
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C r i t e r i a of simi1 a r i t i e s ( u n d i s t o r t e d model) 

1 . S imi l a r i t y of f l o w y 

2. S i m i l a r i t y of f l o w pa t t e rn 

>;2<2m > /OOO -2000 

3. S i m i l a r i t y of c o n t i n u i t y 

A Q = 

4. S i m i l a r i t y of suspended load t r anspo r t 

a) S i m i l a r i t y of depos i t ion ^ 

b) S i m i l a r i t y of sediment c a r r y i n g capac i ty 

c) Time scale 

d) S i m i l a r i t y of v e r t i c a l d i s t r i b u t i o n of concen t ra t ion 

5. S i m i l a r i t y of dens i ty cu r ren t 

A 

In which , A is the scale; V is v e l o c i t y ; H is depth; L is l eng th ; Rem 
is Reynolds' number f o r f l o w in model; Q is dischange; OJ is s e t t l i n g 
v e l o c i t y ; d is g r a in s i ze ; is s p e c i f i c weight of sediment, r is 
s p e c i f i c weight of water ; /; is volume weight of d e p o s i t i o n ; , S is 
sediment c o n c e n t r a t i o n . 

A Case Study on a La te ra l Divers iona l Power S t a t i on 

1. D e s c r i p t i o n of the model 

The p r o j e c t w i l l be const ructed on the Middle Yellow R ive r . Be
cause of the poor geo log ica l c o n d i t i o n s , a l l the intakes f o r the t un 
nels of power s t a t i o n , f l o o d re lease, and sediment s l u i c e have to be' 
l a i d in a g u l l y beside the main v a l l e y . A l l the intakes are set on 
s ix towers. The main v a l l e y is blocked by an ea r th - rock dam. 

The purposes of the model of the p r o j e c t are to study the f l o w 
p a t t e r n , the s i l t e d topography, the f l o w and sedment t r a n s p o r t in 
f r o n t of the in t akes , and the measures to prevent the block of the 
in t akes . 
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This is an u n d i s t o r t e d model w i t h the scale >c = =100. The 
f l y - a shes were used as the sediment in the model. The c a l i b r a t i o n 
showe'd tha t the c h a r a t e r i s t i e s of the sedimentat ion in the model was 
s i m i l a r to tha t in the Sanmenxia, Yanguoxia and other r e se rvo i r s i n 
China. 

2. Results of the model t e s t i n g 
Because the intakes are loca ted in the g u l l y beside the main 

channel , the incoming main cu r r en t sharply turns to the intakes w i t h 
an angle of 9 0 ° , thus a bend is formed, which causes the behaviors o f 
l a t e r a l d i v e r s i o n and a ser ies of fea tu res of f l o w and sediment t r a n 
spor t . 

(1) Flow pa t t e rn 
The f l o w pa t t e rn in f r o n t of the intakes is determined by the 

layout of in takes . Because of the e f f e c t s of c i r c u l a t i n g f l o w , t h e 
f l o w s t r u c t u r e and sediment t r anspor t in f r o n t of these intakes a r e 
q u i t e complicated and have a great e f f e c t on the f l o w p a t t e r n . U n d e r 
the worst l ayout c o n d i t i o n , i . e . , the s ix towers are not in a strd^g^^ 
l i n e , and the bend w i l l develop f u r t h e r because of erosion on concave 
bank. The main cu r ren t is spured by tower N o . l . The re fo re , th ree 
c i r c u l a t i n g f lows w i t h v e r t i c a l axis and d i f f e r e n t d i r e c t i o n s , s i z e s 
and i n t e n s i t i e s occur i n f r o n t of these intakes ( F i g . 2) the optimum 
a l t e r n a t i v e s plan was found tha t a l l the intakes are in a s t r a i g h t 
l i n e and a qu id ing wa l l is set up beside the tower N o . 1 . ( F i g . 3 ) . The 
f l o w pa t t e rn is obv ious ly improved, and only one small c i r c u l a t i n g o c 
curs . I f a f l o a t i n g - d e l i v e r i n g s l u i ce is set up on the l e f t side o f 
tower No. 6, a l l the f l o a t i n g s coming from the upstream can be del i -
vered away. 

F i g . 2 Flow pa t t e rn in f r o n t of intakes 

(2) D i s t r i b u t i o n s of v e l o c i t y and sediment concen t ra t ion 
In accordance w i t h the na tura l bend f l o w , the maximum v e l o c i t y 

plan always approaches to concave s ide , i . e . , near the f r o n t of i n 
takes. The f a r t h e r the dis tance from the in takes , the lower the v e -
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F i g . 3 Flow pa t t e rn in f r o n t of intakes 

l o c i t y . But the v e l o c i t y decreases g radua l ly from tower No. 1 to NO.6 
due to the decrease of discharge cor responding ly . In v e r t i c a l d i r e c 
t i o n , owing to the s t rong in f luences of c i r c u l a t i n g f l o w and t u r b u l e n 
ce, the v e l o c i t y d i s t r i b u t i o n is comparat ively un i fo rm and the law of 
l o g a r i t h m i c d i s t r i b u t i o n of v e l o c i t y in open chanel is no longer f o l 
lowed ( F i g . 4 ) . The v e r t i c a l d i t r i b u t i o n of concen t ra t ion is also u n i 
form and the general law of v e r t i c a l d i s t r i b u t i o n of concen t ra t ion is 
not f o l l o e d e i t h e r ( F i g . 5 ) . Of course, the opera t ion of o u t l e t f a c i 
l i t i e s also plays a c e r t a i n ro l e in the concen t ra t ion d i s t r i b u t i o n . 

The dens i ty cu r r en t occurs only in the i n i t i a l stage of r e s e r v o i r 
o p e r a t i o n . I t would disappear when the r e s e r v o i r depos i t i on reaches 
in e q u i l i b r i u m . 

(3) Funnel pa t t e rn 
Under the l a t e r a l d i v e r s i o n a l c o n d i t i o n , a funnel-shape toporaphy 

always occurs in f r o n t of the in takes . The funnel is provided w i t h 
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the f o l l o w i n g f e a t u r e s : (1) The p l an - fo rm is determined by the f l o w in 
f r o n t of these in takes . In worst f l o w c o n d i t i o n , two extending sand-
s p i t on the opposi te side of the intakes can be formed ( F i g . 3 ) . A 
smooth-going funnel w i t h wider outs ide and narrow ins ide is formed when 
the f l o w is smooth; (2) The depth of the funnel depends on the opera
t i o n of those in takes . For example, when the ins ide intakes No. 4 - 6 
are put i n t o o p e r a t i o n , a deep thalweg would occur in f r o n t of a l l i n 
takes, but when the outs ide intakes NO. l -No.3 . are in o p e r a t i o n , the 
d e p o s i t i o n would happen in f r o n t of intakes No. 4 - No.6; (3) The side 
slope of the funne l is 0 .3 -0 .4 tha t is s i m i l a r to the under water res-
pose angle of the ma t e r i a l used in the model; and (4) The l o n g i t u d i n a l 
p r o f i l e along main cu r r en t is not in c o n t i n u i t y . The bed e l e v a t i o n 
g r a d u a l l y drops f rom the entrance of the bend w i t h a slope of 0.015 -
0. 03. The bed in f r o n t of intakes is in undu la t ion w i t h the lowest 
e l e v a t i o n f o r those ope ra t ing in takes . 

4 . Condi t ions of normal opera t ion of intakes 
In the f u n n e l , there is a small funnel closed to the lower i n t a 

kes. When the intakes are in o p e r a t i o n , whether the small funne l s can 
be mainta ined is the bey p o i n t f o r the normal ope ra t ion of the in t akes . 
As mentioned above, the submerged sand bar or sandspi t may occur and 
threa ten the ope ra t ion of the in t akes . So, under the c o n d i t i o n of 
l a t e r a l d i v e r s i o n , i t is most important to ma in ta in a b e t t e r f l o o d 
c o n d i t i o n w i t h a s i ng l e c i r c u l a t i n g f l o w and a high v e l o c i t y area 
closed to the in t akes . 

Conclos ions 

The high concentra ted f l o w in the Yellow River is a t u r b u l e n t 
f l o w . The s i m i l a r i t i e s of o r d i n a r y sediment laden f l o w can be used 
to the high concentra ted f l o w . The s i m i l a r i t i e s have been app l i ed 
to the model of a l a t e r a l d i v e r s i o n a l power s t a t i o n on the Yellow 
River and a l o t of phenomena tha t are q u i t e d i f f e r e n t f rom the f r o n t a l 
d i v e r s i o n has been found: The f l o w pa t t e rn in f r o n t of the intakes 
depends on the l ayou t of the in takes ; A funnel can be formed and i t s 
topography is determined by f l o w c o n d i t i o n . The v e r t i c a l d i s t r i b u 
t ions of both the v e l o c i t y and sediment concen t ra t ion are u n i f o r m and 
do not f o l l o w the general laws of v e l o c i t y and sediment concen t r a t ion 
d i s t r i b u t i o n s ; To keep a good f l o w c o n d i t i o n in f r o n t of the intakes 
is most s i g n i f i c a n t f o r the normal ope ra t ion of the in takes : 
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The e f f e c t of f l o w d i r e c t i o n on bends metering s l u r r y f l o w s has 
been considered. The e x i s t i n g models [ 2 , 5 , 5 , 7 ] based on a n a l y t i c a l 
cons idera t ions and dimensional homogeneity r e l a t e d to v e r t i c a l l y upward 
and h o r i z o n t a l sediment laden f l o w s through bends have been v a l i d a t e d 
f o r v e r t i c a l l y downward f l o w . Ana lys i s o f the experimental data r e l a t e d 
t o s l u r r y f l o w s through bends has been c a r r i e d out and the bend meter 
discharge c o e f f i c i e n t p r e d i c t o r s proposed f o r the d i f f e r e n t f l o w 
d i r e c t i o n s ( h o r i z o n t a l , v e r t i c a l l y upward and v e r t i c a l l y downward). 

Meter ing of S l u r r y Flow by Bends 
Modern e l e c t r o n i c equipment l i k e u l t r a s o n i c f l o w m e t e r s , Laser 

doppler v e l o c i t y meters, nuclear dens i t y gauges, magnetic f l o w meters 
e t c . have been considered f o r measuring sediment laden f l o w s but o f t e n 
t h i s equipment i s expensive and is s t i l l in the development stage [ 2 ] . 

Of f the convent ional f l o w r a t e meters l i k e ventur imeters and 
o r i f i c e m e t e r s , the bend meter not on ly being the s imples t ; has the 
advantage of o f f e r i n g leas t o b s t r u c t i o n to s l u r r y f l o w being metered by 
i t . Meter ing o f s l u r r y f l o w s by bends thence assumes s i g n i f i c a n c e and a 
problem worth i n v e s t i g a t i o n . 

Meter ing o f f l o w s 
For c l ea r water f l o w the discharge equation of a bendmeter may be 

w r i t t e n in the standard form as 

Q = C Q A / ^ (1) 

where, Q is the d ischarge , A(TrD^/4) being the cross s e c t i o n a l area of 
the p ipe , D the d ia o f the pipe and h^ the pressure d i f f e r e n c e across 
the bendmeter. 

For two phase f l o w s , s tud ies r e l a t e d to metering by bendmeters are 
l i m i t e d [ 1 , 2 , 5 , 6 , 8 ] . 

Previous Studies 
Brook [ 1 ] i n 1962 performed experiments using a r e c i r c u l a t o r y f l o w 

system, on a 90° bend. To e l i m i n a t e any pressure d i f f e r e n c e due to 
mix tu re r e l a t i v e d e n s i t y , the pressure taps a t the same he igh t were 
used. The f l o w d i r e c t i o n was v e r t i c a l l y upward. The s o l i d s used were 
bakel i te(0.635-0.9525cm,0.9525-1.27cm) and basalt(0.635-0.9525cm) of 
r e l a t i v e d e n s i t y 1.35 and 2.82 r e s p e c t i v e l y . The c a r r i e r medium was 
water . 

Brook observed t h a t the bend c o e f f i c i e n t was not a f f e c t e d by the 
s p e c i f i c g r a v i t y o f the m i x t u r e . The value o f the meter c o e f f i c i e n t was 
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more or less constant and close to the c l ea r water values ; the manometer 
readings being expressed in metres o f water . The study not s p e c i f y i n g 
the f l o w regime, l i m i t s i t s p r a c t i c a l a p p l i c a t i o n . 

Kapoor [ 2 ] in 1980 performed experiments on a 90°bend using a 
r e c i r c u l a t o r y f l o w system. The pressure taps were f i x e d a t the same 
height and the f l o w d i r e c t i o n was v e r t i c a l l y upwards. Sand (120-150ym, 
IBO-lSOpm, 180-212^^1) and coal (300-355um) o f r e l a t i v e d e n s i t y 2.65 and 
2.046 r e s p e c t i v e l y , c o n s t i t u t e d the sediment and the c a r r i e r medium was 
wate r .Cons ider ing the f l o w t o be i r r o t a t i o n a l , a t h e o r e t i c a l model was 
proposed as f o l l o w s 

C / C Q = l / / ( p ^ - l ) X + 1 (2) 

w i t h C and Coas bendmeter discharge c o e f f i c i e n t s f o r two phase f l o w and 
c lea r water f l o w r e s p e c t i v e l y , as the r a t i o o f the mass dens i t y of 
s o l i d s t o the mass d e n s i t y o f the c a r r i e r medium, and X the absolute 
vo lume t r i c concen t r a t ion o f sediment. 

This model was found to be i n poor agreement w i t h the exper imental 
data o f h i s s tudy. As an a l t e r n a t i v e t o p r e d i c t bendmeter discharge 
c o e f f i c i e n t f o r sediment laden f l o w s Kapoor [ 2 ] proposed the f o l l o w i n g 
r e l a t i o n s h i p based on dimensional homogeneity: 

C / C Q = f (cod/v,X) (3) 

where o) i s the f a l l v e l o c i t y o f sediment i n c l ea r f l u i d , v i s the 
k inemat ic v i s c o s i t y o f f l u i d and d is the mean p a r t i c l e diameter . The 
model was w e l l supported by h i s exper imental data and enables the bend 
discharge c o e f f i c i e n t to be p red i c t ed w i t h an accuracy o f +_0.5% 

Consider ing the f l o w to be r o t a t i o n a l , the model 

C/C = ' ^ (4) 

^ ( l / n ) ( l / r ^ " - l / r ^ " ) [ ( P ^ - l ) X + l ] 

where r̂^ and are the two r a d i i o f the bend and n a constant g rea te r 
than 1, was proposed by Sharma [ 4 ] . 

Kansal [ 5 ] extended the work o f Kapoor over a wider range of 
p e r t i n e n t v a r i a b l e s . The exper imental data of h is s tudy r e l a t e d to 
v e r t i c a l l y upward sediment laden f l o w through bends; ( s u r k h i (75-150ym) 
of r e l a t i v e d e n s i t y 2.54 being the sediment and water the c a r r e r medium) 
ab ly supported Kapoor's model based on dimensional homogeneity; however 
Kapoor's a n a l y t i c a l model was i n poor agreement here in a l s o . 

Ana lys i s o f the exper imental data r e l a t e d to h o r i z o n t a l sediment 
laden f l o w s through bends [The sediment being Surkhi (75-150Un) of 
r e l a t i v e d e n s i t y 2.54 and water the c a r r i e r medium] enabled Garg [ 6 ] t o 
conclude t h a t Kapoor's model based on dimensional homogeneity was 
s u i t a b l e towards p r e d i c t i o n o f the meter c o e f f i c i e n t f o r h o r i z o n t a l 
s l u r r y f l o w s a l s o . He m o d i f i e d Sharma's model de f ined above by Eqn.4 and 
proposed ' n ' values as a f u n c t i o n o f X and wd/v; however t h i s model d i d 
not show s i g n i f i c a n t improvement and promise o f a p p l i c a t i o n . A p r e d i c t o r 
o f the fo rm [ 7 ] : 

- 1 4 B . 2 0 -



C/% l o g [ ( c c d / v f .>P] (5) 

was proposed by him. This p r e d i c t o r was found to be in f a i r agreement 
w i t h data r e l a t e d t o var ious s tudies p e r t a i n i n g to h o r i z o n t a l and 
v e r t i c a l l y upward f l o w s . Values o f A and B were found t o be a f u n c t i o n 
o f the f l o w d i r e c t i o n (Table 1) 

TABLE - 1 

Flow D i r e c t i o n C o e f f i c i e n t A C o e f f i c i e n t B 

H o r i z o n t a l 1 2.0 
V e r t i c a l l y upward 1 o.5 

Present Study 

O b j e c t i v e : I t was proposed to study the e f f e c t o f v e r t i c a l l y downward 
s l u r r y f l o w s on bends. The aim being t o study the e f f e c t o f f l o w 
d i r e c t i o n in t o t a l i t y on bends meter ing s l u r r y f l o w s . The e x i s t i n g 
models f i n d i n g favour towards p r e d i c i o n o f the meter c o e f f i c i e n t f o r 
h o r i z o n t a l and v e r t i c a l l y upward f l o w s need t o be v e r i f i e d f o r 
v e r t i c a l l y downward f l o w s . I t would be an u topia achieved i f a u n i v e r s a l 
model could be proposed towards p r e d i c t i o n of the discharge c o e f f i c i e n t 
f o r bends meter ing s l u r r y f l o w s f o r any f l o w d i r e c t i o n in any plane over 
a wide range of p e r t i n e n t v a r i a b l e s . 

Experimental Study [ 5 , 7 , 8 ] 
The exper imental s tudy was 

system, the d e t a i l s o f the system 
up a t F i g . 1 . 

Fig. l 

c a r r i e d out in a r e c i r c u l a t o r y f l o w 
and the exper imenta t ion can be picked 

Exper imental set up fea tures 
1 . R e c i r c u l a t i n g tank 2 . Discharge measuring 

tank 

3. Transparent Sect ion 4 . Regu la t ing va lve 

5. C e n t r i f u g a l pump 6 . Bend meter 

7, D ive rs ion va lves 

Experimental D e t a i l s : ( i ) Surkhi (75-90un, 90-125um, 125-150wti) o f 
r e l a t i v e dens i t y 2.54 c o n s t i t u t e d the sediment, ( i i ) C a r r i e r medium was 
water , ( i i i ) Tappings were a t the same height [ 1 ] . ( i v ) Volumetr ic 
measurement o f sediment using a v i s u a l sand accumulator [ 2 , 5 , 6 ] . (v) 
Maximum e r r o r in the discharge measurement was VL 

V e r i f i c a t i o n o f Kapoor's Model based on Dimensional Homogeneity 
Equation 3 given by C / C Q = f ( w d / v , X ) 
represents Kapoor's model based on dimensional homogeneity. Taking the 
value o f CQ as 0.826, F i g . 2 i l l u s t r a t e s the v a r i a t i o n o f C/CQ w i t h ojd/v 
& X. I t can be seen he re in t h a t C / C Q increases w i t h increase in 'X f o r a 
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given wd/v. Also C / C Q increases w i t h increase in wd/v f o r a given X . By 
i n t r o d u c i n g an e m p i r i c a l c o e f f i c i e n t »F, i t has been poss ib le t o b r i n g 
a l l the data on a p l o t o f ^ F C / C ^ Vs X ( F i g . 4 ) . f decreases w i t h increase 
inood/vas shown i n F i g . 3 . The o v e r a l l s ca t t e r of the data f rom the mean 
curve drawn in F i g . 4 i s indeed very small the c o e f f i c i e n t o f c o r r e l a t i o n 
being 0.9998. 

F ig s . 2 ,3 ,4 i l l u s t r a t e s t h a t Kapoor's model based on dimensional 
homogeneity [ 2 ] f o r sediment laden f l o w s through bends f o r h o r i z o n t a l 
and v e r t i c a l l y upward f l o w s holds good f o r v e r t i c a l l y downward f l o w s 
t o o . 

Kapoor's model based on a n a l y t i c a l cons idera t ions [ 2 ] Sharma's 
model [ 4 ] and Sharma's m o d i f i e d model [ 4 ] were found t o be i n poor 
agreement w i t h the exper imenta l data r e l a t e d t o v e r t i c a l l y downward 
sediment laden f l o w s a l s o . 

t . l O O r 

d / v 
SURKHI SIZE NOTATION 

7 5 - 9 0 jxm A 

so-iZSAitn O 

1 2 5 - I S O Mm a 

0 01J cy.i cc;4 
i n 

F i g . 2 V a r i a t i o n of C/C^ „^^^^ ^ and u,d/v 

' .110 

i.ic: 

O.S 5 0 

0,410 

0 970 
c 8 1=: 
tad/v — 

F ig .3 Co r rec t i on Y as a f u n c t i o n of u d / v 

1-100 

1.0«0 

i.oso 

1.000 
c 

^1.030 

1 000 • Oik • 0 0 1 .0|i • 010 "0 U 

F ig .4 Re la t i on fo r 4*0/0 fo r v e r t i c a l l y 
O 

downward f lows 

F ig .5 V a r i a t i o n of C/C^ w i t h log(ud/v .X°*^^ ) 

fo r v e r t i c a l l y downward f lows 

Model C / C , log [ ( a 3 d / v ) ^ ( X ) ^ ] 

On examination i t was observed t h a t the model C /CQ= l o g [ ( w d / v ) ^ ( X ) ^ 
ab ly supported the data r e l a t e d to t h i s s tudy; F i g . 5 i l l u s t r a t e s the 
same. Values o f A and B were found to be 1 and 0.25 r e s p e c t i v e l y . 
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Generalised Models 
To take i n t o cons ide r a t i on the e f f e c t of f l o w d i r e c t i o n in t o t a l i t y 

on bends metering s l u r r y f l o w s , the placement o f bends has been 
considred i n : ( i ) h o r i z o n t a l plane ( i i ) v e r t i c a l plane. 

For the h o r i z o n t a l plane no change i s envisaged f o r want of g r a v i t y 
e f f e c t over the range of exper imenta t ion performed. The ana lys i s of the 
concerned a v a i l a b l e data ind ica t e s t ha t model 

C/Co = l o g [ ( w d / v ) ^ ( X ) ^ ] w i t h A=sin^e, B = 2 s i n ' 0 

wfiere 9 is the angle o f the bend in h o r i z o n t a l p lane ,holds good ( F i g . 6 ) . 
The data r e l a t e d t o bends metering v e r t i c a l s l u r r y f lows was 

examined and a genera l i sed model was envisaged f o r A = sin^eand 
B=0.375sin%+0.125sine, where 9 is the angle o f the bend in a v e r t i c a l 
p lane; as can be seen a t F i g . 7 & 8; however, i t needs to be v a l i d a t e d 
expe r imen ta l l y f o r var ious f l o w angles in h o r i z o n t a l and v e r t i c a l planes 
and f o r a l a rger range o f data . 

NOTATION 

SURKHI 7 S - I 0 W I I I 0 

S U R K H I 9 0 - U 5 . u m 

S U R K H I 1 J S - I S 0 / U m • 
SiHO U O - I S D / i m • SAND 1 9 0 - 1 ( 0 .um 

SANO 190-212 .um • 
COAL S 0 0 - 3 S 5 . u m 

i « w h 

V009H-

14)06 h 

1.004h 

i w a 

vooo 
-«.00 

9 = 270° 
A = 1 
B = 0.25 

M J r 

-S.OO 

9 = 90° 
A = 1 
B = 0.5 

-4.00 -1-00 -;o« -140 

L o g [ ( U d / V ).X 1 Log( ( tOd / V)-X ] 

t l n U I L. 

F i g . 6 Ho r i zon ta l f low 

A = s i n ' e , B=2sin 'e 

F i g . 7 V e r t i c a l l y downward 
f low 

-V* -V» -VI -••» ' 

Log[( cod/ V)^X^] 
F i g . 8 V e r t i c a l l y upward 

f low 

A = s i n ' e . B=0.375sin 'e + 0 .125s ine 

V e r i f i c a t i o n of model C/C^= logiCojdA) )-X 3 

The e f f e c t o f f l o w d i r e c t i o n on bends has been examined and can be 
surmised as: 

C / C Q ( v e r t i c a l downward f l o w s ) > 
C / C Q ( v e r t i c a l upward f l o w s ) > C / C Q ( H o r i z o n t a l f l o w ) 

being v a l i d over the range of the p e r t i n e n t va r i ab l e s s t u d i e d . 
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s t a t i s t i c a l Ana lys i s o f the models 
This exerc ise was c a r r i e d out t o e s t a b l i s h the s u i t a b i l i t y o f the 

var ious models towards the p r e d i c t i o n o f the discharge c o e f f i c i e n t f o r 
v e r t i c a l l y downward sediment laden f l o w through bends. 

TABLE 2 

Model S t a t i s t i c a l c o r r e l a t i o n 

Kapoor's Model based on dimensional homogere i ty[2] 0.9726 
P r e d i c t o r Model f o r V e r t i c a l l y downward f l o w [ 8 ] 0.9998 

Conclusions 
1. Kapoor's t h e o r e t i c a l model [ 2 ] , Sharma's model [ 4 ] and Sharma's 
m o d i f i e d model [ 4 ] have not been ab ly supported by the exper imental data 
r e l a t e d t o the sediment laden f l o w s through bends in var ious d i r e c t i o n s . 
2. Kapoor's model based on dimensional homogeneity [ 2 ] along w i t h the 
model C / C Q = l o g [ ( w d / v ) ^ (X)^ ] shows high s t a t i s t i c a l c o r r e l a t i o n and can 
p r e d i c t the bend c o e f f i c i e n t f a i r l y a ccu ra t e ly w i t h i n the range o f 
exper imenta t ion performed. 
3. C/CQ values f o r h o r i z o n t a l sediment laden f l o w s have been found to 
be less than C / C Q values f o r v e r t i c a l l y upward f l o w s through bends; 
which i n t u r n were h ighes t i n case o f v e r t i c a l l y downward f l o w s . 
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Abstract 

Experiments of reservoir sedimentation and sluicing were performed in a laboratory flume. 
Upon creation of a reservoir backwater in tiie flume, a depositional delta formed at the upstream 
entrance to the flume and progressed in the downstream direction. The topset slope during delta 
migration was observed to be very nearly equal to tiie original channel slope. When tiie delta had 
progressed to its equilibrium position near the simulated dam, the simulated reservoir was drained 
using sluice gates, which produced upstream progressing degradation until the original equilibrium 
conditions were recovered. Mathematical modeling and scaling considerations show that the flume 
was much shorter tiian tiie actual length required to fully accomodate the backwater profile; tiiis 
accounted for tiie steeper tiian expected topset slope during delta migration and tiie faster than 
expected delta migration rate. Informational feedback between physical and mathematical models 
in this case produced a rational representation of reservoir sedimentation and sluicing. 

Introduction 

Sedimentation in reservoirs decreases storage capacity and reduces tiie useful life of 
constructed projects. Because the number of new reservoir sites is decreasing, it is important to 
preserve existing reservoir capacity. The purpose of the research project reported herein was to 
investigate the basic nature of sedimentation in reservoirs and to examine sediment sluicing as one 
possible means of restoring reservoir capacity. The research was conducted using a laboratory 
flume and a mathematical computer model. The purposes of this paper are to discuss what was 
learned by observing the experiments of sedimentation and sluicing and to discuss the limitations 
of modeling reservoir sedimentation and sluicing in a laboratory environment as revealed by 
mathematical modeling and scale considerations. 

Experimental Program 

Reservoir sedimentation and sluicing were simulated in two stages in a laboratory flume 
at St. Anthony Falls Hydraulic Laboratory at the University of Minnesota. The flume in the first 
stage was 12.2 meters long, 38 centimeters high, and 15 centimeters wide. The flume was fitted 
with a single sluice gate about nine meters from the entrance tiiat extended the full width of the 
flume. The flume was modified for the second stage by adding a two-meter long diverging section 
at the end of the original flume. The single sluice gate was replaced by three 15 centimeter-wide 
sluice gates at a location about one meter into tiie diverging portion of tiie addition (Figure 1). 
Each of the tiiree sluice gates was operated independently and manually. 

Quasi-uniform, non-cohesive crushed walnut shells (median diameter 0.67 millimeters, 
gradation coefficient 1.3, specific gravity 1.35) were used as the model sediment. Crushed walnut 
shells have been u s ^ successfully elsewhere in mobile-bed models (Parker, Martinez, and Hills, 
1982, and Vries, Hartman, and Amorocho, 1980). 
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Figure 1. Experimental facility (not to scale) 

Water and sediment enters the flume at predetermined and set rates. The ranges of flow 
rate and sediment feed rates varied from 1.5 to 4.25 liters per second and from 50 to 570 grams 
per minute, respectively. Sediment transport similarity based on Shields stress was satisfied for 
the experiments (Parker, Martinez, and Hills, 1982). Each experiment was initially run with the 
sluice gate(s) open until open channel equilibrium conditions were achieved. Then the sluice 
gate(s) were lowered a predetermined amount to simulate a dam. Measurements were taken to 
describe the ensuing hydraulic and sediment characteristics of flow. Once equilibrium was once 
again established, the sluice gate(s) were either raised to simulate sluicing or lowered again to 
increase sedimentation. 

In order to limit the investigation to the basic process of reservoir sedimentation, only 
bedload-dominated transport was simulated. The use of the quasi-uniform, non-cohesive sediment 
eliminated longitudinal sorting, armoring and consolidation effects. A narrow facility reduced 
three-dimensional effects of bedforms and non-uniform sediment deposition and erosion. Steady 
input of water and sediment eliminated the unsteady effects of daily or seasonal hydrographs. 

Understanding of Processes 

Aggradation. Upon lowering the sluice gate a significant amount, the water surface in 
front of the dam quickly rose to a new equilibrium elevation sufficient to pass the flow through 
the more restricted sluice gate opening. The backwater influence quickly extended to the flume 
entrance. Any further adjustment in water level was in response to changes in bed levels. 
Sediment transport ceased throughout the flume as bedforms were "frozen" in place and sediment 
in suspension dropped out. Sediment accumulated at the upstream end of the flume. Due to the 
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increased depth and decreased velocity, die sediment deposited until the flow depth decreased 
sufficiently to produce adequate velocity for transport. A delta thus formed at the flume entrance 
and moved downstream. TTie sediment was transported across the lip of the advancing delta and 
fell onto the foreset slope under the influence of gravity. The foreset slope attained the submerged 
angle of repose, and the delta moved downstream into the flume as the sediment continued to be 
transported across the lip to the foreset slope (Figure 2). The channel slope upstream of the delta 
appeared to be equal to the slope before the sluice gate setting was chang^, even in the diverging 
region of the flume upstream from the dam. 

Sediment Input Note: numbers represent successive bed profiles 

Figure 2. Successive delta locations after lowering sluice gate 

In the experiments with an expanding region upstream from the dam, the delta entered the 
flared region, and the sediment spilling down the foreset slope spread laterally to fill the width 
of the flume. The delta then continued downstream. The delta eventually stopped progressing 
downstream as it approached tiie sluice gates, and tiie incoming sediment was transported down 
tiie foreset slope and passed under tiie sluice gates. 

This description agrees with Garde and Ranga Raju's 1985 tiiought experiment of 
reservoir sedimentation in that the bed rose as much as the water surface and all sediment passed 
under the sluice gate (over the dam in their case). The process also agrees witii experimental 
observations of Chee and Sweetman (1971), especially as they describe a mound of sediment 
forming at the inlet to the reservoir. The observed formation of two distinct reaches, one 
upstream and the other downstream of the delta, agree exactly with the experimental observations 
of Bhamidipaty and Shen (1971), including tiieir description of tiie foreset slope attaining the 
submerged angle of repose. Observations seem to confirm Sugio's experimental results in that 
tiie aggrading profile can be considered to be almost in equilibrium as the sediment front advances 
(1972). That the equilibrium bed slope after lowering tiie sluice gate is tiie same as before agrees 
with the observations of tiie scale model of Chitale, Galgali, and Appulfuttan (1975). 

The basic sedimentation process shows 1) a delta formation at the entrance of the flume 
that moves downstream with time and 2) very little sediment transport downstream of tiie delta 
toe. The delta thus represents a shock in tiiat sediment transport is reduced to zero over the very 
short horizontal distance from the delta lip to the delta toe. The observation that tiie topset slope 
upstream from the delta lip is about at the original channel slope as the delta progresses 
downstream is in disagreement with field observations. Borland (1971) collected data which 
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shows the topset slope is usually from between one-half to two-thirds the original channel slope. 

Degradation. Upon raising the sluice gate after a delta had reached equilibrium, the 
headwater surface elevation dropped rapidly in response to the increase in flow area beneath the 
sluice gate. A negative surface wave proceeded upstream and was followed more slowly by 
upstream progressing degradation of the channel bed. Sediment transport rate increased 
throughout the flume, and plane-bed conditions prevailed for some time. Eventually bedforms 
appeared at the upstream end of the flume and proceeded downsfream, and a new equilibrium 
profile was established. The bed recovered the same slope as before, and the height of the delta 
was decreased and was located nearer to the sluice gate than before. Uniform scour was observed 
across the flume width, even in the expanding region. While there is littie field data with which 
to compare the experiments, tiie expected process of upstream progressing degradation was 
observed in all runs. 

Limitations Based on Scale Considerations 

A one-dimensional, uncoupled steady flow sediment fransport model was developed to 
simulate the sedimentation and sluicing process (Hotchkiss, 1989). A special shock-fitting 
procedure was included to track tiie evolution and development of the delta. The use of tiie 
mathematical model revealed how the laboratory scale influenced tiie aggradation and sluicing 
process. 

Aggradation. The computed lengths of the backwater profiles resulting from lowering the 
experimental sluice gate(s) tiie prescribed amounts were ten times longer tiian the experimental 
flume. This means that the upstream boundary in the laboratory experiments was located 
relatively close to the simulated dam. This explains why a delta formed immediately in tiie flume 
entrance and why the topset slope upstream of the moving delta was very close to the slope of the 
original channel. Had the laboratory simulations been done in a flume ten times longer, topset 
slopes would have been flatter. Figures 3 and 4 show tiie differences in sediment fransport rate 

Using 12-m 
b a c k w a t e r 

3 . 0 1 

2 . 5 ^ 

2 . 0 
S e d . t r a n s . , 

m3 /s X lO'^e • ' • 5 

1 .0 4 

0 . 5 ^ 

0 T — ' 1 I I 

0 2 4 6 8 1 0 1 2 

Meters u p s t r e a m from s l u i c e g a t e s 

Figure 3. Computed sediment transport rates for 
12-meter-long and 120-meter-long backwater reaches 
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Figure 4. Computed bed profiles when the delta is about three meters upstream 
of the sluice gates for the 12-meter-long and 120-meter-long backwater reaches 

and topset slope as influenced by the short experimental facility. Each figure shows die difference 
in the independent variable as a function of backwater length. The topset slope of the computer 
simulation in Figure 4 using the full backwater profile is about 76 percent, much closer the field 
observations than the near 100 percent in the experiments. Not shown is the computed result that 
delta propagation speed in the flume was much faster than prototype expectations, again influenced 
by the closeness of the sediment source to the simulated dam. 

Degradation. The sluice gate(s) for most of the experimental runs were opened completely 
and suddenly, resulting in unsteady transients and reflected water waves upstream and downstream 
in the flume. Scale considerations produce a more reasonable gate opening rate, which was 
subsequently used in the computer program and in the experiments. Computed and observed 
results then agreed well. Assuming Froude number similarity and an undistorted scale of 1:100, 
the time scale for simulation is 1:10. Assuming a relatively fast prototype drawdown of one 
month, the model drawdown should be about three days. Sluicing experiments were repeated 
using a model drawdown rate of three millimeters every 20 minutes, which restored the original 
open channel conditions in about 12 hours. Subcriticai flow was maintained throughout the flume 
for the entire sluicing simulation. 

Laboratory simulations of reservoir sedimentation and sluicing showed the essential 
features of each process. Sedimentation produced deltas, which essentially constitute a shock front 
that grows downstream. Sluicing with the proper time scale produced orderly upstream 
progressing degradation. Because the experimental facility was too short, deltas move 
downstream too rapidly with topset slopes that are too steep. Sluicing in the laboratory model 
must be done very carefully to avoid extremely unsteady features not observed in the field. Even 
with these limitations, laboratory modeling, coupled with mathematical modeling of the same 
processes, reveals important facts that can be used when designing new projects or rehabilitating 
existing ones. 

Summary 
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VARIED DIAMETER SCALE METHOD IN MOVABLE BED MODEL DESIGN 

Lo Fuan* Xu Yongnian** 

ABSTRACT 

The movement behavior of coarse and f i n e sand in the f l o w is 
d i f f e r e n t from each o the r . In model design, f t would be very d i f 
f i c u l t to s a t i s f y the s i m i l a r i t y of movement of every g r a in size i f 
on ly one g ra in diameter scale were to be adopted. The i r r a t i o n a l 
d i s c o n t i n u i t y or f a u l t of the g ra in composit ion curve would be ap
peared when the g r a in diameter scale were to be chosen according to 
f l o w r e g i o n . As a t r i a l of p r a c t i c e , the va r i ed diameter scale method 
was used to avoid the above mentioned d e f e c t . 

BASIC PRINCIPLE 

In the movable bed model w i t h bed load the th re sho ld s i m i l a r i t y of 
sediment should be considered p r i n c i p a l l y besides the s i m i l a r i t y of 
f l o w . As the e x i s t of the loca l complex s p i r a l and t u r b u l e n t f l o w in 
the channal of some cases, the chance of suspension of the sediment 
near the bed would s t i l l be f r e q u e n t , many designers considered tha t 
the s i m i l a r i t y of s e t t l i n g v e l o c i t y should be taken i n t o account where 
the loca l f l o w p a t t e r n is complex, so as to ensure the achievement of 
the s i m i l a r i t y of scour ing and depos i t i on of the r i v e r bed f o r g r a v e l , 
coarse and f i n e sand s imul taneous ly . 

By the theorem of the th resho ld of sediment, i t is known tha t the 
movement behavior of the coarse and f i n e sand is d i f f e r e n t f rom each 
o the r , the movement of the gravel and coarse sand is mainly governed by 
g r a v i t y , w h i l e the movement of the f i n e sand is a f f e c t e d by laminar 
boundary layer of the f l o w besides the g r a v i t y . Since 1950s, the me
chanism of the movement of the f i n e sand has been f u r t h e r revealed by 
Chinese schol ares, they considered tha t the cohesion among the par
t i c l e s of f i n e sand is the governing cause of the th re sho ld movement 
of the f i n e sand. 

By the research of Shields and o the r s , the th resho ld drag fo r ce 
can be expressed by the f o l l o w i n g formula and F igu re . 1. 

i n which , T<=-f —^ the th resho ld drag fo r ce of sediment, û ^ the 
th re sho ld f r i c t i o n v e l o c i t y , f dens i ty of water , d — diameter of 
sediment,)^,y u n i t weight of sediment and water , \i{ comprehensive 
c o e f f i c i e n t of th resho ld of the sediment. From the f i g u r e , i t is 
shown: 

As - % ^ > 5 0 0 , or d > 6 . 4 mm, in coarse region v:̂  approaches to a 
cons tan t , 0 .06, or 0.04 according to M.C. M i l l e r , the th resho ld of 

* Senior Engineer, ** Engineer, I n s t i t u t e of Water conservancy and 
H y d r o e l e c t r i c Power Research, B e i j i n g , China 
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sediment is independent w i t h the g r a i n Reynolds number, but in re la 
t ions w i t h the f l o w c o n d i t i o n (V, h) and sediment p rope r t i e s {y^ , d) 

A s ^ ^ < 5 0 0 , or d<6.4 mm, in the t r a n s i t i o n region and smooth 
r e g i o n , vV is the f u n c t i o n of g r a i n Reynolds number, = i ( " ^ ^ l . 
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(1) Sh ie lds , (2) M. C. M i l l e r 

V 

r e l a t i o n 

the t h re sho ld of sediment would be a f f e c t e d by the laminar boundary 
l ayer of the f l o w , and va r i es w i t h the v a r i a t i o n of the g r i a n Reynolds' 
number. 

The above expression can be t ransformed in to the form of t h r e sho ld 
v e l o c i t y . 

r 

in which , \Jc—threshold v e l o c i t y , A — a constant r e l a t e d w i t h 
Chezys'' c o e f f i c i e n t , h water depth. 

By the researches of Zhang R e i j i n , Dou Guoren and o t h e r s , the 
th resho ld v e l o c i t y of coarse and f i n e sand can be u n i f i e d i n t o one 
f o r m u l a , which includes the e f f e c t s of both the g r a v i t y and cohesion. 
The achievements of t h i s k ind of research can be seen as in Figure 2. 
For example, the Zhang R e i j i n formula is 

in which , d , — reference g r a i n d iamter , taken to be 1 mm, ha the 
he ight of water column of the atmospheric pressure, about 10 m. In the 
square b racke t , the former term denotes the g r a v i t y e f f e c t and the l a 
te r denotes the e f f e c t of cohesion. For water depth is 0.15 m, and 
coarse sand d>2mm, g r a v i t y is the p r i n c i p a l f o r ce and cohesion may be 
neglec ted ; f o r extreme f i n e sand d<0.02 mm, the cohesion is the p r i n 
c i p a l f o r c e , and g r a v i t y may be neglec ted; and f o r d=2 - 0.02 mm in 
t r a n s i t i o n r e g i o n , both forces play in the a c t i o n . 

The sand chosen in the model design should be adapted in accor
dance w i t h the above c o n d i t i o n s , i t is neccessary to choose d i f f e r e n t 
g r a i n diameter scales according to d i f f e r e n t f l o w r e g i o n , and then the 
g r a i n diameter scale of coarse and f i n e sand to be d i f f e r e n t . For 
example, f rom the above Sh ie lds ' t h re sho ld v e l o c i t y f o r m u l a , we have 
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in which , >v .Vj_,Xy,Xr}- r ,X<^^-^^^ ^' '^ s i m i l a r i t y scales Q^\I<.,^ , ^Ti-Y 
d and h r e s p e c t i v e l y . ' F o r the coarse sand, Xvv =cons t . , a f t e r the geo
met r i c scale and the k ind of sand in the model t e s t has been chosen. 

Figure 2. U n i f i e d th re sho ld v e l o c i t y formula 
of coarse and f i n e sand 

the g r a i n diameter scale can be determined. For the f i n e sand, the 
g r a i n diameter scale have to be va r i ed w i t h the v a r i a t i o n of the 
g r a i n diameter in accordance w i t h A ^ * = (î &sL.-) 

In the past f o r f u l f i l the requirement of d i f f e r e n t g r a in diame
t e r , the g r a in diameter scale was determined according to d i f f e r e n t 
f l o w region only , the composit ion curve of model sand would be d i scon-
t ineous or f a u l t e d as shown in Figure 3. I t is i r r a t i o n a l t ha t one 
size of g r a in w i t h two percentages at the po in t of demarcation g r a i n 
diameter of f l o w r eg ion . 

d< m m ) 

Figure 3 The sketch of composit ion curve of the model sand according 
to d i f f e r e n t f l o w region w i t h d i f f e r e n t diameter scale 

The general formula of s e t t l i n g v e l o c i t y of p a r t i c l e s is 
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in which 0^ s e t t l i n g res i s tance c o e f f i c i e n t , a f u n c t i o n of the 
g r a in Reynolds ' number, by the researches of schol ares, in the laminar 
f l o w r e g i o n , R e d < 0 . 5 , d < 0 . 1 mm, CaL=/y', in the t u r b u l e n t f l o w 
r e g i o n . Red?-1000, d > 2 mm, Cj^^const., in the t r a n s i t i o n r e g i o n , Red = 
1000 - 0 .5 , d = 2 - 0 .1 mm, C<i= f 

The corresponding s i m i l a r i t y scales of s e t t l i n g v e l o c i t y of the 
three f l o w regions can be w r i t t e n as f o l l o w s : 

f o r the laminar f l o w r e g i o n , d<0.1 mm, -^u^'-^Yi-f^ • 

f o r the t u r b u l e n t f l o w r eg ion , d>2 mm, Xu)=A ' 'y^j-r'^ 

f o r the t r a n s i t i o n r eg ion , d=2 - 0 .1 mm, Aup= X . ^ f ü J ^ . j X ' ^ ^ ^A"̂  

in whichjAwAri - f /MAt(J^)— the scales of s i m i l a r i t y of t hew .Kj -y , d, 
f ( - 4 r - ) r e s p e c t i v e l y . We had designed the g r a i n scale in accordance 
w i t h var ious f l o w reg ions , the d i s c o n t i n u i t y or f a u l t of the model sand 
composi t ion curve s t i l l e x i s t s , i t is much more prominent e x p e c i a l l y 
in the t r a n s i t i o n r e g i o n , because the continuous v a r i a t i o n was o f t e n 
replaced by average c o n d i t i o n . 

Moreover, in na tu ra l r i v e r , the th resho ld of gravel is in the t u r 
bulen t f l o w r e g i o n , the th resho ld of sand is in the t r a n s i t i o n region 
and the th resho ld of suspended load is in the laminar f l o w region or 
h y d r a u l i c smooth r e g i o n , but the f l o w region of the model sand reduced 
according to the scale are not c e r t a i n l y in the same f l o w region of the 
p r o t o t y p e , even sometimes the l i g h t ma te r i a l was used. The re fo re , to 
compute the p ro to type and model sand w i t h one formula in one region 
sometimes is not reasonable. 

For keeping the c o n t i n u i t y of the composi t ion curve of the model 
sand, to overcome the above mentioned d e f e c t , the v a r i e d diameter 
scale method w i l l be presented in t h i s paper. The p r i n c i p l e of t h i s 
method is very s imple . Due to the s e t t l i n g r e s i s t a n t c o e f f i c i e n t Cd 
and the t h re sho ld comprehensive c o e f f ic l en t v̂ / of the p ro to type (every 
region) and model (every region) sand are d i f f e r e n t f o r each g r a i n 
s i z e , the scale of r e s i s t a n t c o e f f i c i e n t Xca. and the scale of 
th resho ld c o e f f l e n t A v y are also d i f f e r e n t from each g r a i n s i z e , so the 
g ra in diameter scale of the model sand becomes to be a v a r i a b l e and 
va r i es w i t h the v a r i a t i o n of g r a i n diameters . 

DESIGN METHOD OF VARIED DIAMETER SCALE 

This mode! design method is very s imple . On the basis of the 
model geometric scale , k ind of model sand and h y d r a u l i c scale have 
p r e l i m i n a r i l y been chosen, the design can be proceeded, f i r s t l y , to 
compute the t h re sho ld v e l o c i t i e s Vcp and s e t t l i n g v e l o c i t i e s W p of 
var ious gra ins of the pro to type r e s p e c t i v e l y by the formulas of 
th re sho ld v e l o c i t y and s e t t l i n g v e l o c i t y , secondly, to compute the 
th resho ld v e l o c i t y Vcm and s e t t l i n g v e l o c i t y W m of corresponding model 
sand by the t h re sho ld v e l o c i t y seal eXvc^Av and s e t t l i n g v e l o c i t y scale 
X c u s ' ^ X l ' ' ' i ' i n s l ^ y to compute the g r a i n diameter of model sand 
dmvc and dmw corresponding to the Vcm andwm by th resho ld v e l o c i t y 
formula and s e t t l i n g v e l o c i t y fo rmu la . Thus two sets of g r a i n diameter 
scales are obtained , i . e . the th resho ld g ra in diameter seal e^^*/e- liainiVt 

and the s e t t l i n g g r a i n diameter seale Xu;= <^^(ir>.io . I t is shown 
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here: 1. due to the pro to type and model sand are in d i f f e r e n t f l o w 
r e g i o n , the obtained g ra in diameter scale is d i f f e r e n t f o r the two 
reg ions , 2. since there is no close r e l a t i o n between the threshold 
v e l o c i t y formula and s e t t l i n g v e l o c i t y fo rmula , so the two sets of 
g r a in diameter scales obtained are d i f f e r e n t . 

However, only one set of the g r a in diameter scale can be used 
f i n a l l y , so t ha t the g r a in diameter scale should be f u r t h e r m o d i f i e d . 
There are two p r i n c i p l e s of m o d i f i c a t i o n : 1. to take account the s i m i 
l a r i t i e s of the th resho ld and s e t t l i n g v e l o c i t i e s s imul taneous ly , and 
to s a t i s f y the two s i m i l a r i t i e s approximately; 2. f o r the gravel and 
coarse sand, the s i m i l a r i t y of the th resho ld v e l o c i t y should be empha
sized and some d e v i a t i o n of s i m i l a r i t y of s e t t l i n g v e l o c i t y would be 
a l lowed, and f o r the f i n e sand, the cons ide ra t ion of the s i m i l a r i t y of 
s e t t l i n g v e l o c i t y should be emphasized and some d e v i a t i o n of th resho ld 
s i m i l a r i t y would be a l lowed, the readjustment includes r e v i s i n g the 
g r a in diameter scale , geometric scale , and changing the model sand. 
The f i n a l model design f o r sand is to make X'v/t'» X v and X'^ j !»^-^vAh^^_. 

EXAMPLE 

A hydropower s t a t i o n intended to research the sediment p revent ion 
i n s t a l l a t i o n s , and to car ry out model experiments, by the way of model 
s tudy, the problem of prevent ing the gravel and coarse sand from en
t e r i n g the in take of hydropower s t a t i o n should be solved. The bed ma
t e r i a l of the r i v e r is d< ,p= 100 mm, d ^ 18 mm, d,<p 1 mm. 

Due to the complexi ty of the loca l r i v e r f e a t u r e s , on the respect 
of the f l o w movement, i t is r equ i red the model to s a t i s f y the 
s i m i l a r i t i e s of 

g r a v i t y 

res i s tance 

' / r 
A v = A h , 

X^* 

s imul taneous ly . On the respects of sediment movement, the f o l l o w i n g 
s i m i l a r i t i e s should be taken i n t o account. 

Auo - A v A h / X u 

A w = A y j 

defo rma t ion . A t , = X y ^ X ^ X t / x j j , 

t h re sho ld v e l o c i t y , 

s e t t l i n g v e l o c i t y , 

sediment d ischarge , 

time scale of r i v e r bed 

in w h i c h X ^ X j , X j ; , X < : ^ , XiTo scale of roughness, s lop , sediment 
d ischarge , nondimensional Chezys' c o e f f i c i e n t and volume weight of 
depos i t , r e s p e c t i v e l y . 

According to the r i v e r , c o n s t r u c t i o n , and l a b o r a t o r y c o n d i t i o n , 
u n d i s t o r t e d movable bed model wi thAi .=Af ,= 100 was se lec ted , and the 
ground peach-stone gra ins w i t h u n i t weight Vt,= 1.25 T/m was selected 
the model sand. On the basis of prepara tory experiments, checking 
computations of every scale had been c a r r i e d ou t . A f t e r r e v i s i o n and 
adjustment of the g r a i n diameter sca leAct , th resho ld v e l o c i t y scaleXvt 
and s e t t l i n g v e l o c i t y s c a l e A w , the scale of model sand was de ter -
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mined as shown in F igure 4. From the f i g u r e , i t is shown that the 
g r a i n diameter scale is var ied,X'ut ^ i A ^ ,Xw csiî (;̂ > the d e v i a t i o n of the 
th re sho ld v e l o c i t y scale and s e t t l i n g v e l o c i t y s''cale to the exact v e l o 
c i t y scale -Av/= 10 is on ly about 10%, so t ha t the achievement of the 
s i m i l a r i t y of scouring and s i l t i n g of the gravel and coarse and f i n e 
sand could be ensured. By the cond i t i ons s ta ted above, the sediment 
discharge scale can be computed as = 3 2 I , and the time scale of 
r i v e r bed deformat ion can be computed as A^,= 85. 

By the model experiments and ana ly s i s , sediment prevent ion 
i n s t a l l a t i o n s of the p r o j e c t was suggested as shown in f i g u r e 5. The 
p reven t ion e f f i c i e n c y of the i n s t a l l a t i o n are more than 99%, so the 
problem of sediment p reven t ion of t h i s hydropower s t a t i o n has been 
solved s u c c e s s f u l l y . 

prototype sand d ( m m ; 

Figure 4 Model sand scale curves 
300 c m 

Figure 5. The l a y o u t of the sediment p reven t ion i n s t a l l a t i o n s 
of the intake of a hydropower s t a t i o n 

1. o v e r f l o w dam, 2. s l u i c i n g gate , 3. in take gate , 
4 . sand g u i d i n g w e i r , 5. s e t t l i n g tank, 6. s l u i c i n g g a l l e r y 
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