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FREFACE

Without data, no theory can be verified.

Few superiments to investigate sediment transport rates. have
been sxecuted.

Two vears ago, & joint effort of the Delft University of
Technology and the Delft Hydraulics, started an experimental
program. The objective was to improve experiments for
investigation of sediment tramsport rates, and to get
gxperimental data. The program was sdecuted in a laboratory
flume of the Laboratory of Fluid Mechanics, for which the
facilities were present to gernerate irregular waves in
combination with a current. The results were hopeful, and
continuity seemed to be logical.

Last year, we participated in a second esxperimental program.
A simular program was carried out, using sand bed material of
100 mu, instead of 200 mu of the first program.

The present report contains the description of the second
pragram, the results of the experiments, and theilr
comparisons with sediment transport prediction models. We
were also able to compare the results of the first and the
second program. This gave us insight in the influesnce of the
particle sand diameter on the sediment transport rates.

For convenience this report is devided in two parts. Fart A
contains all text and i1llustrative figures, FPart B contains
all tables and figuwes of the experimental data.

We would like to thank:

- the emplovees of the Laboratory of Fluid Mechanics of the
Delft University of Technology for their assistance and
sarvices at all times,

. van der KHaay and MW.C. Nieuwjaar for their advices for
the setup of the sxperimental pIrOgram.
Hee gratefully acknowledge the support of Dr.ir.L 0. van Riing

his guidance during the execution of the experiments, and
advices for interpretation of the experimental results.
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1.INTRODUCTION

Many coastal enginesring problems are related to transports
of sediment. For prediction of coast-lines in the future, the
prediction of the netto sediment transport is essential.
Various models, such as that of Bijker, Nielsen, Engelund %
Hansen, and Ackers % White are available to predict the
sediment transport, by knowledge of wave height and
current~strength. The reliability of these models are
unknown, because data under field conditions are scarce.
Only few relations between sediment transport, current
valocity and wave height are known.

For these reasons a laboratory study was carried out to
extend the knowledge of the basic phenomena in morphological
processes. The study contains experiments in which sediment
concentrations and fluid velocities have been measwed in-
case of irregular non—breaking waves alone, in combination
with following or opposing currents, and in case of current
alone.

The present report contains a description of an experimental
program, as a follow up of experiments by vd.Kaaij and
Misuwiaar in 19846. In this study a particle sand diameter of
DEO = 100 mu  was used for the experiments, v.d.kaaij and
Nisuwiaar used a D50 = 200 mu for their experiments. These
latter experiments will be referred as the "200-mu-study" in
this report. The "200-mu" results will be compared with the
present "100-mu” results. Also results of Bosman (1982 have
heen compared with our measwements.

In chapter 2 the set up of the experiments will be described.
In chapter 4 the methods for estimation the sediment
transports and other parameters of importance will be
described and the experimental results will be discussed.
Chapter 5 discusses sand balance experiments, in which the
sediment transport rates, as described in chapter 4, will be
compared with the erosion rate of the sand bed, under the
same wave and current conditions.

In chapter & the hed roughness will be discussed. Various
models for predicting sediment transport will be described
and discussed in chapter 7. The results of these models will
be compared to experimental results of chapter 4.
Eventually, in chapter 8, we will list a series of
conclusions and recommendations.

To explain the objective of the experiments in this study,
some basic theory of sediment transport processes will be
described in the next chapter.




2. SEDIMENT TRANSFORT COMFUTATION

EDIMENT TRANSFORT BASICS.

411
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A simple method, to obtain sediment tramsport, is to multiply
the sediment concentration distribution over the water depth
with the sediment velocity. The sediment concentration over
the depth 1s caused by stirring up of sediment particles from
the sand bed. The stirring up proces is induced by wave and
current movements in the near bed zone. This phenomena will

be described in more detail in chapter 5 (sand balance
computations) .

By integration over the water depth, the local instantaneous
sedimaent transport can be computed from:

awd e (i, 1)

Sx (w1 =d//"(x,z,t) d UG,z ,ty dz (1.1
9]

with:

Su{u,t) = Local instantaneous sediment transport rate per
unit width Ckg/sm]

o,z )= Local instantansous sediment concentration Lka/m3]

Ul,z,t)= Local instantanesus x-component of the Tluid
velocity Im/ =l

H = Horizontal coordinate Lml

F:d = Height above mean bed level £ml

t = Time f{s]

» = Water surface elevation Lml

A = Water depth [m3

Measuring instantanesous fluid velocity and sediment
concentration is guite difficult. Bosman (1986) investigated
the concentration as a function of time. The concentration
c(z,t) was measured within a wave period, at a fixed point,
about 3 [cml above mean bed level. Fig.lb shows ensemble mean
concentrations based on averaging over 99 periods and
standard deviations. Based on the random scatter of the
concentrations, Bosman concluded that it is not practical to
relate instantaneous concentrations to instantaneous fluid
velocities.

The esxperiments in this study were carried out measuring only
time—~ and bed-averaged concentrations and velocities. This
implies that a part of the total sediment transport is
neglected, as will be shown below.

Defining : c(t,z,t) = €(z) + ¢’ Gi,z,.t) (1.2
DGtz by = O¢) + U™ Gi,z,t) (1.7

withs: ’

2 = Time~ and bed-averaged component of the local

instantaneous concentration.
Fluctuating component of the local instantaneous
concentration.

i
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Lzl = Time—- and bed-averaged component of the local
instantaneous fluid velocity.
U Gtyz,t) = Fluctuating component of the local instantaneous

fluid velocity.

The fluctuating components are caused by:

= arbital fluid movements, induced by the waves, and

- fluctuations in the main flow.

Turbulence and the irregularity of waves will increase this
effect. See fig.la-b.

Substituting egs. (1.2) and (1.7 into eq. (1.1) leads, to
@. (1.4):

NGO I P N STONE o
Su (xR =J/Pc(x,z,t) ¥ U,z b)) dz =

O

a () +n (e, 1) a () +n ()
= /‘E‘m % O(z) dz  + /c’(;~:,z,t) % Ty dz +
] 3
a{xd+n (e, t) a(xd-+n G, )
J//E(z) K oU® Geym ot dz ﬁ//pc’(m,z,t) K U (w2, t) d=
! 0 (1.4

Averaging over time and bed, the total sand transport now, is
defined as:

Stot = S (x,t) (1.5
And substitution of eg. (1.4) into eg. (1.3 vields:
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Utz) d= +d/fc’(xgzgt) W U’(H,35E3 d=

) (&) (1.&)

The final result of eg. (1.6) shows that the total sediment
transport is devided into two parts:
The first part is determined by time~ and bed-averaging. It




represants the transport of sediment by Uiz), as if there is
a steady current. Therefore this part will be called the

current-related sediment transport.

The second part is mainly caused by the orbital movements,
W,z ,t), effected by the irregular waves. Thus, this part
will be called the wave-related sediment transport.

{(In the 200-mu~study the current— and wave-related parts were
called respectively convective and diffusive part.)

Eq. (1.6 is a useful approdimation of sq.(1.1). In practice,
as will be descoribed in chapters 3 and 4, only time- and
hed-averaging concentrations and fluid velocities are
determined. In both the 200-mu and this study this resulted
in a proper estimation of the current-related sediment
transport.

To investigate the relative importance of the wave-related
sediment transport, sand balance experiments were executed,
{see chapter 3.

2.2, LONG-SHORE AND CROSS-SHORE SEDIMENT TRANSFORT

Waves, approaching a coast, will reach the coast under a
amall angle , caused by refraction. The radiation stress,
generated by the waves, under a small angle , and bottom
friction stresses, result in a longshore current (see
Bijker). Tides and waves can also induce a cuwrent
perpendicular to the coast—line. Fig.Z2 shows two
cross-sections, in which two different morphological
proressEs are present.

e el Waves

longshore current

PILLITISEL T PSP PSPPI 777277 P A AL r 777777777

Land

fig.2. Longshore and Cross—shore ssdiment transport.
The sediment transport in cross—section A represents &
longshore sediment transport. This is stirring up of
sediment, by waves and cwrent, transported by a rather
steady longshore current.
Trough cross—section B, a cross-shore sediment transport is
present. In this case, the velocity oscillations U™ (i,z,t),
introduced by orbital movements, do strongly influence the
transport of sediment, during a wave period.

The longshore sediment transport can be represented by the
current-related part of the total sediment transport:




(1.7)
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from eqg. (1.6 rather well, because the fluid velocity does
not depend on time (the longshore current is rather constant
at each point above the mean bed level), and because the
concentration ©(z) is better known than the more precise
cfz.t).

For cross—shore sedimsnt transport, this simplification
(eg.1.46) is not allowed. The paramster U(z,t) as the
parameter c(z,i) do strongly depend on time. In this case,
the wave-related sediment transport plays a much more
important role than in the longshore transport computations.

This study is not carried out for special investigation of a
longshore or cross-shore sediment transport. A more general
purpose is chousen, to obtain Lasic sedimenlt Lransport
phenomena in a practical way. Therefore the experiments were
carried out in & flume, in which cuwrent and waves have the
same oF opposite direction.

In chapter 7, in which several models for sediment transport
prediction will be presented, the aspects of longshore and
crass—shorse transports will be discussed further.

Z.5. OBJECTIVE OF THE EXFERIMENTS

1.

ITdentification of the relations between sediment transport,
wave height and current velocity, and comparison with former
experiments (200-mu-study and Bosman) .

~

ey

Investigation of the relative importance of the
current-related and wave-related sediment transport.

-
-t n

Verification of a number of sediment transport models with
the experimental results of this study, and those of the
200-mu—study.

4,
Investigation of the influence of the median sediment
particle diameter (D30), on sediment transport parameters.




Z. EXFERIMENTAL SET UF

THE FLUME

Sa.1.

Speurwerk-goot",
of the Faculty
of Technology.

All experiments were c-nducted in the "Grote
a flume of the Laboratory of Flulid Mscharics
of Sivil Engineetring of the Del¥t University
This flume is sketched in fig.3.

Its total length of about 45 [ml, a width of 0.8 [m]l and =z
depth of 1.0 Iml, makes it possible to perform experiments
with a 30 [ml bed-length, a 0.12 [nl bed-height and a mean

water depth of 0.5 [md .

The sophisticated wave generator is able to generate
irregular waves, in combination with a following or ocpposing
current.

The flume consists of various sections:

- Wave-generator section.

and outflow section.

Test section.

- Section with wave damping slope structure.
— In— and outflow section.

- In—-
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——> flow direction in case of following current
—> flow direction in case of opposing current

fig.3

Sketch of the flume.

}vertical scale 1:50
«rhorizontal scale 1:200
dimensions in meter




. WAVE GENERATION

The irregular waves are generated by the irreqular movements
of the wave paddle, driven by an electronical signal. The
signal has come from a noise generator and a filter uwnit. The
noise generator produces a white noise; by adjusting the
filters it is possible to create a spectrum, which is sent to
the electronic equipment of the wave paddle.

The filter unit consists of separated low and high freqguency
passage filters and an amplifier. By adjusting the period and
damping factor of the filters, a desired single topped
spectrum with a peak frequency of 0,4 [H:l was achieved.
These adjustments were kept constant during all the
edperiments. To obtain a certain significant wave height, the
amplifier was manipulated.

B. and E. CURRENT GENERATION

The B and E sections are necessary for current generation.
Following current is generated by opening both gate valves 1,
while both gate valves 2 are closed. By manipulating gate
valve 1 for inflow and measuring the Rehbock weir, the
desired discharge can be obtained. A permanent overflow weir,
situated just before section E is used to achieve the desired
water depth of 0,5 [md, by adiusting the height of this weir.
To generate an opposing current, gate valves 1 have to be
closed and gate valves 2 have to be opened. After obtaining
the desired discharge, & temporary weir, in front of the wave
generator, can be used for adjusting the 0,3 [ml water depth.
Manipulating valve 2 for outflow, egualization of the water
depth before and behind the temporary weir is obtained, and
the temporary welr will be removed. After a few experiments
it appeared more practical to use no temporary weir and
generate the opposing current just by manipulating the gate
valves 2.

The inlet section B, used for inflow in case of following
current, is equiped with guiding vanes. The inlet section E,
used in case of opposing current, is not equiped with guiding
vanes , because of the presence of the wave damping slope
astructure directly after the inlet.

When the water leaves the flume it will recirculate through
the settling tank, where most of the sediment load will be

trapped.

C. TEST SECTION

Water entering the flume had no initial sediment load:; the
concentration profiles had to build up completely in the
section with the sand bed. The sand bed had a thickness of
about 0.12 [ml, with a slope of 1 : 15 on both ends of the
sand bed. To provide enough length to reach equilibrium
concentrations over the depth, the measuring section was
situated at a distance of approximately thirty times the
water depth from the beginning of the sand bed. In case of a
following current, the measuring section was situated in
cross section 1&, in case of opposing current in cross
section 12.




Do WAVE DAMPING SLOFPE STRUCTURE

To reduce wave reflections as much as possible, the effect of
the wave damping structure was examined in the 200- mu-study
and re-examined in this study by measuring the wave
reflection for different positions of the wave damper. Some
tests with regular waves and no current were conducted. A& few
waves were generated. The generated and reflected waves were
measuwred in the measuring section. The calculated reflection
coefficient, defined as the ratio of the reflected wave
height, Hr, and the incident wave height, Hi, was found to be
less than about 0,1 @

He

~~~~~~ 0.l
Hi

AL 2.BEDIMENT

Because the sediments originated from nature (called "Asser
zandl), it had to be washed out, before it was brought in the
flume. About 0.25 I[nl sand was brought in a 1 [m2] reservoir.
Water was added from the bottom of the reservoir, and by
stirring the water and sand mixture, the silt and pollutions
wera washed out. After that, the sand was brought in the
flume and leveled.

During the months the experiments took place, three bed
material samples were takeni from the measuw ing section and
the oross sections 5 and 25, before and after each
expariment. By sieving the samples, the characteristics of
the bed material have been determined: Do is the sieve
diameter passed by x % by weight. Values of D10, D50 and D0
are given in the following table, minimum and maximum values
are presented over the experimental period.

D B1O DSO DG
mean  L[mud 75 107 149
minimum [muld &7 9% 124
ma imum  [mud 82 113 173

min,max and mean Du-values in the measuwring
section, duwing the study.

Fine material is easily stirred up, brought in suspension by
wave movement, and deposited downstream. Since there is no
supply of fine material at the beginning of the sand bed, the
ped material became coarser there. Downstream, the stirring
up of fine material and the supply were kept in equilibrium.
At regular times, the sand bed was resupplied and remixed.




3.7, MEASURING INSTRUMENTS AND METHODS

The following instruments, with the parameters that were
measured during the experiments, will be discussed:

- Discharge

-~ Mean bed level

- Water level

- Wave parameters and spectrum

- Time— and bed-averaging

- Sediment concentration measurements
-~ Water velocity measurements

- Ripple parameters

- Particle diameters of bed material
- Fall velocity

- Water suwface slope measwement

Fesa.l. Discharge -

The discharge was measured using a Rehbock weir. Its accuracy
in case of a small discharge is approximately 10 %4, in case
of & large discharge it is less than 3 %. The aim of
measuring the discharge was to get an estimation of the
desired current velocity.

For computation of the bedroughness parameter ks, the
discharge parameter @ will be used, via the Vanoni-Brooks
method (see chapter &).

picture 1. Concentration sampler, E.M.5. and provo.




The depth—averaged fluid velocity was calculated from the
velocity distribution over the water depth.

ey

emezs Mean bed level

o~

To determine the mean bed level & in the measuwring section, a
profile follower (profo) and an integrator were used, like in
the Z00-mu-study. The electronical output signal of the profo
is integrated by the integrator {duwing the integration time)
which displays an integration number. The number is a measure
for the height difference betwesn the mean bed level and a
chosen reference level, which is first determined and
integrated. (see picture 1).

To averags out variations in transverse direction, the mean
bed level was determined in three longitudinal sections, and
was carried out before and after sach concentration and
velocity measurements to get a time-—-averaged mean bed level
for each test. see fig.4.

0,20 m
y —
0,20 m
—_2 0,80 m
0,20 m
r
T - 1
0,20 m
4
Fig.4. Ristribution of longitudinal sections over the
flume width.

e

Haama . HWater level

mean water level

h a

’é:k<’~4'*J:¥7vaﬁﬁﬁhftfafyﬁq%\f\ﬁvﬁfv

flume bottom

Fig.3 : Mean bed level and mean waterdepth.

A measwring scale was made on the flume window , to measure
the water height. The measuring scale had its reference with
the flume bottom and the mean bed level, so the water height
relative to the mean bed level, a, can be determined as:




-

Z.3.4 Wave parameters and spectrum

In sach sdperiment, the wave specirum was determined three
times. The water level variations were measured with an
alectric resistance probe, situated just in front of the

measwring section. (see fig.2).

The water swface elevation was sampled each 0.25 [s1, during
Z0 minutes, and stored in & micro computer’™s memory. To
prevent contributions of freguencies above 2 [Hzl, an
electronic filter was used before generating the wave paddle.

The wave spectrum was computed after sampling completion by a
correlation and spectrum computer program.

The wave height distribution can be described by a Ravleigh
gdistribution because the spectra were single topped (Battjes,
1982 . The characteristic wave parameters were computed from
the wave spectrum by a spectrum analyser program, as follows:

Hsig = 4 ( MO ) ™0.5

Tz = { MO/M2 Y05

T = 1/fp

witha:

Hseig = Significant wave height

Tz = {ero-crossing period

Tp = Wave spectrum peak period

fo = Wave spectrum peak freqgquency

Mn = nth order moment of wave spectrum

Second, the waves during each test (approdimately 00, were

o
registrated with a pen recorder. This registration was used
to determine the ratio HIL/Hsig (H1W is the wave height
siceeded by 14 of the waves).

Aesey Time— and bed—-averaging

Local and instantaneous concentration measurements show
random variations of 30 to 10074 (Bosman, 1982,1985) , because
pf their sensitivity for local conditions, especially in the
near bed zone. A& time-~ and bed-averaging method is necessary
to reduce variations in the concentration measuwrements.
fAsoin the 200-mu~study, the concentration and velocity
measuwring instruments were mounted on a moving carriage, to
perform bed-averaging. The position of the instruments is
given in fig.é. The carriage moved along the measuring
section (length = 0,6 [ml) vice versa, with a speed of 0,02
Cm/=1.




0,267 m
0 concontration sampler
08 m D267 m g
+—0 E.M.S.

0,267 m :

:

1

i

Fig.&. Measuwring position of concentration sampler
and velocity meter (E.M.S.).
Freliminary tests in the Z200-mu-— and this study, a non-moving

carriage was used to examine the sensitivity of time-—averaged
concentrations. The relative standard deviations from
concentrations above 4 ripple crests and 4 ripple troughs, is
about 30Y. Averaging the individual concentrations, show
strong agreement with the concentrations measuwred with a
moving carriage; abouwt 104 accuracy.

The results are given below.

Exp T 15,0 average concentration
* 10-3 kg/md
carriage moving non-—-moving d (%)
level
4162 4254 2
2 23475 2268 I
= 54 1247 8
4 L0 552 2
] 179 154 14
& 1= ? =1
7 2 2 O
8 1 i O
9 O O -
10 O ») -

Comparison concentration sampling by using & moving
or non—-moving carriage.

A special test was performed, to get information of the time
pariod, needed to obtain an accuwrate value of the
time~averaged concentrations. In the 200-mu-study a sampling
period of 19 minutes, caused a 104 concentration variation.
To reduce this variation, a sampling period of 30 minutes was
chosen in this study.

cet.b6. Sediment concentration measuwements

The sediment concentrations were carried out using an array
of 10 brass intake tubes of 2 [mml internal diameter. This
concentration sampler instrument was attached to the moving

17




carriage:; the openings of the intake tubes were placed in
transverse direction (see Bosman et al,1984). Each tube was
connected to a pump, bringing the sediment and water mixture
with a 1,3 [m/s] intake velocity in a 10 [11 bucket.

Ten intake tubes were ussd to determine the concentration
distribution over the water depth.

Tests showed that even tube distances of 10 [mm] do not
disturb the concentration distribution (Streetzel,1984).

A prelimenary test has been carried out to verify this tests.
A comparison has been made between the array of 10 intake
tubes and a single intake tube. Therefore, the zingle tube
was attached to the moving carriage instead of the E.M.5.
(see fig.&). The height level of the intake of the single
tube was the same as one of the 10 intake tubes from the
array. For 13 minutes both the single tube and the array were
mampling and concentrations were measwed. This is done 10
times, at the level of each intake tube of the sampler
instrument. The results are shown below.

Exp T 11,0 average concentration
{single samples) X 10-3 Lkg/m3
instrument: array of single e (A
10 tubes tube
level
1 1920 2170 ~12
2 875 88 -1
= 718 740 -3
4 207 165 20
5 7 61 -20
& ? ] 44
7 2 2 O
8 - — e

Comparison of concentrations, by using 1 intake tube
or an array of 10 intake tubes (single samples).

From these resulst one can conclude that:
The array of 10 intake tubes gives good results, the
differences with the single tube are within the standard
deviation of the concentrations. The differences at higher
levels might be caused by turbulence generated by the pole
of the sample instrument. However, these latter differences
hardly influence the sediment transport rates.

The trapping ratio T.R. (the sediment concentration in the
zsample divided by the undisturbed concentration in the flume)
will be smaller than 1, because the sediment particles can
not completely follow the curved water particles trajectories
to the intake tubes (Rosman, v.d.Velden and Hulsbergen,
1987) . The trapping ratio for the sediment used in this
investigation is 1,88, as given by Bosman et al (1987).

The sediment concentrations were measured by the following

i8




procedure , which is somewhat different from the
200-mu-study. In that study the concentration sampler was
adjusted at a desired height with the use of a gauging rod,
and placed on a chosen ripple top. The rod was connected to
the concentration sampler. It caused an extra inacocuracy of &
Lnmd .

First the mzan bed level & was measwred. The concentration
sampler was adjusted at a height of about 2 [emd above the
mean bed level, using the reading scale of the sampler. This
srale had a reference with the bottom of the flume, just like
the mean bed level. Before starting the test, the carriage
was moved along the measw ing section, for checking that the
gsampler was moving freely over the ripples.

The test was now ready to start, the carriage moving and the
pumps running for 30 minutes, in which every pump filled 2
standby buckets of 10 [11. After filling, the water in the
buckets was pouwred off and the ramaining sediment was washed
in a volume meter. See picture 2. The volume meter consists
of 10 small calibrabed glass cylinders with decreasing
diameters. By reading the height of the sediment in the
cylinder, the wet sediment volume was measured. Using a
calibration table for esach cylinder, the dry mass was
determined for every bucket (including the T.R.ratio). The
average of two buckets gave a sediment concentration value.
The concentration measurements were repeated three times
during each experiment. Rased on this, a mesan and standard
deviation was determined. '

picture 2. calibrated volume meters.




In the 200-mu-study a comparison has been carried out between
the volume meter and an under water balance. Its result gave
the volume meter an accuracy within 35%.

After the sediment volume measurement, the sediment samples
were collected in sample bottles for further analysis (median
fall velocity of the sediment). The samples of the 5 highest
positioned intake tubes were collected together in one bottle

because of the small volume of the individual samples.

Acouracy of measuring elevation

In this paragraph the depth parameters relations and errors
will be described. see fig.7.

water level

measur ing
points o et a h

flume bottom

fig.7. Relation between depth parametersv

In order to determins the distance z! between the lowest
intake tube of the concentration sampler and the mean bed
level &, a reference measurement was made at still water. The
value z1 can be computed as:

zl = h - g - §
withs: .
h = mean water lsvel above bottom flume [mil
s = distance between lowest intake tube
and still water level [ml

The error in zl can be computed from the independent
parameters h, s and §,

diz1) =V dh)"2 + d(s)"2 + d(&~7 [ml (Z. 1)

in which d G0 stands for error of parameter H.
The value d(h) is introduced by reading the measuring

-

division on the flume window: 0.5 ¥ 10 -3 [ml.

20




The value di(s) is caused :
a. by reading the measure scale on the concentration sampler,
when the reference measurement was made with the lowest

intake tube on water level: 0.5 % 10 -3 Iml, and
by d(h), because the reference measuresment was taken from
the water level: 0.5 % 10 -3 [ml. These were independent

readings, so this part of d(s) becomes:

dis) = V 0,52 + 0.5°2 = 0.71 ¥ 10 -3 [ml

bh. by reading the measuwring scale in case the sampler was
brought in measure position: ds) = 0.5 % 10 -IZ Iml.

Thus d((s) can be computed as:

dis) = V 0.2 + 0.71"2 = 0,87 % 10 % [ml.

The value of d{8) is determined:
a. hy determination of the reference measuwrement:

- error in reading the distance between the flume bottom
and the measuwring point of the profo on the sand bed.
This was done through the flume window, the error is
approrimately assumed to be 1 % 10 -2 [ml.

- grror by integrator and non-moving carriage, which is
assumed to be 0.5 % 10 -3 [ml.

g8 =V 172 + 0.5°2 = 1.12 % 10 ~3 [m].

. by integration of sach longitudinal section with a moving
carriage, which is assumed to be 1 % 10 -3 [ml (each
section) 4
which leads to a total integration error of:

G SV ANCEE S 2 = 0.38 % 10 -3 [ml.

ione before and atier sach test, s0 the error may

8y = 1
5 O
&

3

T

-t

i
Tim

i
he reduc

desy = 1/2 % V 2 % 0.58°2 = 0,41 %k 10 -3 [ml.

And the total error in the mean bed level becomes:

dig) =V 1,122 + 0.4172 = 1.19 % 10 =3 Iml.

Now the independent parameter errors will be substituted in
2. (5,101

dizi) =V 0.5"2 + 0.87"2 + 1,192 = 1.55 % 10 -3 I[ml.

Because the parameters were determined every test, I times
gpach experiment, d{zl) will be reduced:

diz1) = 1/3 % V 3 % 1.55°2 = 0.90 % 10 -3 [ml.
This result is an improvement of the 1.9 %10 -Z [ml error in
the 200-mu~study,. because in this study no extra gauging rod

was used (see paragraph 2.35.6.).




EaE. 7. HWater velocity measuwenents

The velocities were measured with an Electro-Magnetic
Velocity meter (E.M.S5.), see picture J. The instrument
generates an electro-magnetic field, the degree of
disturbance of this field i1s a measure Tor the water velocity
at the position of the mgasuring volume of the probe ,which
is 3 [mml below the probe. The time-averaged velocity was
determined using a mean value meter (M.V.M.). It averages the
glectronical input signal over a certain time period.
Time—averaging over 256 seconds (about 100 waves) gave
reproducible results.

The E.M.5. was also attached to the moving carriage. The
velocities were measured at the same height positions above
mean bed level as the intake tubes of the concentration
sampler. Therefore the reading of the E.M.S. was related with
the reading of the concentration sampler at still water. Only
one E.M.5. probe was used, therefore the velocity
measurements at every height position were done one by one.
Duwring an experiment, consisting of three tests, a different
order of measuwring the height pmaltlunb Was Choaen, to
improve time—-averaging.

Frelimenary tests applying the E.M.B. and & Laser Doppler
(L. wvelocity meter showed difierences within 3% in case of
velocities higher thamn 0,1 I[m/s1. &t lower velocities the
E.M.8. values were found to be higher than the L.D. values
(max imum difference of 84). ;

picture 3. Moving carriage with E.M.8. and concentration
samp ler




The movements of the carriage caused a small error in the
time—averaged velocity. To reduce this error, the carriage
moved the same amount of time to the right as to the left,
vielding an error of 0.00125 Im/sl. (see the 200-mu-study).
Like the sediment concentration results, a mean and standard
deviation of the velocity measurements were computed, from 2
tests at each height level above the bed.

Current alone velocity measurements

In order to investigate the bottom friction of the sand bed
on the water flowing above it, the following procedure was
carried out:

After sach edperiment, the wave generator was stopped, the
constant current over a sand bed, generated by the
gxperiment’s wave— and current characteristics, remains. The
velocities over the depth were measured, which resulted in a
velocity profile for current alone.

F.2.8. Ripple parameters

In mach superiment g registrations were made using the
profo (see pragragh .2 and a penrecorder. First a
calibration was done: a. the height, using a calibration
block with a height of ©,1 [ml, and the pen recorder, b. the
length, by the ratio of the velocities of the pen recorder
and the moving carriage.

Ripple registrations were made in the three longitudinal
sections before the first and after the last test (see
fig.a.chapt.4). From these registrations the following ripple
parameters were determined:

« T

4
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- mean ripple height n, and its standard deviation.

~ mean ripple length A, and its standard deviation.

- parameter AL/A2 , to get impression of the bed regime.
in which:
Al = mean upstream length of the ripple.
AZ = mean downstream length of the ripple. see fig.8.

cuwrrent direction

5 PR

fig.B. Upstream and downstream ripple length.

In order to estimate the bed load transport, the ripple
migration velocity of 10 ripples, at different positions on
the sand bed, were measured. Along the flume window the
distance covered by a ripple crest during a certain time
period was measured. This was done twice for 10 ripples, from




which a mean ripple velocity u,. and a standard deviation was
computed.

SemeS. Farticle diameters of bed material

In sach experiment a sample of the bed material at the
measuwring section was taken with the use of a small grab
sampler. After drying the sample, a 20 [grl representative
part of it was sieved, and the particle size distribution was
determined. From this the particle parameters D10, D30 and
DRPO were computed.

S e 10, Fall velocity

The suspended sediment samples (see paragraph 2.3.6.), and
the bed material samples were analysed in the sophisticated
Gettling Tube of the Delft University (DUST), to determine
the median fall velocity. The procedure for this is described
in the Z200-mu-study (ref. Slot).

Za2. 11, Water surface slope measurement

In section Z.2.7. the current alone measurements were
described, to determine bottom friction parameters. This will
be described in chapter 6 in more detail.

Another procedure, to examine the bottom friction, is to
determine the water surface slope during the current alone
situation. Therefore two water level instruments (static
pitot tubes) were situated at cross sections 6 and 246 (tubes
1 and &2, 10 meters before and after the measuring section
e fig.2). The instruments were related before the
experiment, in still water conditions. During the current
alone test, the water surface slope can be computed from:

io= 0 jalQ = al (i — a0y -~ a2{h o

g L i (3.2
withas
i = water surface slope (-3
al (0= water level in tube 1, in case of still water {m}
al ()= water level in tube 1, in case of current alone (m
a2 (O = water level in tube 2, in case of still water {mJ
aZ (= water level in tube 2, in case of current alone (m)
L = distance between tube 1 and 2, ( 20 m

In the next chapter the results of bottom friction
computation will be described. In chapter 4, a comparison
will be made, between computation via the velocity profile in
case of current alone, and via water surface slope
computation.




Hama 12, Measuwing procedure

& list of the actions, step by step, in the measuring
procedure will be given here:

Freparation
1. Read the static pitot tubes.

2. CLalibration of the velocity meter at still water.

Z. BGeneration of the desired discharge and water depth.

4., Generation of the desired significant wave height.

%, Wait period {(about half an how! for generation of the
characteristic ripple pattern.

L. Measurs water temperature

7. Bwitch off the wave generator

8. Mark 10 ripple crest positions at flume window {(for

determination of ripple migration velocity).

Test measuwrements

9. Read the discharge

10. Make ripple registrations in the three longitudinal
sections at the measuring section.

i1. At the same time as 7., determine the mean bed level in
the measuwring section with the integrator.

12. Measure distance still water level to flume bottom.

1%. Installation of the concentration sampler and velocity
meter, about 2 L[cml above.the mean bed level.

14. Btart the moving carriage.

15. Check whether the concentration sampler and velocity
meter do hit the bed ripples. (If so, return to 10.)

14. Start the wave generator.

17. Start spectrum computer program.

18. Start pumping out water-sediment samples at 10 heights
above mean bed level. (Change buckets after about 13
minutes, for each pump).

19. Measure fluid velocities at 10 heights above mean bed
level. {(About 3 minutes per measuwement)

20, Determine sediment concentrations with the volume meter.
(Twice, for to series of buckets). Put the samples in
sample bottles.

21. Read wave spectra, determine wave parameters by running
the spectrum analyser program.

22, Switch off the wave generator.

2%. Stop moving carriage.

24. Determine ripple migration velocity at 10 locations (see
point 7, this is done only one time).

e ; 3 "
nts 9 to 23 have been carried out three times for each
1

25. Make ripple registrations, determine mean bed level.
(sepe points 7 and 8).
284. Read discharge.

Current alone measurement .

27. Measure fluid velocity at the measuring section at 10
heights above the bed, with moving carriage.

?8. FRead static pitot tubes every 10 minutes, determine the
average water surface slope.




At last

29, Turn off flow.

Z0. Take three sediment samples from the sand bed, at cross
saections 5, 27 and the measuring section.

Zl. Determing the sediment particle parameters (D10, DS
DOy by sisving the samples after drying.

B2, If necessary, resupply and remix the sand bed.

EE5. Determine the median fall velocity of the concentration
samples in the settling tube (DUST). (This has been done
in bthe period after all the experiments were already
carried out.

- -

e 13, Exnperimental program

The sxperiment program in this study was based upon the
program in the Z0O0-mu-study, to obtain a nice comparison of
the results for different sediment diameters.

The following table gives the euperiments carried out in this
study.

Heig [ml 0 0.075 010 0,15 0,18
Um Cm/sl
] T 7.5,0 T 10,0 T 15,0 T18,0
Qal T 7.3,10 (T 10,10 T 15,10 Tig. 10
-1 T 7.5,~10|T 10,-10 1T 15,~10 |T°18,-10
O.2 Tr7.5,20 [T 10,20 T 15,20 T 18,20
-0, 2 T 7.5,-20T 1Q,-20 T 15,-20 T 18,20
0.4 T 0,40 [T*7.5,40 |T 10,40 T715,40
- .4 TO =40 (T 7.5,-401|T 10,~-40 T 15,-40 T 18,-40

The 29 esxperiments, given in the table, are identified by a
test number. For example; T 10,-40 stands for an experiment
with an approximate significant wave height of 10 [eml, (0.1
Im1), and a approximate mean cuwrrent of 40 [em/s], (0.4
Im/sl1), opposing the waves. A positive sign means a following
current. Mors precise values of these are given in the tables
that give the data for each experiment (Fart RB).

The experiments with 77 in stead of T, weres not carried out
in the 200-mu-study. The experiment program in the
200-mu~study contained five additional experiments with a
wave height of 0.12 [ml and all currents from the table
above.

After the experiments were carrisd out, three sand balance
experiments were carried out, identified by:
5 15,10 , 5 15,~-10 and 5 15,20.




4, EXFERIMENTAL RESULTS

4,1 BEMERAL

This chapter will present the experimental results, and the
assumptions and computations for the parameters used in this
study. Also a compariscn of the results of this study with
the 200-mu-study-results and other data will be made.

In part B of this report, the basic data are given in tables
From these, the following data have been computed:

~ Depth—-averaged fluid velocity

- The mean and standard deviation of sediment loads

- The mean and standard deviation of transport rates

- The mean water surface slope, in case of current alone.
Although only three tests in each experiment were carried
out, a mean and standard deviation. pr@ﬁentation of the
measuremnents was preferred, because 'of the stochastic
character of Ldlm@nt transport process. In the Z00-mu-study,
m@an, maximum and minimuwn values wers presented.

In the next sections, the following parameterr will be
described and discussed successively:

- Wave characteristics (4.2
- Sediment concentration (4,35
- Fluid velocities (4.4
- Bediment loads (4.5
~ SBadiment transport rates (4.&)
- Ripple parameters (4.

- Size and fall velocity of suspended sadiment (].u




4.2 WAVE CHARACTERISTICS

s be Wave spechkra

The computed wave spectra are influenced by the cwrent
direction: Spectra, measured when waves travel with a
current, are less narrow than spectra measured when waves
travel against a current. For illustration, an example is
given below, which shows the differences of the measwred wave
spectra of experiments T 13,10 and T 135,-10.
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fig.%. Computer output of wave spectra.




The HOQA /H, _—ratio from measurements was compared to the
ratio according to the Rayleigh-distribution.

Benerally the Rayleigh-distribution lesads to an
overestimation of large waves, because the HKW/H,,;, ~ratio
in the experiments are smaller (between 1.2 and 1.& than the
value of this ratio, that follows from Rayleigh-distribution
(HOLAR /H, = 1.52) . This was alszso concluded in the
2O0-mu—study .

In the 200-mu-study it was found that the ratio was largsr
when waves opposed a current, then when waves followed the
current. No such influence was found in this study. Here, the
influence of H,, is noticed: the HLW/H —ratio decreases

-
ot
with increasing H

ailg

R

4,22, Wave lenoth and peak period

When & cwrent s combined with the waves, the length of
waves will be influesnced. Waves travelling with the current
have a larger wave -length compared with the same waves, in
case no current is superinposed. IT waves travel against a
current, a smaller wave length ocours then when no current is
superimposed. These observations caen also be declared from
the characteristic wave parameters.

To compute the characteristic wave length, L, and the
relative peak period, Tp.,rel , the following equations are
given ( Jonsson 2t &l ,1970 J:

L ca K O Tp (4.1}
L= ocr ¥ Tp.rel 04,2
ca= o 4+ Um (4.2
oy / g % L tanh (SMmrXas L) (4.4
Vo2 % 7

withs:

L. = Characteristic wave length Lmd
T = fAhsolute wave spectrum peak period [=]
Tp.rel= Wave spectrum peak relative to the current Im/sl
Lim = Depth-averaged fluid velocity Im/ sl
oa = fAhsolute wave celerity Im/ sl
or = Relative wave celerity Cm/s]
& = Waterdepth Lm3

NMow, the following implicite eguation can be derived from the
aquations above {(sge Z00-mu-studyd:

Vo lasl)y % tanh (Dkmkas ) = V/g§p$a K [ i -  Um¥Top¥{a/L) ]
gXTp a

(4.5

The relative peak period, Tp,rel , and the wave length L, can
be computed numerically from the waterdepth a, and the
absolute wave spectrum peak period, Tp. This last parameter
is computed by the spesctrum analyser program {(see 3.2.4).




The results of the above computations are given in table 4.1.

4,25, Orbital movement parameters

Two parameters, which characterize the wave action Jjust above
the bed, are introduced here:

b a characteristic orbital horizontal velocity amplitude

i

Iml

. Ab = a characteristic orbital horizontal displacement

amplitude Lml
These parameters are computed using the significant wave
height H,;, as characteristic wave height.
The characteristic wave lenght, L, and the relative wave
spectrum peak periocd, Tp.rel o as computed in the previous
section, are used in the following formula, to account for
the presence of the current:
Ub = TR M

Tp.ral X sinh (2¥mkasl) (4.6
b = H,,;,:

2 K sinh (kwKasld (4.7

The results of the above parameter computations are given in
table 4.1.




4.5. SEDIMENT CONCENTRATIONS

4.5, 1 General

The measuwred time—~ and bed-averaged concentration profiles

for all experiments are shown in figs.4.1.8-6., in which the

mean concentrations values at different heights above mean

bed level and their standard deviation are stated. These

values are also given in experimental data tables.

In the 200-mu-study, the time and bed averaged concentration

profiles were determined in the following way @

1Y For each intake tube, the heights above mean bed level
were averaged over all three tests.

2 At the averaged heights, the concentrations for all three
erecuted tests were determined by lineair interpolation.

20 At the averaged heights, the concentrations computed by
lineair interpolation were averaged.

Via linealr interpolation the relevant variation in

concentration is determined. This becomes more important when

the measuring positions above the bed vary from test to test,

as explained in paragraph 2.32.46.. Fig.10 shows the meaning of

this (for convenience, only two tests are involved).

_——“___,—test 1
z/h test 2
(=/hn tube n, test 2
test 2 mean concentration at mean
height for tube n
e an
height
_tube n, test 1
{z/hn
test 1 RN
o
fig.10. Determination of mean concentration

In this study, the time and bed averaged concentration

profiles for each experiment were determined as follows:

1Y For esach intake tube, the heights above mean bed level
waere averaged over all three tests.

2y In order to simplify the concentration profile
conputation, the measured concentrations for each intake
tube were averaged over three tests.

This simplification is allowed, because in this study, the

differences of the heights, in which the different tests were

erecuted, are generally smaller than in the Z200-mu-study. The

better accuracy of the measuring elevations in this study

(see paragraph 3.3.6) also justifies this assumption.

For a few experiments, in which the tests were executed with

largest height variations above mean bed level, a comparison

was made between the procedure in the 200-mu-study and the

simplified procedure. The mean concentration differences ,at

the mean heights above mean bed level, were small, and within

the standard deviation.




4. 3.2 HWave height influence

The significant wave height, H, ;.. influences the
concentration profile, as the figures 4.2.A-D. show:

» Increasing the significant wave height, H,,.. leads to an
increase of concentrations.
This becomes less with increasing current strength.

This tendency was also noticed in the 200-mu-study. In that
study was also concluded that an increasing H,;, leads to a
steeper concentration profile. In this study:

» Increasing the significant wave height, H,;,., does not lead
to a steeper concentration profile.
Although an increasing wave height causes an increase of
miking, it also causes a decrease of the ripple height and
additional less vortices.

A. 0.5 Current velocity influence

The concentrations are influenced by, the cuwrrent strength,
in the following wayvs (see fig.4.32.04-D.):

. A weak current (0.1 Im/s1) in combination with waves, leads
to somewhat smaller concentration magnitudes in the near
bed zone compared teo the magnitudes in case of waves alone.
fn the other hand it does lead to an increase in
concentrations in the upper lavers.

. A stronger current (0,2-0,4 [m/sl) causes an increase in
concentrations, especially in the upper layers. This
increase becomes less with increasing current strenght.
An increasing current strenght causes an increasing
steepness of the concentration profile.

This indicates, that a stronger current leads to an
equilibrium in the upper layer concenirations, despite of the
Myie influence. This eqguilibrium has not yet been reached in
the 200-mu—experiments.

Bosman found very large magnitudes of concentrations in the
upper layers. Frobably this is caused by his closed water
circuit system, that kept fine material in suspension; the
sediment, brought in suspension, leaving the flume, will also
Fre-enter the flume, because no settling basin was used. So,
his results must be analysed with care.

4.,.2%2.4 Current direction influence

. Waves following a current give somewhat steeper
concentration profiles than waves opposing a current.

The 200-mu-study concluded the opposite; waves following a
current gave somewhat less steeper concentration profiles
than waves opposing a current. This was explained by the the
relatively large velocity gradient and hence relatively large




mixing coefficient, in case of waves combined with an
opposing current.

Given the fact the influence of the current direction on the
concentration profile is relatively small, the underlying
mechanism is difficult to identify. For sdanple, it may
@manily be caused by small charnges in the ripple shape or
sediment diametar.

0

picture 3. Pumps and bucket




4.4, FLUID VYELOCITIES

4.4.1. General

The time— and bed-averaged velocities were measured as is
described in paragraph 2.3.7.

These measuwrsmaents were not carrised out in case of waves
alone. The velocities in this case are too small (0,02 Im/sl)
to measure with the E.M.S.

The mean time— and bed-averaged velocities and their standard
deviations are computed in the same way as the mean and
standard deviated concentrations (see previous paragraph).
For comparison of velocity profiles, measured in different
expariments, the measured velocities and the heights above
mean bed level have been made dimensionless. This is done in
figs.4.4.A-E., The time- and bed-averaged velocities, Ul(z),
are divided by the depth-averaged velocity, Um, on the
horizontal. The mean heights above the mean bed level, z, are
divided by the mean waterdepth, a.

To compute the depth-averaged velocity., Um, from the measured
velocities, two assumptions have been made (see fig.11.):

4 ! —
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«#kla.v,~gai“_*~___wngfa.hg&ﬁac,_w~m~mﬂ_ mean bed level

fig.1ll Extrapolation of velocity profile.

1.

The velocities between mean bed level and the lowest
measuring point are represented by a function, corresponding
with a logarithmic velocity distribution in case of a rough
bed {(van Rijn, 1986):

~

Uz = Ul % ( =z/z21 ) s for 0 hod =1 (4.8.)
O Uon 1

withs

Uz} = Mean measured velocity at level =z Im/ sl

Ll = Mean measured velocity at lowest measuring point [m/sl

z = Height above mean bed level Iml




= Mean height of lowest measwing point above mean bed
level [m3

= PFower copfficient, as a result of the fitting of the

mean measuwred velocities of the lowest three measuring

points ( =i, 22 and z3) L~13

r
s
i

|
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The mean velocity between the highest measwing point and the
water surface are assumed to be sgqual to the measured
velocity in the highest measuring point (U10Y.

Now, the depth-averaged velocity, Um, is computed as:

M
Um = 1/&a E U, + U,y 3 % (2 = 2,44 ) /2 (4.9.)
i=1
withs
Um = Depth averaged fluid velocity Im/ sl
Uy = Mean time— and bed-averaged velocity at height =;
above mean bed level Im/ =3
M = Total number of points {(including extrapolated points)

[-13

Originally, the n-coefficient in eqg. (4.8), had a value of
no= 0.25. This value has been used in the Z00-mu-study for
all esuperiments.

The velocities in the near bed zone are imporitant because of
the transport of relative large sediment concentrations in
this zone. Therefore the n—coefficient was analysed in this
study. For each experiment, the n-coefficient was determined
by linear regression of the mean measured velocities at the
three lowest measwing points. This resulted in n_= 0.62, as
an average value of all experiments. In this report, the

r-cosfficient determined for sach experiment was used.

4.4.2, Current alone

In each experiment current velocities were also measured in
absence of waves. As described in paragraph 3.23.46, this was
done for bed roughness determination, caused by the bed
forms, generated by waves and a current.

Two current alone experiments (T O, 40 and T 0,-4Q) were also
carried out to measure sediment transport rates. In case of a
weaker current ( iUmi = 0,1 - 0,2 [n/sl) there was no
movement of bed material particles.

In this section the velocity profile, in case of current
alone will be analvsed. This was done by comparison of the
velocity profile from the measurements, with a logarithmic
distribution from theory, presented as:

iz = (UX/k) X Inf( =/z20 ) ' (4.10)
withs:

U(zd = Current velocity at level = L/ sl
LIk = Bed-shear velocity Im/s]

|

z .= Height above mean bed level Lm1l




H

Roughness length scale (zero-velocity level) m]
The von Farman constant (=0,4) L1

The bed roughness length of Nikuradse, Ks, is computed as:
e = Z3 %k 20 (4.11)

To eliminate side wall effects of the flume, only the lowest
measuring points f{(average: z/av 0,3) were used in the fitting
procedure. The amount of measwing points depends on the
ragression coefficiant. Chosen is for & regression
coefficient between 0.98 and 1.00, which resulted in an
average use of the lowest eight measuring points for the
fitting procedure. Rased on this, it is concluded that:

=

. A logarithmic velocity distribution is valid for z/a < 0.5.
The 200-mu-study gives the same conclusion.
The examination of bed roughness related to ripple parameters

will be discussed in chapter &.

4,4,.%. Wave influence

As can be observed in figs.4.4.F-1., the velocity profiles in
the wave-and-current experiments differ from the velocity
profiles in case of current alone:

. Compared with current velocities when waves are absent, the
velocities measured when waves follow a current are:

- Relatively small in the near bed region (z/a < 0.1-0.2)
- Relatively large in the middle lavers (Q.2 4 =/a 4 0.6
- Relatively small in the upper lavers (z/a » 0.6-0.7)

. Increasing the current strength, Um, leads to a decrease
of the differences.

. Increasing the significant wave height, H,;.. leads to an
inrease of the differences. )

. Compared with current velocities when waves are absent, the
velocities measursd when waves gppose a current are:

~- Relatively small in the near bed region (z/a < 0.1-0.2)
{ but even smaller than when waves follow a current)

- Relatively small in the middle layers (0.2 % z/a «© 0Q.6)

- Relatively large in the upper lavyers {(z/a * 0.6-0.7)

. Increasing the current strength, Um, leads to a decrease
of the differences.

. Increasing the significant wave height, H,;,. leads to an
inrease of the differences.

b
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fig.12. Sketch of following and opposing current.

" The most striking difference. between the velocity profile in
caze of a following and opposing current is, that compared to
current alone, the velocities are reduced in the near surface
layer for a following current and enlarged for an opposing
current (see fig.12).

These phenomena are also described in the 200-mu-study, and
by Femp and Simons (1987 and Bakker and van Doorn (1280) in
case of regular waves.

The wave—induced changes in velocity distribution in the near
bed zone can be explained by the extra turbulence of wave
movement, which leads to an increase of shear stress.




SEDIMENT LOADS

4.5,

4.5.1. Beneral

The szediment load is defined as the total amount of moving

sediment per unit bed surface

&
Lt =/ (=) d=

z =

withs

Lt = Total load

(z) = Time—- and bed-averaged
a = Water depth

Here, the total load consists

the suspended load:

/2
Lb =/ T(z) dz
=)
a
L = Tiz) dz
2= /2
Lt = LLh + Ls
withe
Lb = Bed load
Ls = Suspended load
= Mean ripple height
In

bed region and near water surface region,

have been made (see fig.13):

areaa:

concentration at =z

of two parts,

1 A\
\
- 3
JoRT. S ond e
a
) Ce
' Z 1 c 1 \\
e e o S e, MEAN Ded
concentration I1In{cy ——>
fig.13 Extrapolation of concentration profile

JEA =

(4.12)

fkg/m2]
Ckg/m3l
Lm3

and

the bed load

(4.173%

(4.14)

(4.15)

Ckg/m2l
[kg/m2]
[m3

arder to compute the measured concentrations in the mean
two assumptions

level




1

L oa

The concentrations in the zone between the mean bed level and
the lowest measuring point (1) are approximated by:

(see also chapter &)

12

cflz) = exup( AKXz + B ) sfor © z1 (4.16)

The coefficients & and B are computed by linear regression
using the lowest three measuring points. The concentrations
in the near bed zone give a large contribution in the
sediment transport, although the fluid velocities are small.
To improve the approximation of the concentrations, for each
of the three tests the 4 and B coefficients were computed,
and averaged after, to be representive for the experiment.
The same procedure has been carried out to compute the
standard deviation.

r

The concentrations in the area between the highest measuring
point (z10) and the water suwface are represented by a linear
function, which leads to a zero concentration at the water

surface, so:

Pa — = !
c(z)y = 1 a — zlilo) K clo ifor 21 < 2 < a (4.17)
witha:
cl0 = Mean measured concentration in the highest measwing
point (=10 fkg/m3]
210 = Mean height above mean bed level of the highest
measuwr ing point Cm3d

The same equation is used to determine the standard

ceviation.
Using these two assumptions, the bed load and suspended load
are computed numerically, for mean and standard deviation

values. These lopads are given in tables 4.5.

4,.5.2. Wave height influence

Increasing the significant wave height, H,;.,. leads to a
larger load. A table will be given here to show the wave
height influence, for the particle sediment diameter of 100
and 200 mu.




Increase of Total Load by

Increase of H,;, from 7.5 to 13 [cm]
Um (m/ =) 100 mu 200 mu

Q 17 0

O.1 11 30

0.2 a8 20

.4 = 4

Table 1. Increase factors.

As was observed in paragraph 4.3., in which the concentration
increase becomes less pronounced with increasing current
strength, the table above shows that for loads this increase
is even less for finer sediment.

4.5.53. Current strength influence
As can be seen in the next table, the same tendency is
present. MNow, total load increase factors are given for a
wave height H_,_ with increasing the depth-averaged fluid
velocity from 0.2 to ©.4 [m/sl:
Increase of Total Load by
increase of Um from 0.2 to 0.4 Im/sl
Huoio fom 100 mu Z00mu

7.5 8 20

10 = 8

12 - )

15 = a4

18 2 -
Table 2. Increase factors.

« A larger significant wave height causes a
increase of loads with increasing current

From the figs.4.3.A-D.

. A weal

current

(ilm

i=0.,1 [m/sl)

and table 4.2.

superimposed on the waves

leads to a decrease of the loads.

This phenomenon is related with the decrease of concentration
in the near bed

Tone,

influenced by a weak

less pronounced
strength.

one can observe that:

current,




section 4.7.3. No reasonable explanation can bhe given for

this yet.
This study (100 mu) and the 200-mu-study show that for
iUmi < 0.1~0.2 [m/sl, the wave influence on the total load

becomes more important. From figs.4.59 can be observed that
for different wave heights the loads will reach almost equal
magnitudes in case of a strong current.

The current direction does not influence the loads in this
study, but the 200-mu-study measuwrements show somewhat
larger loads in case the waves opposed the currant.

(This was explained by the relatively large HIZ/H, ;. ratio
for waves opposing & current in that study). )

. The increase of loads by increasing Hsig or Um, is
relatively larger in case of 200 mu.
The beginming of movement of ssdiment might play a role in
this.




4.6, SEDIMENT TRANSFORT RATE

4,.6.1 General

fs 15 pointed out in chapter 2. the sediment transport rates
are computed from the time- and bed-averaged concentrations
and velocities. In this section only the time— and
hed-averaged sediment transport will be discussed, so, the
wave—-ralated part of the total sediment transport will be
neglected here. To be clear, the computed total sediment
transport from time— and bed—-averaged measurements will be
called : Smeasureds:

by

(4.180

1
e
x
i
"
Srt”
[
|

Stot = Smeas =J/

=18

l.Like the sediment loads, the total sediment transport is
devided in two parts:

/2
~The bed load transport: Sb =/c'?'<z> % Tz) dz  (4.19)
=0
a
~The suspended load transport: Ss =J/f§(:¥ % Tz dz (4,20
=/ 2
withs
8h = ked load transport [kg/msl
Se = Suspended load transport Ckg/ms]
" = Mean ripple height Emd
c(z) = Time~ and bed—averaged concentration at height =
Ckg/m3d
Uz = Time- and bed-averaged fluid velocity at height =
Ckg/mZ]

C4.6.2. Bed leoad transport

Fauation {(4.1%) defines the bed load transport as the total
transport in the layer between z=0, the mean bed level, and
z=r/2, half the mean ripple height above mean bed level. (see
fig.143.

TS e o e g e i o e e
T e Y - A ————mean bed level

fig.14 Ripple height




Two fundementally different methods are used to compute the
bed load transport:

.
]
P

sh1 :/c(z} ¥ Uiz) dz (4.21)

with
(z) = gup( Az + B 1} ifor O 2 r/2, Trom eqg.d.16,
and
, n - . . -
Uiz = Ul % ( z/z1 ) sfor O %z < r/2, Ffrom eq.4.8.
SR S TS|
hes pprovimations have been discussed in paragraph 4.4,

« The bed load transport, using this method, can

e o uted numerically. The mean values are computed as:
rl2
= w ! S . ) -

Ehi = C{zy X Ud{=z) &z O oL or/2,

arnd the standard deviation of the bed load
transport o (Sbil) g

/2

r
-

~
3

d (8b1) x/d(c () kU (z) 4+ Sl kd (U(z)), O
0

The results of these computations for all euperiments are
given in tables.

2. The bed load transport is computed from the emperical
relation between the bed load transport and the mean

migration velocity of the ripples, as: .

Sh2 = o X (I-p) % p, X Ur ¥ r (4,223
with:

562 = Hed load transport [kg/msl
% = Shape factor (=0,8) [~1

3 = Forosity (=0,4) [-1

p, = Densiry of the sediment (=2&50) [kg/m3]
Ur = Mean migration velocity of the ripples Im/s1

- = Mean ripple height [ml

The mean and standard deviation of Sb2 can be computed
from the mean and standard deviation of the migration
velocity of the ripples.

erent methods lead to the same direction of bed load
sport, but lead to very different values (see fig 4.6.)
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The first method, the computation of 8bil, gives much larger
magnitudes than the computation of SbZ. Also a more smoother
tendency is observed, using the first method (see fig.4.46.).
For this reason the first method is used for further
computations of the total load transport.

So .
Sbh = &bl

In the 200-mu—study the two different methods gave reasonable
agreement f{except for the experiments with a current strength
of 0,1 Im/sl).

Although the differences between both methods are large, the
influence of the bed load transport on the total transport is
amall, because the suspended load transport is dominating.

In the experiments with only wave action, the ripples were

moving in the opposite direction of the wave celerity
direction.

4.4.5, Suspended load transport

Egquation (4.20) defines the suspended load transport as the
total transport in the layer between z=r/2, half the mean
ripple height above msan bed level., and the water surface.
Between the lowest measuwring point (zl1) and z=r/2, the
concentrations and velocities are computed by the
approdimations in eq. (4.146) and eqg. (4.8). Between the highest
measuring point and the water surface the concentrations and
valocities are computed by eg. (4.17) and ULO (see 4.4.1).

MNow the suspended load transports can be computed numerically
for a mean value, by:

™

Se = B [L(cklDd, + (@K oy 1 % (2, = z;.y I/ 2 (4,273
i=1

withe

Ss_ = Mean suspended load transport Ckg/msl

o, = Mean time- and bed-averaged load transport at height
z,; above mean bed level Im/s]

M = Total numbers of points (including extrapolated
points) L1

and., the standard deviation by:

N — w—
di{8s) = E {[d(cy%Ul, + [d()%03,_43 %z, — 2,4 )/2 +
i=1
N —1 —
E {fokd 1, + [Skd DI, 43 Kk z; ~ 2,4 /2 (4.24)
==l
withsz
d (8%) = Standard deviation of the suspended load transport

[kg/ms]




dic),;, = Standard deviation of the concentration at height z;
above mean bed level Im/sl

d ), = Standard deviation of the fluid velocity at height
z, above mean bed level Im/ sl

] = Total numbers of points (including extrapolated
points) [-1

The results of these computations are given in the
experimental data tables.

4.65.4. Total sediment transport

The total transport is determined now as the sum of the bed
and suspended load transports:

Stot = Sh + Ss (4.2

The results of BStot for all experiments are listed in table
4.2,

Most interesting now, is the dependence of total transports
on the significant wave height, H,;., and on the
depth—averaged fluid velocity, Um. This dependence will
patimate the accuracy needed for Hsig and Um to determine
proper total sediment transport rates. From the figs.
4.7.8-F. some tendencies can be observed.

First the relation between the total transport and the
significant wave height will be investigated. The relation
can be described rather well by:

q
(4.26)

P8t o~ Mg
irn which g still depends on the depiii~averaged velocity, Um.
This parameter is computed, for constant Um, by linear

regression of varying significant wave heights. This is also

done for the ZOO-mu~study results, in the next table:
PUmi 100mu 200mu
Cm/sd n q
O.1 .2 4.5
0,2 2.1 2.9
0,4 1.3 1.8

The decrease in g leads to a less pronounced increase in
total sediment transport, as can be seen from the table. In
fig.4.7.E this is obvious. Noteworthy, is the constant
relation between g for 100 mu and g for 200 mu for the same
Lims




¢ (100mul J—
- im0, 71 - 0,72 0= 0,5 k4 2 = 0.5 kA

=

oy (Z200mul 1 O0mu

Toar 0.l Dm/dsd oD Umo o9 0.4 Im/sd,
100 mu < DEO O 200 mu
also be observed in fig.4.7 8 the resulting
CLFVES 100 mu and 200 mu are parallel fTor Um.
As can ok from Tig.4.70RA., Bosman®s results are nob
consistent with the results from this and the 200-mu-study.

The el

the relation betwesn the total transport and the
averagetd velocity will be investigated. The relation is
presented by:

._"‘,

8t AL fUml 4,27

in which the parametsr v s8till depends on the significant
wave height. Again by lingar regression the next table gives
arn vy for oa significant wave height.

Heig 100mu E00mu
Loml W ¥
7.5 L 4.5
(N 2.8 4.1
12 - .0
15 2.6 e

1E A -

» The increase of H,,, leads to a decrease of y, meaning a
lmss pronounced increase in total transport with increasing

The results of the relations, listed above, are given in

fig.4.7.D. The overall tendency from this figure is less
explicit tham in fig.4.7.8.

. By an increase of Hsig, vy seemed to bescome constant, so
the sediment transport will mainly depend upon the cwrent-
strength.

Frobably the beginning of movement of sediment particles will
play a role. For the finer sediment particles, 100 mu,
relative larger transport rates are present in casze of a
zmall Hsig.

Erom the two tables above one can conclude that:

. the accuracy of Um and Hsig are relative more important in




case of an increasing D5O.

. the accuracy of Um and Hsig becomes relatively more
impartant in case of decreasing Um and Hsig values.

4,.7. RIFPLE FARAMETERS

4.7.1. General

fiz can be observed in nature, on the beach, the wave and
current movements generate bed forms. The size, shape and
regularity of the bed forms depend on the intensity of water
movement. On the other hand, the bed forms, have an important
irnfluence on the water movement in the near bed zone. See
also chapter 6 about bed roughness.

Here, the bed forms and ripple parameters will be discussed.
From ripple registrations, in the three longitudinal sections
irn the flume, ripple parameters were determined for each
experiment. During these experiments, with increasing
intensity of water movement, the following bed forms occured,
defined as:

Regular ripple-shaped bed, with

Y]

- D-dimensional ripples

(2D ripple crests parallel to wave
crests. (perpendicular to flume
window)

- R.E5-dimensional ripples: Semi~regular ripple-shaped bed,

(2.5-D) shape between 2- and

EZ-dimensional.
Zedimensional ripples @ Irregular ripple-shaped bed,
(A1 individual bumps.

forms, like "dunes" or a "flat bed", were not ocbserved
is study. The bhed form for sach experiment is listed in
@ tables with experimental data under "Ripple shape®.

. ?-D ripples were registrated in case of no current, or &
small current (IUmi=0.1 [m/s1) combimed with a wave height
of 7.5-10 [ocml.

. 3-D ripples were found in case of a strong current GUmi=
0.4 I'm/sl) combined with waves, or in case of Hsig= 18 [cml
combined with a current.

. 2.5-D ripples were generated in other combinations of wave
height and cwrent.

To describe these ripples the following parameters are used:

- Ripple height )

- Ripple length (A

~ Ripple steepness /A
- Ripple shape (A1/X2)

A mean and standard deviation valueg of these parameters are
determined. These parameters will be described briefly in the
next paragraphs. lso Z00-mu results will be presented in
these.




4.,.7.%2 Bed forms

Feside the distinction of ripples by shape (2-D to 3-D), also
a distinction of ripples by symmetry can be made. Az stabed!
in paragraph 2.32.8., the parameters Al and A2 determine the
symmetiry of ripples. The ratio A/AZR determines whether the
ripples are called wave-dominated (symmetrical) or
current-dominated {a-symmetrical).

This is sketched in the figure below.

current direction

- A >
wave-dominated . current—-dominated
ripples ripples

fig.13 Wave— and current-dominated ripples.

Iin this study, Al/AZ~ratioc values between 0.80 and 1.239 were
found (see table 4.3 .

Table 4.3 and fig.4.8.4 show that there iz no real tendency.
Except for the experiments with (Umi= 0.4 [m/s], one can
obhserve that AL/A2 » 1.0 .

T describe the influence of the water movement in the near
bed zone on the ripple characteristics, the following
dimensionless parameters are used:

- Ub2/dghs0, to describe the wave influence, and
-~ Um/Ub, to indicate the importance of the current with
regard to the waves.

Figure 4.8.A. shows the relation between Um/Ub and Al/AZ. Une
can conclude from this figures:

. ThHe overall AL/A2 = 1.

. Ripples generated by a current opposing the waves, are
somewhat more symmetrical than those generated by a
following current.

The 200-nu-study verifies this. The relatively large
reduction of the fluid velocities in the near bed zone, in
case of waves opposing the current, is the explanation for
this.

4,.7.% Ripple height

The experiments in this study showed ripple heights between




Q.62 and 1.83 Teml. These ripple heights are smaller than in
the Z200-mu-studys 1.1 [

The irregularity of the 3-D ripples causes a relative larger
standard deviation of the ripple height, compared to the Z-D
ripples. In chapter &, more details about this will be given.
Figuwres 4.8.8B-C. show several relations between the parameter
r/Ab, the relative ripple height, and the water movement
parameter, Ub 2/ dgbDS0.

The experiments without a current show a tendency, given by
waves:
. Increase of wave hsight

ripple height. )

gads to decrease of the mean

ot

This is explained by the increase of Ub, which leads to an
increase of ripple crest srosion.
Fig.4.8.A shows the relation between r/r0 (rO= ripple height

in case of the same wave height, but no current) and Um/Ub.

From this:

. Iin case of a strong cwrent (Umi=0.4 [n/sl), & somewhat
larger r/rQ is observed, but the relation between r/r0 and
Um/Ub show poor agreemsnt.

» The current influence on the ripple height becomes more
important than the wave influence, because one can observe
a ripple height increase in case of increasing Um/Ub.

4.7.4 Ripple lenagth

In the Z200-mu-study ripple lengths of 2.0 to 20.0 [em]l were
found. Decreasing the D30 of the bed material leads to a
decrease in ripple length,. as Tound in this study: 6.0 to
14.5 [Loml.

A% is done Tor the ripple heights, also the water movement
parameters are related to the relative ripple length, AN Ab,
given in fTigures 4.8.0-C., , in which:

. the same conclusions for the ripple heights can be made
for the ripple length.

4.7.5 Ripple steepness

The ripple stespness is defined as the ratio r/A.

Despite of the 200-mu~results, in which an increase of

current strength leaded to a decrease of the ripple steepness

(.16 ~ 0.11), no such influesnce was noticed in this study

(sepe Tig.4.8.). An average steepness of r/A= 0,134 was found

foar 100 mu.

. Because the increase of A and r are influenced equally by
the water movements, the steepness is rather constant.

49




4.8 SIZE AND FA

I

The tables with the experimental data gives the measured
madian fall velocity, w30, of the suspended sediment and bed
material, from the lowest D intake tubes (about 0.1% [m]
above the bed). Also an average value is given for the 5
fighest intake tubes.

From these, the particle diameter, DEO, can be computed
{um e K3 e b

A I~ | -LJ.LL.‘LS.L!LJ'..‘. =

The size and fall velocities show a somewhat firner sediment
in the upper lavers, but:

«» The median fall velocity of the suspendsed material is equal
to about 0.9 to 1.0 times the median fall velocity of the
bed material. The influence of wave height and current
strerngth is rnot clear.




%. SAND BALANCE COMPUTATIONS -

Sal . GENERAL

The previous sediment transport experiments were aimed at
measuring the time— and bed-averaged concentrations and
velocities. Applying these values, the current-related part
of the total sediment transport can be computed. The
wave-related part of the sediment transport is totally
neglected. The wave-related sediment transport can be
determined as:

Swave = Stotal ~ Scurrent (5.12

To get insight into the importance of the wave-related part,
three sand balance experiments were carried out:

8 15, 10 ({following curent)
. 815,10 (opposing current)
. 8 15, 20 (following current)

The total sediment transport, in these sxperiments, can be
determined, by measuring the decrease of the total sand bed
volume, upstream of the measuring section. This has been done
using two different methods:

1. by measuring the mean level of the sand bed using a
profile follower (profo) . This has been done in 8 13,-10
and 5 15,20

2. by weighing the sand volume, and is done in 8§ 13,10.

Six euperiments were carried out, using method 1. Only two of
them were reliable. The electronic profo equipment caused
lots of problems in the other four experiments; the
integration values were not reproducable. After these, method
2, which was thought to be less practical at first sight,
proved to be a workable and efficient. And even more accurate
then method 1. Both methods will be described in more detail
below.

L
- -
H S/ T H 5=0
H — H
UL,
¢ . '
H & 4= H
H &, s H
MEASURING eEGINMiINg of sanD BED

SECTION
fig.1lé Principle of the sand balance.




See COMPUTATIONAL METHODS

The two methods for determining the total sediment transport
will be described here. The principle of the sand balance
computation is shown in the figure lé&.

The sand volume difference dV is computed from the measured
mean bed levels as:

av o= (& 4o S 4=r 3 K L X Db (5.2
withs:
dav._ = Volume difference [m33
& smo = Avaraged Msan bed level, before the test
[ml
& s = fAveraged Mean bed level, after the test [ml
T = Time period between two bed level msasure-
ments. s3]
L = Digtance between the beginning of the sand bed
and the measuwring section. Lml
I = Flume width ( 0.8 m) Lml

The mean bed level is measured with the profo. This is done
in 8 longitudinal sections, to average out variations in
transverse direction. The 200-mu-study was done using 3
longitudinal sections, but more accuwracy appearesd to be
Necessary.

Since there is no sediment load at the beginning of the sand
bed, the total sediment transport can be computed as:

Stotal = d¥V X (1-p) Kp, / (TXKb) (5.3
withz:

Stotal = Total Sediment Transport [kg/m.s]
p = Forosity (p=0.4) [—-1

Do = Dediment Density (=2650) Ckg/m3]

method 2.

PFefore starting the sand balance experiment, the total weight
of the sand bed between the beginning of the sand bed and the
measuring section has been determined by an "under water
balance” method. This weighing method is done because the
sand stays wet and no difficult sand drying method is
necesarry. The principle is shown in the figure below.

fig.17 the under water balance.




Fuckets were fTilled with wet sand from the flume, and water
was atdded. By stirring the mixtuwrs thes remaining air will
gacape. Each bucket was submerged carefully in a water
reservair, and the under-water-weight was measured. About 20
huckets were necessary to obtain a sandlayer of approximately
0,05 [ml over length L. The dry weight W of the total sand
bed can be computed as:

W o= Wi.wy X {p, — oo 3/ po (5. 4)
wilth =

Wilaw = Total Weight of the sand volume under water. [kgl
P = Water Density Chkg/mid

after measuring period T the sand bed over length L was
removed and the under-water-weighing was repeated. The weight
difference diW now is computed as:

dld = Wt=0) — Wit=T), 5.9
arnd the total sediment transport Stot as:
Stot = dW /7 (T (5.8

The first method has an estimated error of 0.001 m in mean
bed level, which causes a 20% deviation in Total Sediment
Transport. The sscond method gives a smaller error of about
8% caused by the weighing srror. Therefore, the second method
is oreferred.

=5 ED.RESULTS OF SAND BALANCE TESTSH

The mean sediment btransport rates computed from  the sand
balance and from the concentration and velocity measurements

are given in the following table (see also fig.5.1, page P
Sourr Swave Stotal Stotal/

Scure
8 15,10 Z.16 -1 .45 1.71 0.54

(OL.&T7) (0,872 (O.15)
8 15,20 15.03 -35.74 ii.28 0.759

{(Z.45) {(&.010) (2.58)
8 15,~-10 ~5.83 0.42 -5 .40 0.89

{OL.90 {1.44) (0.54)
mean sediment transports in kg/s.m k10 -3,

{...) = standard deviation of the above value.
+ = gsediment transort in wave direction.

- = gediment transport against wave direction.

table 3. Sand Balance Results




fAlthough only three reliable sand balance experiments have

been carried out, a few conclusions can be drawn based on the

results of the sand balance tests:
The wave-related sediment transport is opposite to the
direction of wave propagation.

-~ Increasing the depth-averaged fluid velepcity leads to a
relative decreasse of the wave-related part of the total
sediment transport (see table ). .

-~ In case of & weak cwrent, the total sediment transport in
a following cuwrrent is less than in & opposing current,
because the wave-related transport is opposite to the
direction of wave propagation.

S.4 SAND TRANSFORT MECHANISH

A attempt to give an explanation of the last conclusion will
be made.

First, we will examine the sand transport mechanism:
This mechanism will called “"the pick-up-and-transport” model,
and can be devided in two steps:
1. FPick-~up of sediment by eddies, generated behind the ripple
crests.
2. Transport of sediment by fluid velocity in the opposite
direction.
With the wave crest passing by (see figure ), an =ddy will be
generated at the ripple front. If the fluid velocity near the
hottom, generated by orbital wave motion is exceeding the
critical value for initiation of sediment motion, bottom
material will bhe eroded and the sddy will contain sediment
particles. The concentration in the sddy will depend on fluid
velocity. Increasing the wave height, the sddy concentration
will increase.
When the wave trough starts passing. the eddy "explodes”, and
its sediment will be transported in:
a. the opposite direction (i—direction).
bh. to higher regions (z-directiond.
Also a part of the eddy sediment will fall back.
On the other hand also an eddy will arise at the ripple back
and erode sediment. A part of that sediment concentration
will now be transported by the wave crest fluid velocity in
positive direction. 5o the proces will tuwrn on and on,. and
sand grains will move back and forthi the bottom material,
which is eroded during the presence of positive velocities,
is moved in the negative direction and vica-versa.

For the explanation given here, the most important part of
the sediment transport is the horizontal transport in x-
direction.

Niglsen et al. developed different models for sediment
transport by nonbreaking waves over rippled beds. Nielsen °s
model: "grab and dump” model is most consistently in
agreement with sxperimental evidence of wave-related sediment
transport in the ripple regime. This model is based on
displacements of sediment during half a wave period. The
displacements are caused by orbital motion in the near bed




rone, superimposed by the mean fluid velocity in this zone.

The esntrainment cosfficients AF and Ab, which are determined
by the size of the peak velocities Umax and Umin, are:

(Af,AbY = [ 0.5k (Umnaw/Ub) ™6 , O.Z%Unin/Ub) & ] (5.7
withs:

Ub = the bottom fluid velocity amplitude Im/sd
Lmax = Ub + U{zO Im/sl
Limin = Ub ~ Uzd) [m/s]
Wz = the mean Ffluid velocity in the near bed zone .

SAND TRANSFORT MECHANISM SCHEME

Ub

Ucr+ l ] /

IS S W

e e e direction of wave
propagation

a. | SAND ERODED
BY EDDY.

-~ L positive.

- eddy picks up
bottom material
from ripple front.

.| EDDY
CEXFLODES" .

~ gadiment disperses.

c. | SEDIMENT
TRANSFORT .

~ b negative.

- addy picks up
bottom material
from ripple back.

- gediment transport
. in negative direction,

. to higher regions (positive z-direction).

- wediment falls down.
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This leads to an amount of Wave-related Sediment Transport:

Swave = Dos K w X (b — &F) % A (5.8)
with:

Cos = reference concentration ,see fig.

W = sediment settling velocity Im/sl
£ = average transport distance during one wave period,
in the direction opposite to the velocities that entrained
ity and deposited (“dumped"). [m3l

The bottom excursion amplitude is & measure for A.

Because ATrXAb , the wave-related sediment transport will
always be in opposite direction to the current.

To determine total sediment transport gquantatively, a
computation example will be given here for the 8 13,10 and

8 15,-10 experiments, using the entrainment coefficients,
like in the "grab and dump" model.

The graphs for relative current-related sediment transpport,
shows that the main convective sediment transports takes
place between the mean bed level (z=0) and about 3 cm above
this. In this area also the eddys and vortices are present,
which indicates this area to be an important one. 5o the
example~computations will be for the © to Z cm zone, and its
average fluid velocity is about 2 to 2 cm/s.

To investigate the importance of the average wave crest and
trough distribution, two computation examples are given:

1. symmetrical sinusoidal wave

2 a-symmetrical sinusoidal wave

First, an example computation is made with a symmetric
zinusoidal wave profile and wave—generated velocities,
computed from a Hsig value.

The example shows the difference in sediment transport,
influenced by the current and wave directions, while the
convective sediment transports in both experiments are about
the same in this zone. This indicates that the wave-related
sediment transport for the following current experiments are
larger than in the opposing current ones. This is consistent
with the measwed values (see table ).




The values in this example are just only illustrative,

5 15,10 5 15,-10
bottom following cuwrr. opposing cure.
fluid /"”\ N
B . 1 o /"—~;
velocitie A \\\ // \

’ M
ol

(symmetric) 0 AL\ /)
\\i&g;g/ A | — |
N

Tp.ral= 2.7 s 2.2 B

U = 0,201 m/s 0,286 m/s
wizdy= 0,028 m/s 0,024 m/s
Umax = 0,529 m/s 0,262 m/s
Umin = : =0, 275 m/s —~3, 310 m/s

Af = 0,83 0, 30

Ao = 0,28 0,81

a0 o= 0,130 m 0,100 m
Swave = =0, 0741 *RCosXKw 0,051 RCosiw

kg/mi.s kg/mi.e

Second, the shape of the waves will be examined:

The waves in these experiments show an asymmetry in the
average wave profile distribution, the orests are higher than
the trouwghs, and the trough period is larger than the crest
period.

Velocities caused by wave motion are not similar. The
near—-bed velocities under symmetric waves conditions are
almost sgual, when a wave-crest or a wave-trough is passing.
Only a small magnitude of depth—-averaged velocity in the
near~bed zone, compared to the orbital wave velocity, will
give a small deviation.

The asymmetric wave distribution produces a larger eddy
concentration, while a wave-—crest is passing, which is
transported in current direction by the trough-related bottom
velocity. And it produces a smaller sddy, containing
sediment, while a wave-trough is passing, which is
transported in the opposite direction. The result after an
average wave has passed, is a netto sedimornt transport in a
gdirection opposite to the wave celerity.

The Nielsen model does not take into account the shape of
waves. Therefore a modification has been made for
determination of Umax, Umin and A.

Thus, the example above will be carried out again for
modified values, caused by the asymmetric average wave crest




and trough distribution. Measurements showed an average wave
gistribution with: Ucrest = 1.2 K Ub, and Utrough = 0.8 % Ub.

5 15,10 8 15,-10
bottom Q.26 m/s O.34% m/s
: r~
fluid //;\\ _
velocities ﬂ, W\ 1.43 s
4 \ j
(asymmetricall | o AN /
N 7
1.27 5 N~
N —
QO.241
m/ s
Tp.rel= 2.7 =
U = 0.201 m/s 0.286 m/s
wlzdy= 0028 m/s -~.024 m/s
Umax = 0.289 m/s . 3531% m/s
Umin = - ~0.213 m/is =, 25 oms s
Af = 2L.EE 0.96
ah o= 0,08 O.24
O = ] O0.130 m 0,100 m
Swave = —0, 295 KOosKw -1, 072 HosKw
kg/mi.s kg/m3.s

This example shows the effect of the asymmetric wave crest
and trough distribution. In case of waves opposing the
current, even a wave-related sediment transport in current

direction results.

Both examples do not give the right solution. They are based
on an average wave. This study is carvried out, using
irregular waves. This implies also irregular wave crest and
trough distribution. More details should be known about this
distribution during a test.




&. DETERMINATION OF THE BEDROUGHNESS

Hel. CENERAL

One of the problems that appears in studies concerning
sediment tranportation is the determination of the
hedroughness, especially in the ripple regime.

The concentration of moving sediment in the near bed zone is
related to the bed shear stress. In case of waves alone, the
relation between this stress and the water velocity near the
hed is often given by a function which includes a friction
factor (Johnson). This friction factor depends on the water
displacement in the near bed zone and the bedroughness.

When waves are superimposed on a current, the current profile
will change under influence of the waves (see section 4.4).
This inluence will especially be noticeable in the near bed
rone, where the wave velocity is relatively large compared
to the current velocity. The zone where the water motion is
noticeably affected by the bed profile is called the boundery
layer.

Rippled type bedforms can change the boundery layer structure
i two ways @

- By introducing strong vortices. .
Because of this effect, the boundary layer can extend to a
height far above the bed (several times the ripple height) .

- The ripples will cause pressure forces which
influence the water motion.

Considering the two effects mentioned above, one may conclude
that the bedroughness in case of rippled bedforms will highly
depend on the ripple geometry and their configuration.
Therefore ripple geometry and configuration will be described
here first.

.2 THE RIFPFLE GEOMETRY

Because of their importance in this study, only vortex
ripples are considered.The geometry of vortex ripples are
closely connected with the water movement in the boundery
laver (see section 4.7.2).

Note that, as ripples are formed, they start influencing the
boundery layer and so the watermovement.

The connection between ripple geometry and the watermovement
is not well understood in guantitative terms. Because in this
study the ripple characteristics were obtained by measurement
only qualitative aspests will be taken in consideration.

The most important ripple characteristics are :

r = ripple height
A = ripple lenght
r/a = ripple steepness




These characteristics can be described in mean values, but in
case of waves and a current it can be useful to take the
asymmetry of the ripples into account. Asymmetrycal ripples
will be formed when the current influence on the ripple
geuwntry is relatively large compared to the wave influence.
The ripples were highly symmetrical troughout all sxperiments
(see section 4.7.2) : in this study. the wave influence on
the ripple geometry stayed noticeable (AL/AZ2 = 1),

Flow contraction near the ripple crest will cause a strongly
increasing local shear stress. If the stress is strong enough
it will cause the ripple crest to ercode. If on the other hand
a strong vortex is also present,a ripple can maintain much of
its steepness because of the srosion in the trough.

The vortices are able to capture the sediment eroded from the
ripple crest and ripple trough and keep it entrained. When
the water velocity at the bottom changes its direction
{waves) , a vortex is ejected and the entrained sediment can
go into suspension. The reversed velocity will generate a new
vortex on the othgr side of the ripple and the process will
repeat ‘itself (see chapter 5.

It, in case of waves in combination with a current, the wave
induced velocities at the bottom are relatively large
compared to the current velocity at the bottom, the vortices
account for the input of sediment into the main flow.

The strenght of a vortex is a function of the combined bottom
velocity, the wave period T and the ripple characteristics
{see Nielsen 1979 .

As in the case of the ripple characteristics, the function is
ot well known.

More about this subject can be found in chapter 5.

b5 THE RIPFLE CONFIGURATION

In this study ripple heights and the ripple lenghts were
obtained from measurements (see chapter 2.

From these data the main ripple steepness can be computed as
/N

It may seem that the ripple geometry can be easily
determined. This will indeed be the case if the ripple
configuration of the bed is Z2-dimensional (see section
4.7.2) . In this study, a Z-dimensional configuration was only
found in case of relatively small waves without a current.
With increasing current velocity, the configuration becomes
E-dimensional.

Because of this effect, the configuration dimensionality of
the ripples in .each experiment was noted as :

(see section 4.7.2)

2-dimensional,
2.8-dimensional or

Z-dimensional.

This was done by visual observation.




1f the ripple configuration of the bed is Z-dimensional, the
ripple heights and ripple lenghts can be determined rather
acouwrately with the used measuring procedure.

Because in this study only three measuwring sections have been
nsed to determine the mean bed level, a Z2.05-dimensional
configuration will diminish the accuracy while a
Z-dimensional configuration will diminsh the acocuracy even
more {(see fig. 18).

A% one can see from fig.18 4, a I-dimensional configuration
will give a relatively large variation in the mean ripple
height and mean ripple lenght compared to a Z-dimensional
configuration.

To increase the accuwracy there are two possibilities :

- increase the number of measuring sections (more ripples).

- measurement of individual ripples.

Fapecially in case of a Z-dimensional configuration, it can
he that the larger ripples will have a relatively larger
contribution in the bedroughness than the smaller ones.

To investigate this, the dominant ripple heights and ripple
lenghts in case of Z—-dimensionality, were calculated as:

1 i=n
Hodom = K = HOiy & Lo(i3 (&. 1)
L.tot. i=1
1 i=n 2
Lcleam = — XK E Lo¢id (6.2
L.tot. i=1
in which @
H{iy = the individual ripple height | [m3
SL(i) = the individual ripple lenght Lm3
15
Lot = E L¢id Lmd

=1
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fig. 18 Effect of the ripple configuration upon
the determination of ripple characteristics.

By doing so, the individual ripple heights and ripple lenghts
are weighted with the ripple lenghts.
Longer ripples will give a relatively larger contribution to
Hdom and Ldom than the shorter ones.

J-dimensional
ripple

fig. 19 Ripple measurement.




Considering the steepness of an individual ripple, an
argument for the followed procedures is that in case of a J-
dimensional configuration, the longer ripples are hetter
measwred over their full height (see fTig. 19.

The caloculations of Hdom and Ldom give values that are about
10% larger than the mean values of the ripple heights and
ripple lenghts obtained from measurements.

First this means that the ripple steepness is rather well
determined by the mean values of the measured ripple height
and ripple lenght.

Second, 1t means that snough ripples were measured to
gstimate the mean ripple characteristics rather accurately.

One last note will be given in this paragraph :

The Z-dimensional configuration will be the effect of a
thrase dimensional turbulence structure in the overall flow
In this study, a significant waveheight of 0.18 m in absence
of a current showed & 3-dimensional ripple configuration.
Also a cuwrent of 0.4 m/s in absence of waves showed a
I-dimensional ripple configuration. It seems that high
fluctuating bottom velocities (wave), as high more constant
valocities (current), can result into a three dimensional
turbulence. The sffect will be a deformation of the ripples
wich results in a 3-dimensional

configuration.

The ripple characteristics and the ripple configuration of
the bed follow from hydraulic conditions in the near bed
zone and the sediment characteristics. The bed roughness
strongly depends upon the ripple characteristics,their con-
figuration and their influence on the hydraulic conditions.

&H.4  METHODS USED TO DETERMIME THE BED ROUGHNESS.

&4, 1 Determination via the logarithmic velocity profile.

Both in the 200-mu as in this study, in each experiment the
current velocity profiles were measured in absence of waves
(m@e chapter ). These profiles have been investigated by
fitting a logarithmic distribution of the form :

Lhtz) = (UK/RIRIn(z/z20) for = » z0 (6.3

im which 3

Uizl = mean current velocity at height =z [m/ sl
LIk = bed-shear velocity Im/ sl
bed = height above mean bed level [m3
20 = roughness lenght scale (zero-velocity level) [ml

o = the Von HEarman constant (= 0O.4)

LA




The bedroughness can be computed from z0 as

ke = EEHzO (&H.4)

Using this method, the values of w¥ and z0 were estimated for
each individual test.
e can than be computed as given in 6.4.
Using this method :
In the 200-mu-study, & roughness range of 2 _to 8
times the mean ripple height was found.

« In this study, & roughness range of 2 _to 10 times the mean
ripple height was found.

in case of a Z-dimensional ripple configuration, the dominant
ripple heights were computed (see 6.1). Using Hdom instead of
the mean ripple height for these sxperiments did not
influence the overall range of 23 to 10 times the mean ripple
height.

Some notes concerning this method

This method used to sstimate the bsdroughness ks is based
upon a logarithmic velocity distribution. This may not be
Fully valid close to the bed (two times the ripple height).
To oheck the logarithmic distribution in that zone,

the velocity values of the lowest B points were calculated
using the logarithmic fit. This was done for all experiments.
All the calculated velocities were within a 104 variation of
the measured values. This indicates that the estimation of z0
i done correctly.

In case of a strong current (0.4 m/s), the ripples will
undergo changes during the velocoity measurement. This will
reduce the accuwracy.

H,.4.7 Determination via the Vanoni-Brooks method.

an available method to determine the bedroughness is the
Varnoni-Brooks method (see Appendix I1).

Applying this method, an attempt is made to eliminate the
influence of the flume walls in the sstimation of the
bedroughness.

The input of the method consists of

{1 = the water discharge fm3/ sl
b = flume width Iml
o= water depth Eml

i = water swface slope

The Vanoni-—-Brooks method uses the relation @

Wimy = Ch % VvV Rb ¥ i (&H.5)

in which s




i}
U {ms = I/l
bkh

Ch = the bottom Chezy coefficient ™0 5/5]
according to Yanoni-Brooks

R = the bed roughness (flume wall roughness eliminated) Cm3

8 has been measuwed in all experiments, h and b are known

(gsee chapter 2).The water suwface slopes, i, were measured in

the experiments of cuwrents alone, over a bed with ripples

generated during the experiments with waves and a following

current. For these experiments, the Vanoni-Brooks
bedroughness values have been computed (see tab. &.1).

VYia the Vanoni-Brooks method, a roughness range of 2 to &6
times the mean ripple height was found.
The wuse of Hdom did not effect this range.

A note concerning the Vanoni-Brooks method :

The water surface slope has been measured over 20 m of the
flume. The bed roughness obtained from this method is the
averall bed roughness of 20 m flume lenght. The "curve
fitting" method from section &.3.1 gives a local bed
roughness becauses it follows from local velocity
measuraements. The Vanoni-Brooks method thus diminishes the
influence of local velocity disturbances, but the accuracy is
mainly determined by the accuracy of the water surface slope.
The Vanoni-Brooks method has been developed for steady fTlow

i flumes.

Gaob THE INFLUENCE OF THE RIPPLE STEEFNESS

I one defines the ripple stespness as mean ripple height
~

H
devided by mean ripple length, in the 200-mu-study the
following steepness range was found

.11 S A T 0018
Im this study the range is (see fig. &.1) @
D.10 < p/X L 0,17

As one can see the steepness ranges are almost egqual while
the roughness ranges expressed in mean ripple heights do
differ considerably (see table &.1).

Measurements in steady flow over ripples (defined as bed
forms with & length smaller than the flow depth), show the
same effect (see fig. 6.1).

It seems that when a certain ripple steepness is sxeeded
(x0.13, the influence of the ripple steepness becomes less
obhvious.

Note that fig. &.1 also concerns flume- and irrigation canal




measurements (ripples formed by a current). The bed roughness
values are obtained from water slope and velocity
measuramants.

The following conclusions can be drawn 3

If the ripple steepness exseds the valus of 0.1, the
influence of the ripple steepness upon the roughness
range {(expressed in ripple height), becomes less obvious.

« Within a steepness range of 0.1 to 0.2, a roughness range
of 1 to 10 times the ripple height can be expected.
Within this roughness range, & lower range for relatively
courser sediment and a upper range for relatively finer
sedimant can be observed.

bob  ROUGHNESS PREDICTION FOR RIFPFLED BEDFORMS.

Many roughness predictors are avallable. Most of them are a
function of the ripple and sediment characteristics :

Ko = Fr,l,r/1,D90,D50)

They can be uvsed if the ripple characteristics have been
determinsd.

In some of these functions (Bwart, van Rijn), the
configuwation and hydraulic conditions are not taken into
consideration. If no measurements are available one can use
predictors for the ripple characteristics or use empirical
relations (Nielsen, 19835).

In the 200-mu-study, the following roughness predictors have
besn used to test existing sediment transport formula s

Yan Riin : oEs o= ZKDFO + 1L ikrd(l-exp (25N M) (b &)
Swart r Es = 2BK ({2 AN (bh.73
Grant—-Madsen @ Es = SReX(r/X) + 190XDEOKY 70,05 (&.8)
in which @

o = ripple height [ml
I = ripple lenght Lmd
dfl = ripple steepness

D350 = grain diameter exeeded by 304 of the bed material Lml
DPO = grain diameter exeeded by 10% of the bed material CLm1l
t? = Shields skin friction parameter (see appendix IV)

Imn both the 100~ and ZOO-mu-study, the predictors have been
computed for all experiments. In the next section a
comparison will be made.




H.7 THE EBEDROUGHNESS RANGE

Various bedroughness ranges can be derived from the present
and octher measurements. The following resumption is made :

The Z200-mu-study

. A roughness range of 1 to 5 times the mean ripple height
was found with the use of roughness predictors.

. & roughness range of 1 to 8 times the mean ripple height
was found by curve fitting of a logarithmic velocity
distribution.

The 100-mu-sthudy

. A roughness range of 1 to & times the mean ripple height
was found with the use of rouvghrness predictors.

< A roughness range of 3 _to 10 times the mean ripple height
was found by curve fitting of a logarithmic velocity
distribution.

« A roughness range of 2 to 6 times the mean ripple height
was found with the Vanoni-Brooks method.

I a comparison is made between the predictors and the

applied methods from section 6.3, one can see that the

roughness predictors give relatively small roughness values.

fAe noticed before, the reason for this may be that the

predictors exclude the ripple configuwration.

DSO FREDICTORS VANONI~ERODES | CURVE FITTING
200 MU 1-5 ~ s
100 MU 15 2ty 10

Two conclusions concerning the 100-mu~-study can be made i

« The values of Ks found by curve fitting and the
Vanoni-Brooks method do not show a clear relation with
the significant waveheight (see table &.1).

. AN dncreasing cwrent strenght causes a slight increase of
Fe but also causes an increase of the mean ripple height.
Therefore, the relation of Ks (edpressed in mean ripple
heighty and the current strenght is also not very clear
(mee Tig. &.1.A4).

For these reasons, the values of Hs eupressed in mean ripple




heights have been averaged over all exuperiments.
This has been done for the values found by curve fitting and
with those found via the Vanoni-Brooks method as well.

The curve fitting averaged Ks value is approximately 6.6
times the mean ripple height.

The Vanoni-Brooks averaged ks value is approdimately 3.
times the mean ripple height.

The two methods used thus give the following roughness range
for the 100-mu-study :

E TIMES THE MEAN RIFFLE HEIGHT, & LOWER LIMIT

. BEs

7 TIMES THE MEAN RIFPLE HEIGHT, AN UFPFER LIMIT

it

. HEs

This roughness range will be used in chapter 7 to test
the Bijker, the Nielsen, the (modified) Englund-Hansen and
the Bagnold-Bailard transport formulae !

6.8 THE WAVE INFLUENCE ON THE BED ROUGHNESS

The bed roughness range from section 6.6 has been obtained
from measurements concerning currents in absence of waves.
Waves will influence the cuwrrent velocity profile by
introducing extra roughness near the bed duese to pressure
forces. Because of this effect the outer current profile is
ashifted (see fig. 2Z20).

Figure &.2.A8 shows that waves superimposed upon a current
introduce an apparent roughness increase by the factor =z1/z0.
ODutside a relatively thin layer, the cuwrent velocity profile
has the usual logarithmic form (Lundgren, 1972) 13

Uz = UK/ LYKRIn(z/21) . for = ¥ zi (6.9

Compared to the logarithmic profile from section &.5.1, the

only change is that the zero intercept =20 (=Ks/3Z3) has been

replaced by the larger zi.

The effect will be an apparent roughness increase from IIKzO
to Z3EXK=1.

In this study it has been investigated whether the velocity
profile in presence of (irreqular) waves is still of a
logarithmic form for z > zi. If this is thrue, the value of
zl can be obtained from measurements in the same way as has
been done for the value of z0 (see section &.35.1).

First the correlations between the measured velocities at
different heights above the bed have been determined. Just as
described in section 4.4, only those points that give a
correlation of 0.98 and higher were taken into consideration.
This was the case for the lowest eight measuring points

(z/h < 0.85). The profiles thus appear to have a logarithmic
form.




Wave induced
mixing

fig.20 Apparent roughness increase by wave influence.

A described in section &.5.1, wk and zl can be determined by
curve fitting, which has been done for all experiments. For
mach experiment the apparent roughness increase z1/z0 has
been determined.

A apparent roughness increase z1/z0 of 1 to 10 is Tound.

The value 1 is found in case of a small significant wave
height and a strong current, the value 10 in case of & large
significant wave height and a weak current (see fig C2AA) .
Figure &.2-A shows zl1/z0 against the ratio Ub/Um in which

Ub = bottom orbital velocity amplitude that follows from
Hsig. (m/ =)

i
Um = mean velacity in case of cuwrrent and waves (m/s)
From figure 6.2.4 can be seen that zl/=z0 = 1 for Ub/Um = O,
This can be expected.

Ub/Um seems to be a correct parameter to describe the
apparent roughness increase, but a closer investigation is
MeCEssarry. '

The apparent roughness increase has also been determined with
data from the 200-mu-study. For 200=-mu, an apparent roughness
increase 21/20 of 1 to 7 is found (see fig. &.2.0). Compared

to

the 100-mu roughness increase, the Z200-mu roughness increase

i

does not show such a clear trend.

In the theory concerning the apparent roughness increasa, LK
is considered to be only current related. From fig. 6.2.B and

KN

fig. &.2.D can be ohserved that this is not true @ waves also




contribute into a friction velooity increase

Values of the appearsnt roughness inoresse are given in

table 6.2 A-B

I the apparent roughness increase has a value > 7, and one
considers the upper limit of the bed roughness range of
section 6.6 which follows from current measurements, one can
see that the roughness can become as large as the mesan water
depth. Just as decribed in section 6.5, velocities have been
conputed with the use of UK and z1 in case of apparent

-

roughness increases » 7.

For the 100-mu-study only the velocities of the lowest
meEasuring points gave values that are 20%-40% lower than the
measuwred values. The velocities of the higher measuring
points were within a 154 variation of the measured values.

Sensitivity tests showed that an improvement of the lowest
velocity lsad to worse valuss in the higher region.

For the 200-mu-study, all computed velocity values in case
of an apparent roughness increase > & , were within a 154
variation of the messured velocities.

. The (nmgan) velooity profile in case of irregular waves in
combination with a current, can be of a logarithmic form
with a zero intercept zl » =20

n ocase of irregular waves in combination with a current,
an apparent roughness increase (21/z0) of 1 to 10 can be
expected for 100mu :

e in case of small waves and a strong current,
10, in case of large waves and a weak cwrent.

xf!

iy

A apparent roughness increase (zl/z0) of } _to 7 can be
expected for 200mu.

. The bedroughness from section 6.7 should be used in
computations concerning the current related bed shear
shress.
The apparent roughness increase should be used in

computations concerning the wave related bed shear stress,

fluid velocities and flow resistance.

e note

In case of large waves in combination with a current, the
induced vortices (seese section é&.1), will be sediment
filled. This also contributes in the apparent roughness
increase 21/:20 (ejected sediment filled vortices),
especially in case of relatively fine sediment

(large bottom concentrations).




7. MODELS FOR SEDIMENT TRANSFORT

7ol BENERAL

in this chapter fouwr existing models fTor sediment transport
prediction will be discussed. The models are used to compare
the predicted results with the experimental results in this
study and the 200-mu-study. The experimental results are
called Smeas, as explained in chapter 4.

fSa explained in chapter 2, the sediment transport has been
-t
o+

devided in longshore and cross—-shore sediment transport.
For longshore sediment transport four models, that are often
vmed in practice, will be described here:

1. Bijker model (1967,1%71)

2, Nielsen model (1983)

%. Modified Engelund % Hansen formula (by van der Braaff and
van Overeem, 1979

4. Bagnold-Bailard formula (1981

The RBijker and Nislsen models have the advantage of more
physical background. Both give an explicit estimation of the
concentration and fluid velocity profiles. The modified
Frigelund % Hansen formula is mors simple, but it gives no
insight in the sediment transport parameters.

The Bijker model and the modified Engelund-Hansen formula
(E=H) are usually applied to calculate the longshore sadiment
transport in the breaker zone.

Nielsen has based his model on the results of flume
experiments. His formula gives both parts, an petimation of
the current-related and wave-related sediment transport.

The Railard~ concept is based on dissipation of enesrgy from
fluid velocities. Instantaneous bed load and suspended load
transport is related to instantaneous fluid velocity, which
should be known or assumed to be known. No distinction can be
made hetweesn the wave-related and current-related parts of
smaediment transport.

A1l models will be discussed separately. The precise
description of the formulae are given in the Appendix II-V.
Their results will be compared to the experimental results.
NMots, that the figures for concentration and transport rates
Mave a logarithmic scale. For comparison of the results,
there will be spoken about small transport rates (£0.001
ka/m.s) and about large transport rates (»0.03 kg/m.s).

The parameters for calculation of the transport rates will be
given in the next paragraph. A precise comparison of formula
results and experimental results is not always possible,
because the use of the input parameters are subjective. So
assumptions have to be made to accomplish a reasonable

COMpar 1son.




7.2 FARAMETERES FOR TRANBFDRT MODELS

7omet General

The parameters, needed for the calculations of transport
rates, will be discussed in this paragraph. These parameters
are: wave period, wave height and bedroughness. Obther
parameters, as mean fluid velocity, ripple height and median
fall velooity of the sediment, can @asily be read from the
exparimental result tables.
Im all computations the following parameters were kept

tants
- masg density of water : 1000 [kg/m3E]
- mass density of sediment rops = 2450 [hg/m3]
- porosity rop o= 0,4 [~]
- acceleration of gravity H .81 [n/s2

o]
H

]
i

T 2.2 Have period

The available parameters for the wave period are:

~The {(relative) zero crossing pericod Tz
=The {relative) wave spectrum peak periocd Tp.rel {(see 4.2.2)

Freliminary calculations showed small influence of the wave
period parameter on sediment transport results. It was
decided to use the relative peak period, Tp.rel, as the
characteristic parameter. In case of irregular waves, the
gnergy wave spectrum shows that most energy is concentrated
around this period. To account for the presence of the
current, the relative peak period, Tp.,rel. and corresponding
wave length, L, were used in all computations (see paragraph
4.2 .

T.2.% Wave height

Because of the irregularity of the waves, a characteristic
wave height must be chosen for computations. From preliminary
calculations was concluded that the influence of wave height
ig significant. In order to investigate the wave height
influence on the model results, three different wave height
parameters were chosen:

1. The significant wave height, Hsig
2. The root mean sguare wave height, Hrms
EZ. The probability-weighted wave height, Hprob

The last one needs more explanation. Because the measured
wave specira were single topped, it was decided to assume a
Rayleigh wave height distribution. Assuming Rayleigh
distribution, the probability that a wave height H is
exceeded 1St

>

FHY = PrdH > H L Hsigy = exp( -2 % (H/Hsig) ) (7.1




The probability of occourence of & wave height H is
approxdimately equal to:
pHY = P (H-dH) - P oOHAdHD (7.2}

in which pH) is the probabilty that H falls in the interval
(H-ddHD < HoS (HAdHY

The sediment loads and transport rates are computed step by
step, starting with H = dH, continuing with H = 3IZdH, S5dH,
until pdY is smaller than 10-4. The results of the
computation in each step are weighted with the probability of
soourence of the wave hesight in that step. Now, all weighted
results will be summarized, to get the probability-weighted
value of a parameter:

NKcH

Fa(HY Xk p (H)
Fa = H=dH (7.5

MKt

o (H)

He=
withs
Fa = Frobability-~weighted value of a parameter
Fa{H) = Parameter value calculated with wave height H
p (- = Chance of occurence of wave height H
N = Number of steps

Bpplying all models the loads and sediment transport rates
were calculated as probability-weighted parameters. In the
models, according to Bijker and Nielsen, other parameters
were also calculated like this.

From earlier computations it appeared that the probability-
walighted parameters did not change noticeably, when the steps
were smaller than dH = Hsig/20. Bo, this interval was chosen
for the probabilty-weighted parameters.

7.2.4., Bedroughness

As mentioned in chapter &6, the bedroughness parameter, Ks, 13

of great importance for sediment transport computation. A

bottom limit and an upper limit wers chosen for computations:

-~ lowar limit: Hs,min = ks = % ¥ r Manoni-Brooks method)

- upper limits Es,max Fa = 7 X ¢ (velocity profile
fitting)

in which r is the mean ripple height.




7aa. BAGNOLD-BAILARD FORMULA

The Bagrnold-Bailard-concept is based on the Bagrnold approach
for steady current. Bagnold 71966) related the sediment
transport to the dissipated snergy from the current. The
dissipated energy will partly be used for stirring up of
sediment, and for transport of the sediment. Bailard modified
Bagnold's concept for sediment transport for coastal areas.
He introduced oscillating fluid velocity components, assuming
that the instantanesous transport rates are related to the
instantaneous fluid velocities. He also brought a bottom
slope component in his model. Therefore this model can also
be used for cross-shore sediment tramsport.

Although the formula is only valid for "sheetflow”
conditions, a comparison with the experimental results has
been made. The formula gives no insight in concentration or
velocity distribution.

When the orbital fluid velocity above the bed, U{{t) and the
depth—averaged fluid velocity, Um, are known, the sediment
transport can be computed. The total transport is devided in
a bed and suspended sediment transport. By using a third
order Btokes equation, it is possible to describe the fluid
velocity U(t) under asymmetrical waves (see also chapter 5.
See figure 2Z1. Therefore, a representive wave was chosen.
This wave form was also measured from the experiments in this
study. From this wave , one can gasily determine the orbital
fluid velocity.

It iz not guite clear how to combine the orbital and the mean
currant velocity. Bailard is not precise about this.

Therfore two approaches nave been used.
In this study, the sediment transport is related with Ut
defined as:

Ut = Uc + U({t) (7 .4)

withs

Uz = g representive Tluid velocity to repressnt the
current effect [m/ sl

Wt = prhbital fluid velocity above bed at time t [m/ sl

In the first approach the representive fluid velocity is
taken:

Uz = Um

The total sediment transport, Stot, is devided in:

2

- Bed load transport : Sh o~ U] kUt (7.5
~ 3

- SDuspended load transport @ S A~ ]Utl HUt (7.6}

(armeans: related to)
The sediment transport has been calculated numerically from
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Uty at every dt = T/20 {(twenty steps). More steps {(a smaller
time intervall) did not improve the resulits noticeable.

A more precise desoription of the Bagrnold-EBailard formula is
given in HDD@ﬂdln I. For further information on the

A o T B QU v Y T - : S o sy S AN 2 B A I 1 1 - g, 7 ¥
DaEgnid.Ordal s /&7 TONEEnT DEE Joateaita G WAARL [Sak=ininig o I R T

3rd order Stoke Equation
U(t) = Ub*cos(wt) + 0,2*Ub*cos(2Wt) +
0,1*Ub*cos(3wt)

1S

124 e
@ 91
~
g B4 \\\
[s]
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5 0 — .i | |
2 3] a

-6 /

“‘9 T T T = [

0 1 2 3 4 5
time in seconds
— T =232s —Ub= 0.1 m, Un=-0.1 m
fig.2l Third order Stokes eguation ir Bagnold-Bailard

computations.

The Bailard computations are cearried oub, using @
- the bedroughness parameter Ks= 2 and Fs= 7l
- the wave height parameter Hrms (to computes Ubk) .

The Ragnold-Bailard formula gives poor results, in case of
Uo=Um is used to represent the current affect.
One can conclude that:

. the formula overestimates the experiments with a factor of
about 100.

. the bed load transport, according to the Bailard formula,
gives a relative larger (about 20% contribution to the
total sediment transport tham follows from the
srperiments. :

The last fact might be caused by the “sheetflow” conditions
of the Railard formula. The definition for bed load transport
is not equal.

. the Bailard results do have & same tendency as the
experimental results, increasing the wave height Hrms,
leads to a same increase factor of the total sediment
transport.

. the Bailard results for waves following & currant,
give consequently larger sediment transports, than for
waves opposing a current. This iz inconsistent with the

experimental results.

The results for the first approach are not listed in this




Feport.

The definition of Ut, seemed to be very strange, because the
orbital fluid velocity near the bottom (z=0) is compared with
a depth-averaged velocity.

Therefors a second approach was used with:

an assumption based upon the approximately average velocity
in the region of about 9.1 [cml] above the sand bed. S5o. now
the sediment transport will be related with:

Wt o= 0.2 %Um + U (L) (7.7
The results for the total tramsport rates are given in table
7.1 and figure 7
not lead to improvement of the
the measwed transport rates, the
ing to the changed Ut, leads to:

0 A A 4 5 o4
IR \...llC\ll':.jﬂ oL L L4
tendency. Compared to
computed rates accord

. relative good results for transport rates when waves were
opposing & ocurrent. The computed transport rates differed
& Tactor .33 to & from the measured resulis.

In case of a large wave height combined with an opposite
wealk current (experiments T 15,-10 and T 18,-10) the
computations gave a transport opposing the current.

. different transport rates for transport rates when waves
were following & current:

a Tactor 20 too large,. fTor small transport rates, and

good results, for large transport rates (factor 0,5 to 3.
. larger magnitudes for Ks=7XRe, in case of large transport

rates., and

smaller magnitudes for Es=3¥r, in case of small transport

rates.

The different results for waves opposing or following a
current can be explained by the superimposed current and
orbital velocities. The Btokes eguation causes asymmetrical
orbital velocities, U(t), which, in case of waves following a
current, leads to larger valuess of Ut. Although the smaller
and negative Ut is longer present duwring one wave period, in
case of waves opposing & current, the sediment transport
rates according to eg. (7.3} and =g. (7.8 will be much
amaller. So, the sediment transport rates, according to the
Bagrnold-RBailard formula are very sensitive for Ub.

Orne can conclude that:

. The representation of Ut in the Ragnold-Bailard formula, to
compute sediment transport rates, is incorrect.
The power 4 in Ut™4, related to the suspended sediment
transport is not correct.
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7.4 THE MOBRIFIED ENGELUND-HANSEN FORMULA

The Erngelund-Hansen (E-H) formula is popular because of its
simplicity. The original E-H formula was developed for
predicting the total load transport in rivers. Van de Graaff
and van Overeem (1979 modified the formula, by increasing
the bed shear stress when waves are present, applying the

23 jker method. Details are given in Appendix I1.

Only five parameters are required for sediment transport
computation with the E-H formula:

~ the wave height, H

— the depth—-averaged fluid velocity, Um

- the bedroughness parameter, Ks

- the median grain diameter of the sediment, D30
—~ the waterdepth, a

The computations were carried out on a computer spread-sheet
program. The computations and comparison with the
experimental results are given in table 7.2. and figs.
7.2.A~B.

First, the calculations with the E-H formula were carried out

with H = Hrms and kKs= T¥r and Ks= 3. Second, the wave
height parameter was substituted by H = Hprob. This resulted
frm rmamt 1 oo wmpmpmre oo ik 3 e mamem g o e T A g o
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v'vi\.,,
omputations were carried using M= Hsig and alsoc both ks
values.

Firam the figures 7.2.480~B. one can conclude that:

1

—

i
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y s
L]

-

[H]

s= W and rather

ms and H= Hsig.

3

sult

5 show poor tendency for all K
snden f . t r

PO - oo
mc roks= Ir, for both H= H

rtom

+ o
NEE

£
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~,

. Too large sediment transport rates were computed with the
E-H formula compared to the sxperimental results,
especially in case of Ks= 7¥r.
fverage factors S(E-H) /8 (meas):

transport rates
small large
Fe= ¥y 7 it
Hrms
Fe= 7¥r 1& =
Fa= ZHr 20 &
Hsig
ba=s THr 40 ?
Overestimeted factors, using the E-H formula
for 0.1 < Um < 0.4 Im/3] and DSO=100mu.

4
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Im the 200-mu-study the oversstimated factor was about 100

for small transport rates and about 9 for large tranport

of probability-weighted weve height. Because
computed transport rates

can conclude

rates, in case
the wuse of this wave height gives
between the rates for M= Hrms and H= Hsig, one

that:

The E~H formula does rot give a fair sediment particle
)

L.

diameter influence.

"




7.5 NIELSEN MODEL

The Nielsen model (1983) is a very complex method. On the
other hand, the method gives insight in the parameters that
are involved in sediment transport prediction. Nielsen
predicts a concentration and velocity pofile. Also, the metod
distinguishes current-related and wave-related sediment
ransport.

Some parameters are predicted from other parameters (see
ABppendix IV, which might lead to inconsistency. In regard to
the bedroughness and ripple height, the Nielsen prediction
has been replaced by ripple characteristics, derived from the
e<xperimental results of this study. MNMevertheless, as can be

*
1
i

w@2en in the final results, inconsistency is still present.
Six different computations to compare with all 23
experimental results were carried out: for H = Hrms, Hsig and
Hprob, two values for the bedroughness parameter, Es=3r and
=7 wers used.

HBecause Nielssn distinguishes current— and wave-related
sediment transport, a comparison has been made between the
current-related part, Scurr, and the sxperimental results,
Smeas. For comparison with the sand balance experiments both
the cuwrent— and wave-related parts are computed.

-

he computations are carried out, as given in the Mielsen’s
computer program {(Appendix I, Nielsen report, 1985).

A Niglsen model results and compariscons with th

grimental results are given in tables 7.3.A~BE. and figures
W E.A-D.

2

9
ES

P

i
eH
7

o

£1

iment transport

e

Comparing the MNielsen model results with the experimental
results, one can observe from the figures and tables, that:

. The Nielsen formula gives good esults for small sediment
R et Ll Tt a2 u—--—n&-nr—- T IR e Y ey 1Y 5 [ | oy pos ped
Ll “tll:)Pul . [ S O -} Nad VY L0 4 e A \."n‘ & r~.\:1/ ERR I =L ] L~ I RS

. Much to large sediment transport magnitudes in case of
larger transports (Scurr > 0,01 kg/m.s), and

« Incorrect tendency.

Varying the parameters H and Ks and with D30 = 100 mu, does
rnot lead to improvement of the overall results but the
following conclusions can be drawn:

. The order H = Hrms, Hi{prob), Hsig gives larger sediment
transports in the same order.

. The use of Ks(max) gives larger sediment transports than
s tmind .
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transport rates
asmall large
Fa= D .5 - 2 40~ 100
Hproh
Fa= Tlr 0.4 — & A0 - 00
Fla= Ik .2 - 1 4 - ZO
Hrmes
Fas= 7¥r 0.5 - 1 10 - 70
Fa= ZHr Db - & g - 100
Hsig
Flm= F¥r 0.2 - 8 bH o= I00

gnlargement factors by Nielsen model computations.

The main problem, to compare the Nielsen model transport
results with the experimental results, is that Nielsen
computes the sediment transport different from the method in
this study. In this study Scurr is defined as:

& = -
Sourr (meas) = B oo (z) Uizd (7.9
2 =0

while Mielsen uses another method, related to the shear
cuwrrent velooity, Wio, and the median fall velocity of the
saediment paricles, Wi

a
Souwerr (Nlelsern) = exp ( 1.1 Uka/W) % B cw(z) =y (7.10)
z =0

in which ow is the wave-related concentration.

Increase of Um leads to increase of Wke and inorease of the

exponential factor., The sediment transport according to the

Mielsen method leads to too larges valuess, esspecially in case
aof strong current strengts.

For the 200 mu computations can be observed that:

. The formula gives an overall overestimation, compared to
the superimental results (& factor 4 to 14) ., but

. Good tendency.

. Compared to the results, in case of 100 mu, the tendency 1is




different, mainly caused by the less pronounced influsnoes
ot the L“pomential factor.

concentration nrofile

The concentration oprofiles are based on a modifisd method,

applying a mumemad length scale parameter Ls= Ls + hlUKz/Ws
{seae Appendix IV . The computed profiles show reasonables

agresnent wlfh the measured values. Bome of the results are
S atuily hy figures 7.3.E-G.

se can be concluded that the results of Nielsen’s
concentration model gives compared to the

raattl e

. btoo steep concentration profiles in all computations
- too Jlarge concentrations in case of small

transport rates {(a factor 5

too small concentrations in case of large

transport rates (a factor 143)

i
-y

. rather consistent concentrations in case of Ums 0.2 [m/sl.

To comnpute the transport rates, Niglsen uses another method
by introducing & correction feactor Fsewp (1.1UKW) .
These two approaches are not consistent.

Velocity profile

Im the Nisls method5 a modified logarithmic velocity
ﬁiwtrxhnt an 1s used (see Appendix IV) . The velocity profiles
srmined wit h the parameters =20, =1, F and Uk. The
caloulated and measured velocity oprofiles are shown in tables
7.ELO-7. and some of them in figurss 7.3.E-G.

As can be observed from these, compared to the measured
velorities, the velocities according to the Nielsen model

. rather consistent velocity profiles,

more precise

., rather consistent {(within a fTactor 2) for velocitiss
Hetwesn the mean bed level and 0.1 Dmd above this.

. too large velocities {(within a factor 1.3) between 0.1 and
.7 I[ml above the mean bed level.

. too small velocities (within a factor 1.3) at the water
surface

. hardly not influenced by the use of Hrms, Hprob or Hsig.

The use of Hs(nind or Hsdnax) in the model causes

. mmaller velocities inm the bottom zones with Hs (max) , and
. larger velocities in the upper zones with Es{min).

These differences are rather small, within 20%.




Resumning

In case of small transport rates (4 0.01 kg/m.s) the Nielsen
model gives rather consistent result
: g

-t
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118 give
the measuwred velocities.

The total sediment transport rates, computed by the Nielsen
madel are mainly influenced by a too steep concentration
profile and by the exponential factor.

Hecause of the model’s complex structure, it is hard to
investigate the model to improve the tendency and final
results, compared to the measurements.




Faub  BIJHER FORMULA

The Bijker formula is a typical longshore transport formula,
pased on bed friction forces. As pointed out in the
introduction of this chapter, the fTormula estimates the
current-related sediment transport, and gives no estimation
of The wave-related part.

The Rijker model computes a total sediment transport, devided
in a bed load transport and a suspended load transport.
Firet, the bed load transport is comnputed with the modified
Falinske-Frijlink formula. This formula is originally used
for acfiment transport for currents. Bijker modified the
bottom shear stress term in the stirring parameter of fhe
Falinske-Friilink formula, because the waves contribute
primarly to the stirring up of material from the sand bed.
Frowing the bed load transport, the concentration in the bed
load laver is computed. The thickness of this laver is
assuming to be equal to tne Zod roughness.

Second, the suspended load transport follows from the bed
load in the following way:

The concentration profile is approximated by an
Einstein-Rouse concentration distribution, in which the bed
layver concentration is ussd as refsrence concentration. The
velooity profile is assumed to be logarithmic. By
multiplication of the concentration profile and velooity
profile follows the suspended load transport.

Mow, the total load transport is the sum of the bed load and
suspended load transport.For further details see Appendix V.

Home parametsrs in the Riijker fTormula need attention.

The Halinske-Friilink formula, used to compute the bed load
transport, contains a dimensionless emprical parameter H.
Yalues between 1 and 3 have been suggested. For computation
of longshore transport in the breaker—-zone this parameter is
usually taken egual to 3. In this study, non-breaking waves
are involved, for which B is chosen squal to 1 {(also to be
consistent wlth the Z200-mu-study) .

Bijker assumed the bedroughnesss parameter, Ks, to be esqual to
half the sverage ripple height. This study and the
20O-mu~study indicate that Ks may have a value of 5 to 7
times the average ripple height. As mentioned in the
introduction of this chapter., these values were used in the
computations.

Varying the wave height parameter by using Hrms, Hsig and
Hprob, and the use of two bedroughness values, Hs{mim and
Feimax) ., leads to six different Bijker computations for 23
experiments. Computations have been made for:

~ the bed, suspended and total load transport,

-~ the concentration distribution, and

- the fluid velocity distribution.

The results of the total load tramsport, and the comparison
with the experimental data are given in tables 7.4.A-B and
gome- of them in figures 7.4.48-H.




The comparisons of computed and measuwred concentration and
vaelocity profiles will be made in case of H= Hrms.

The results from FBijker computations will now be compared to
the results from the experiments.

Sediment transport

Generally spoken, one can conclude from the figuwes 7.4.6-D.
and tables 7.4.48-B., that, compared to the superimental data:

. the Bijker formula gives rather consistent values of the
total sediment transport rates,

. good tendency does not. but not conftirm with the
experimental data (Smeas) ,

. the Bijker formula gives larger transport rates (about a

factor 4y, in case of & weak current (Um = 0.1 [m/sl1), than
HMEASs ,
about the same results, in case of a cuwrent of Um = 0.2

tm/s1 , and
smaller transport rates (about a factor 4), in case of a
stronger cuwrent of Un = 0.4 [n/sl.

For more precise comparison of the measured and computed
transport rates, see table below:

transport rates
small large
Fe= Idr 1 - 3 Q.5— 0.4
Hprob
s= TN 1 - 4 O,2- 0.8
Fea= ZXKr 1 -5 D.5- 0.9
Hrms
I o [ I 4 [ e .
[ S A1 FN aab R ES
b= DX I - 1= 0.5~ 1
Heig
Fes= 7i¥r 1 - 10 0.2~ 1

Enlargement factors S (Bijker) /5 (meas)
In the 200-mu-study about the same conclusions were made.

By comparison of the use of different wave height and
bedroughness parameters one can conclude that the Bijlker
formula gives relatively:

. larger values of transports with the use of Hsig,

. about the same magnitudes for Hrms and Hprob,

. larger transport rates with the use of Es(max) than the
use of Hs(nind .
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. The best overall results are obtained for Hrms and Esd(nind.
and more precise, dependent of Um:

LoMm o= 0,1 Imdsl 4 Moo= Hrms o, Fs o= Hs nax)

LUnm o= 0,2 m/sl , H o= Hprob, Ks = Ksimind

LoUmo o= 0,4 Dm/sl , H o= Hsig o Ks = Heimim)

& view of these last results can be seen in fig.7.4.D.
cause the Bijker formula gives similar results for the
emu-study ., 1t can be said thats

. the RBijker model represents the influence of the median
grain diameter, DEO, rather well in the range 100 mu to 200
Mt

i

profile

H

Concentration

{

The concentration profile is strongly influenced by the value
C the bedroughness parameter, Hs(nind or Ks (ma) . The
constant concentration betwesn the mean bed level (z=0) and
is = f this. This mekes it not possible to

af

oy

[N RO - e K ota, o
bhe resull of

cording to Bijker with the measwed concentration profiles.
Some profiles are shown in figures 7.4.E~ H.
The Bijker model computes the bed losd tramsport first. The
bed layer concentration follows from this, by deviding the

bed load transport to the fluid velocity in the bed laver
Bijker assumed the bed layer thickness to be sgual to
half the ripple height. Because in this study the
conputations were carried out using 3 or 7 times the ripple
height, the computed (with H= Hrms) bed layer concentration
i, compared to the measured concentrations in the near bed

Zones

. about a factor 7 too small, Ede o, and

. oabout a factor 12 too small, g i

Dverall can be said that:

. the concentration profiles according to Bijker are steeper

than the measured

This is
In
ol d s

also

i I

Velocity orofile

conc ) uded
the next ssction,

QOMEs .

in the Z00-mu-study.
7.7, the concentration profile will

be

The Rijker formula computes logarithmic velocity profiles.
This leads to different shape of the velocity profiles,
compared to the measured velocity profiles (see figs.

7.4 E-HY . The logarithmic profile gives larger values in the

L=

reasr bed rone, and smaller values at the water surface. More
precise, conpared to the measured velocities, this leads to:
. less steep velocity profiles in case of Um= 0.1 and 0.2




Im/s1, and
rather consistent velocity profiles in case of Um= 0.4

Im/sl.
less steeper velocity profiles with the use of Fs= Idr than
with the use of ke= 7¥r.

The Z200-mu-study glves the same conclusions.

CL

Fesuming

The near bed zone {(about 0.1 [ml above the sand bed) neesds
most attention. About BO to 259 4L of the total ssdiment
transport is measwed in this area, in which the Bijker
model s concentrations and velocities differ most from the
measurements.
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the Bijker formula gives too small concentrations and too
large fluid velocities in the near bed zone, resulting in

reasonable sediment transport rates (within & factor 4.

®

igures 7.4.E- H. show the sediment transport

In order to improve the Biiker model results, an systematic
imvaestigation has been carried out. This will be described in
the next section.
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In section 7.4, the Bijker tranmport formula has been used to
compute the total load transports for all esxperiments. This
has been done using various waveheights and bedroughness
sstimations (see section 7.6).
The trend of the computed transports is not in agreement with
the trend of transports that follow from measurements.

tough this difference, the computed tramsports are
consistent (little scatterd. This was also found in the
200-mu-study. In both studies, the transports computed via
the Bijker formula show the same difference with the
transports that follow from measuwrements @ The Bijker formula
seems to be consistent for different sediment properties.

The Bijker formula computes the total load transport by
multiplying the concentration profile with the velocity
profile. In section 7.4 was concluded that the computed
velocities were relatively large in the near bed zone and
that, especially in the near bed zone, the concentrations
were much to small.
The difference between the computed and measured tranmsports
is mainly caused by the difference between the concentration
profiles. A better result can be achieved if this difference
can be reduced.
Im the following, an attempt is made to modify the Bijker
formula to reduce the difference uEtW@EH the measured and
the computed concentration profiles. This will be done
without changing the main prmncxp’“ of Bijkers modification
of the bed shear stress in the Falinske-Frijlink formula in
case of waves in combination with & current.

Firat the velocity profile will b treated shmrtlv. Secand,

I
T IS R —— o T S oy o ol st ilbution W 1 b do g o o e
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Vo772 The velocity profile

The Biijker formula uses & logerithmic velooity profile to
compute the fluid velocities. The computed velocities were
ralatively large in the near bed zone. For this reason, Ks is
taken M- 3 the upper limit of the bedroughness range from

gsection &.6.
The bed shear velocity is computed as @

Um
D (7.8

Iy (/ (e Q) )

i which @

Um = depth averaged velocity ' Im/s]
h = water depth Cml
20 = roughness length scale Lm3d
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The oblective of the modification of the Bijker model is to
compute a concentration profile, that will be consistent with
the measurements. Sse figure below.

“MODIFIED . MEASURED
BUUKER L

-
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The time— and bed-averaged concentration profiles are
characterized by two properties, namely:

. magnitude
. distribution.
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i1l be discussed in the following paragraphs.

7.7.4. The concentration magnitude

The magnitude of the concentrations computed via the Bijker
formula, is mainly determined by the bed load transport Sb
that follows from the modified Kalinske-Friilink formula :

ERDSORV g - SXBHDION kg
X eup (7.9}
C WMKTo DL + O 50 aokUb/Um 3 2]

see Appendix V.

The value of B is not very clear. £ is a calibratiown
cosgfficient.

The computations from section 7.4 have been done with :
B = 1 , because the waves were non-breaking., and

g o= Q.27




Bijker assumsd the bottom concentration to be constant over a
height sgual to the bedroughness KFs. He suggested using a
bedroughness equal to 0.5 times the ripple height r @ Very
large Tluid velocities would be the result !

Here, the bottom concentration Ch, is assumed to be constant
over a height sgual to the ripple height r.

Cb will now be computed from 7.9 as :

Sh

10

I
o
i
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The original Falinske-Frijlink formula is a river transport

formula.

To check this formula, Sb is computed for the experiments

T 0,40 and T 0,~40 with B=1 and g=0.27.

Ch is now computed from 7.10.

The computations of Cb gave values that are about a factor 5
-

to larges comparsd to the measwed concentrations in the near
bed zone.

From this was concluded that the value of 0.27 (8 in the
exponential part of 7.9 is to small.

If £ is taken 0.3 instead 0.27, the Cb values become rather
well.,

With the value 0.5 in the exponential part, the modified
Falinske-Frijlink formula will be checked in case of waves in
combination with & current.

The characteristic parameters @

~the bedroughness , Ks, follows from section 7.7.2, and is
taken @ Hs=7Xr.
-the wave h . because the computations from

zight is taksn Hrms
section 7.4 gave best results for the combination of Rs=7¥Kr
and H=Hrms.

From several computations with B=l and £=0.5, it was found
that, especially in case of large wave heights in combination

with an opposing cuwrrent, Cbh values werse to low.

This can be explained by the fact that the values of Ub are
zmaller in case of an opposing cwrrent. Because an overall
modification is prefered, no distinction has been made
between following and opposing current experiments. After
many sensitivity computations concerning the coefficients B
and g, the following values were found to obtain Cb values
that are in agreement with the measured concentrations in the
near bed zone :

Lo &
e R T =

-
g

o
[

o~
-

IR <4

In the following, B is taken the value 2.5 and g is taken the
value 0.7. With these values for B and g, Cb values were
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conputed for all experiments, ]

NMote that all valuss Ks/8b used to compute the Johnson
friction parameter Fw, are smaller or just a little higher
tharn 1.47. This means that Fw has a rather constant value of

T

L O

Mext the concentration distribution will be treated.

7.7.5 The concentration distribution

First the concentration distribution will be treatsd more
@rEral .

veral models have been developed to describe averige

f centration profiles in cease of an oscillating water
movansnt (Rouse, Einstein, Coleman and Bhattacharvyal.

In general, they are diffussion models in which the
scripbion of the eddy viscosity {(diffusion coefficient)
; ar dmportant role.

Im general, the sristing models are derived from the nesxt

dllzi/de = ~W/E(z) K Tz (7.114)

iy which 2

= Height above mean bed level Cm3
= fAverige sediment concentration at level =z Ckg/m32d
= Fall veloocity of the sediment I/ sl
= Eddy vicosity Tor sediment movemsant [m2/s]

£ will depend upon the hydraulic conditions. Because it is
not exactly known how, E(z) is derived from the viscosity
distribution for the water movemsnt. Also it iz not very
clear if W is the fall velocity of the bed material ;3 Just as
Ez), W can be related to the height above the bed (W(z)).

Both in this study as in the 200-mu-study, threes types of
concentration profiles were found (see fig. 22).

Frofile 1 was found in case of waves alone. Profile 2 was
Found in case of waves in combination with a strong current.
Frofile 2 was Tound in case of waves with a relatively weak
current which, on its own, was not able to bring sediment
into SUSPeEnsSion.

It seems that in case of waves in combination with a current
an increasing current strenght will cause the concentration
pirofile to change from Frofile 1 to Frofile 3.
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» LoG C(z)

fig. 2% Ocowing concentration profiles (log. scaleld

Frofile 1 from figure 22 can be described with a diffusion
model in o which E{(z) has a constant value (adapted Coleman
model) . The solution of sguationzma then becomes

Y = 040 K ewn ((-WAE) KD (7.118B)
Im which

Sy o= Concentration at z=0

b = Fall velocity of the bed material
£ = Constant eddy viscosity for the sediment movement

Frofile arnd I can be decribed with a diffusion model in
which the eddy viscosity is a function of the height above
the bed : E(z). Buch a model is the Rouss/Einstein model :

oy
.

Elxy = 4 M Em K (I-z/h X z/h (7 .12
Im which @

Em o= The eddy viscosity at z/bh = 0.5 (see fig. 24
h = The water depth

The solution of equation 7.12 then becomes @

Rz # A
Gy = CGa x| = % — (7.13)

= M=
I'm owhich

20 = A referance level : C{z)=C0) for = < =

2 = WS REm

The concentration becomss infinite for z=0. Because of this,
the profile is defined for =z > .

With this model, Frofile 1 and 3 can be reasonably well
decribed if Em is well chosen. Em can be related to the




narameters used in the logarithmic velocity distribution. The
result is that Em becomes

Emo= 025 K B ook Uy Kk ok (7.14)
T w WSk RLIK (7.15)
I owhich s

= The wvon Farman constant {(=0.4)

L = The current ﬁtFﬁBﬁ Vel oo ity
o= The water depth

-
P

E (=)

Em

Fig. 24 The eddy viscosity distribution.

wses the Einstein model by taking Tl =Ch and
Z¥ to account for the influence ﬁf waves. (soe
T,
modification of ZI¥ lsad to concentration profiles
stoen oonpared to the measursd ones.
Both in the 100-and 200-mu-study is found that the
concentration disteibution is stromngly cwrent related.

Therefore it was decided, first to use current parameters
ton compute Z¥ for the concentration distribution.

With the use of 7.15% and the computed Cbh values from section
T.7.3, concentration profiles have been computed with the

Rousse/Einstein model.

After sensitivity tests, distributions that are in agresement
with measured distribution were found if Z¥ is taken :

r
¥ = UW/ sk (7.18&)

with O.4 2 ono Y 0.6
L is the current shear veloocity.

I the following, n is taken Q.5 v
For the caloculated conentration profiles, see table 7.6 A-F




7.7t Transport computation with the modifisd Bijker formula

The total load transport computations are made with s

Tl

0 ~dLh

b B i a
i

i

Sh is computed with the modified FHalinske-Friilink formula
tsing the new values for B and 8.

Bs is computed as i
h h—z r i
G = / Ch K { e K e ) K’ U(z) dz
i bt =
witing
0.5
2K = (WS ko KLDK)
U(z) = the logarithmic velocity profile

The computed tramsports, now show a good trend compared with
the transports that follow from measurements.

To check the modification for a different sediment size, also
transports for 200 mu have been computed using the same
values for B, b and n. Altough the Z200-mu-study results have
not been used in the calibration to determine B, g and n, the
trend stayed good .See fig.7.5.A and table 7.6 G-L

In figures 7.5.B-G. the concentration—-, velocity—- and total
load transport profiles for some esxperiments are shown.

« The new values of g and B in the modified Kalinske-Frijlink
formula in combination with a bed load layer thickness of r
vields a much better trend for the predicted bed
concentration.

« The mixing parameter Z¥ is not good represented by taking
Udyow as proposed by Bijker. The present results show that
I¥ is strongly cuwrent related 3
more research 1is neceserry.

«» The difference between the newly computed transports and
the measwred transports will be mainly caused by the
difference between the velocity profiles.




8. CONCLUSIONS AND RECOMMENDATIONS

CONCLUSTONS

From the measuresments

i. An increase of the significant wave height or an
increase of the depth-averaged fluid velocity leads to
an increase of the concentration magnitudes. (see 4.3

2. Current in combination with following or opposing waves
give smaller velocities in the near bed zone than
current alone.

Waves that follow a current causes larger time—averaged
fluid velocities in the near bed zone and smaller
time—~averaged velocities in the upper zone, comparsed to
those in case waves oppose a current. (4.4)

R The bedroughness parameter, Fs, in case of waves in
combination with & current, is about 2 _to 7 times the
average ripple height. (6.7

4, In case of irregular waves in combination with a

current, an apparent roughness increase (zl/z0) of
ito 10 can be expected:

1, in case of small waves and a strong current,

19, in case of large waves and a weak current. (6.8

5. Waves in combination with a current produces larger
total load amounts by an increase of the significant
wave height or the depth-averaged fluid veloocity.
However, given a constant significant wave height, the
total load amounts for waves alone will be somewhat
larger than for waves in combination with a weak current

(2.1 fm/s3) . (4.8.2)

& The median fall vel

1@ suspended material is
gqual to about O, 5 the median fall velocity
of the bed materia The influence of wave height and

i

1
current strength is not clear. 4.8

=
o
7

7 The influence of the significant wave height, Hsig. on
the total leoad transport, 5t, can be reflected rather
weall by the relationship

q
St ~ Hsig

in which g is a parameter that is related to the median
gsize of the bed material, D30, and the depth-averaged

luid velocity.
The influence of the depth-averaged vploc1tv. Um, on the

total load transport, St. can be reflected by
Y
PEE A tUmi
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height. (4.4.4)

or Oppose a current give no
ra i sediment transport rates.

the results of model computations

The BRagnold-Bailard concept as described in this study
praedicts current-related sediment transport rates that
are much too large (factor 10 fto 30 in case of waves
following & current. In case of waves oppose a

ourrent the concept predicts thess rates within a Tactor

.o A7V

The modified Engslund-Hansen formula computes

g RY ot @rt~Wleer sediment transport rates that are much
too large in all cases, and inconsistent for the median
size of the bed material. (7.4

The Nielsen model reflects the velocity profile rather
well. Comparsd to the ssxperimental data, the
current-related transport rates, computsd by the Nielsen
model, gives results within a stor 2 for small
transport rates (20,001 kg/m.s) . Much too large (&
factor 100} rates are computed for large transport

rates (#0.03 kg/m.s), mostly influenced by Nielsen’s
sxponential enlargement factor. (7.5

I

The Bijker model predicts too small concentration
magnitudes and too large fluid velocities in the near
bed zone. This results in cwrsnt-related sediment
transport rates that are a factor 4 too large Tor small
transports (0 0,001 kg/m.s) and & factor 4 too small for
large transports (5 0003 kgfmas) o (F.éd

By modification of thes Halinske-Friilink-Bijker

farmula with parameters B_and 8. and by assumption

that the bottom concentration, Ch, is constant over the
mean ripple hsight, the concentration in the near bed
zone can be predicted rather well.

If this is combined with a modification of the Rouse-
Einstein integral, by changing the dimensionless
coefficient ZX, the concentration profile is well
predicted

For the velocity profile the assumption Es = 77X fits
oest .

These modifications lead to improvement of the computed
current-related sediment transport rates. Magnitudes
within a factor 3 compared to the experimental results.
The differences now, are mostly intluenced by the
computed logarithmic velocity profile. (7.7)
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More data of sand balance expsriments are required for
determination of the wave-related sediment transport
rates. These can easily be carried out within an

accuwracy of 10%, using the method of the "under water

balance' . (5.2)

For better understanding of the sediment transport
mechanism, the knowledge of the instantanecus fluid
velocity in the near ripple zone is regquired. This
might be done by registration of the amplitudes of the

velocities in this zone. (5.3

More investigation and experimental data are necessary
to verify the B, & and 2% parameters of the Bijker

s enbe e e o] 7
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LIST OF SYMEOLS
a - water depth Lmd
A - dimensionless roughness L[—1
Ab - dimensionlsss enhancement factor in the

Nielsen model -1

—~ horizontal orbital displacement amplitude Cml

Al ~ coefficient in the Nielsen model
Af - dimensionless enhancement factor in the

Mielsen model -1
b - width of the flume Lm1l
B - coefficient in the Kalinske-Frijlink-Bijker

formula -1
c -~ concentration Ckg/m3I]
k4 - time- and bed-averaged concentration [kg/mX]
o’ ~ concentration fluctuation Ckg/mZ3
ca ~ absolute wave celerity Im/s]
cr - relative wave celerity Im/s]
c = Chesry friction coefficient [m™0.5/s]
ce -~ Chery friction coefficient Im™0.5/sl
Ch - bed concentration [kg/m3]
gd{.) - standard deviation of (.} L.1

- error in (. L.]

D — grain diameter exceeded by x4 Imd
f - frequency [1/s]
fp - peak frequency [i/s3
fw -~ friction factor [-13
frw - skin friction factor [-3
F ~ goefficient in Niesen model -1
Q - acceleration of gravity Im/s2]
o] — water depth relative to the flume bottom [m3
H ~ wave height Lml
Heig — significant wave height Lml
Hrms - root-mean—square wave height [m3
Hprob ~ probabilistic-weighted wave height Lm3
H1% - wave height with 1% probability of being

exceeded Lmd
i - water surface slope -1
11 - Einstein integral -1
2 - Einstein integral [-1
L - wave length [m1
L - bed load Tkg/m2]
Le - vertical concentration length scale Lm3
Lcb - concentration length scale (Nielsen model) Lml
Laf - concentration length scale (MNMielsen model) Lml
Ls - suspended load Lhg/m2]
Lt - total load [kg/m2]
s - bedroughness parameter Em1
n - power coefficient -1
F{.)  ~ probability of edceedence (. -3
plad ~ probability of occurance of (.) L-1
] - porosity -1
0 — power coefficient -1
r - mean ripple height [-1
S5b ~ bed load transport fkg/m.sl
Scurr - current-related sediment transport fkg/m.sl]
8s —~ suspended load transport [kg/m.sl
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total load transport fkg/m.s]
wave-related sediment transport tkg/m.sl
coordinate of time [s]
wave period [s]
bed shear stress CN/m2]
wave spectrum peak period [s]
wave spectrum peak period relative to the
current [s3]
zero-crossing period [s]
velocity of ripple migration Im/=s]
fluid velocity Im/ =]
time- and bed-averaged fluid velocity Im/s]
fluid velocity fluctuation Im/ sl
horizontal orbital velocity amplitude In/sl
representive velocity for current effect Im/s]
depth—-averaged fluid velocity Im/s]
shear velocity Im/ sl
shear velocity by current [m/s]
shear velocity by waves Em/ sl
velocity Im/ sl
‘sand bed volume in flume Im3]
mass of sand bed in flume Lkgl
median fall velocity of sediment [m/ sl
coordinate of wave propagation Lm3
length of bed for sand balance Lml
power coefficient £-1
vaertical coordinate Lm3
zero velocity level Lml
level of intake tube i Lml
adapted zero velocity level Eml
dimensionless parameter in BRijker model [-1
shape factor -1
coefficient in Kalinske~Frijlink-RBijker

formula -1
mean bed level . [m3
Shields skin friction parameter [-1
Shields parameter corrected for flow contraction
near the ripple crests. [-1
ripple height Im]
constant of von Harman £-3
ripple length Lm]
mean ripple length Cml
ripple length in case of waves alone [ml
upstream ripple length Lmd
downstream ripple length £m]
ripple factor £-3
density of fluid fkg/m3]
density of sediment fkg/m3]
kinematic viscosity Cm2/s]
parameter ’ [-3
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AFFENDIX I. THE VANONI-BROOES METHOD

This method determines the bedroughness with side-wall
correction.

To determine the shear-stress related to the bed in case of
uneqgqual bed and side-wall roughness, a correction metod must
he used, when the depth/width ratic of the flow is less than
about 3.

A method which is freguently used, is that of Vanoni-Brooks
{(1937) .

The input parameters to determine the bedroughness are:

o= water depth Iml
& = discharge Im3/ sl
b o= flume width Imd
i = water surface slope [-1
Constant parameters in these compuitations are:

¥ = kinematic viscosity coefficient = 107-46 [m2/ sl
g = acceleration of gravity = 9.81 [m/ =21

The series of computations that have to be carried out to
determine the bedroughness parameter ks, according to the
Vanoni-Frooks method, are given herse in the following order:

boh
1 R = = hydraulic radius Lml
B+ 2h
2. Wk = (g R 1)70.3 = ghesar velocity [m/sl
Z. o oUm =8 /7 b h = depth-averaged velocity Im/s1
4. f = 8 W/ Um) 2 = frigtion cosfficient [-3
5. Re =4 Um R /¥ = Reynolds® number L1
H. Tw o= 00,0026 [logRe/f)1"2 — 0.0428 log(Re/f) + 0.1884
= friction coefficient related to smooth side-walls
according to V-B (1075 < Re/f <1078) L1
7. Ffb o= f 4+ Zhi{f - fw)/b= friction coefficient related to
the bed [-]
8. Rp =R fb / f = hydraulic radius related to the
bed [m1
F. Udyb= (g Rb i) "0.35 = ghear stress related to the bed
Im/sl
10, Ch = Um / (Kb i)"~0.5 = Chezy coefficient related to the
bed Im™Q.5/s]

i
il

11. ¥ 12RE 107 (-Ch/18) effective bedroughness Imd

0




AFFENDIX II. THE BAGNOLD-BAILARD CONCEFRT

(WITHOUT BED SLOPE INFLUENCED

Bailard used the Ragnold-approach for sediment fransport.
Failard devides the totalload transport into two parts:

1. The bed load transport is computed from:
&b Cf

Shity = pg —mm Tut
d g tan

-3

Ut Ckg/m.sl

2. The suspended load transport is computed from:

sm LF

Ss(t) = pg —————— LUt
d g wWwS0

r; 4

— i

Lit Chg/mesl

withs:
- Bagnold proposes values for the coefficients &b and ss:

gh = 0,11 - 0,13

g = 0,016 ~ 0,024

In this study the values, proposed by the Delft Hydraulics
Laboratory, are used:

Eh = Q.10

% 0= 0,02

- i the friction coefficient according to Jonsson:

Of = supi-& + 5.2( Ab/Hs)"—0.19F

- tan = 0.&3

=~ o = 1.65

- = 9,81 L[m/s2i

- W50 = the median fall velocity of the bed material [m/sl
- Lt = U + WUt

withs

i+ = the combined fluid velocity at time t [m/ sl
e = a representive velocity for the current effect Im/s]

Uity= the horizontal orbital velocity at time t, according to
a third order Stokes eguation:
Uity= b cos{wt) + a Ub cos(Zwt) + b Ub cos (Gwhtd .,
with subiective a and b values.

Ug is related to Um.

The total sediment transport camn be computed numerically
from:

Stot = E 8b(t) + Ss(t) [kg/m.s]
=0y
with N is the number of steps within 1 wave period.




AFFENDIX III.  THE MODIFIED ENGELUND--HANMSEN FORMULA

The Engelund-Hansen formula was originally developed for rivers,
Applying the BijKker concept of modifying the bed shear stress for

the combined action of waves and current, leads to?

B.05xCHTcE #¢1 + 8.5xEx0b um>? >%

St = Umx -1
T 1
?" x3 7 %A xDSO

in which:

St = Total load transport per unit width <(not including the wvolids)
expressed in [m3/ms]. In order to be able to compare the
measured total load transports QI¥B the calculated total load
transports, the outcome of Eq. (VY -1) was multiplied by ?5,

after which the transport is expressed in [(Kg/msi.

Um = Depth-~averaged velocity fmrs ]
c = Chezy coefficient’ see Eq. (VY. -2> Im /351
Tc = Bed shear stress due to the current’ see Eq. (V-8) INsm2 )
£ = Parameter: see Eq. ()¥-3) -3
Gb = Ampl itude of orbital velocity at the bed according to lineair

wave theory; see Eq. (VY -12> [m/s 1
? = Mass density of water (= 1009, [Kg/m31
g = Acceleratiom of gravity (= 8.81) ' [mrs2l
A = Relative sediment densiQy (= 1.85> ' [-13
DS8 = Grain diameter exceeded by 50X (by weight) of the bed material

tml

When applied to rivers, the Engelund-Hansen formula also provides a
predictor for the Chezy coefficient. Because this predictor is only

valid in case of dunes and anti-~dunes, the Chezy coefficient was
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calculated with Eq. (VYi-2>. For the roughness Ks again a minimum and
a maximum approximation was used, the van Rijn bed roughness and the

Suwart bed roughness.




AFFENDIX IV. THE NIELSEN MODEL

Note that other names are used in this Appendix for:
CURRENT-RELATEDR TRANSFORT is called CONVECTIVE TRANSFORT,
WAVE~-RELATED TRANSPORT is called DIFFUSIVE TRANSFORT, hera.

The Nielsen method (Nielsen, 1885) distinguishes convective and

diffus ive sediment transport.
Convective sediment transport

The convective sediment transport is computed as:

h
Scon {E(z)tﬁ(z) dz ) v-1>

z=9

in which:

Scon = Convective sediment transport per unit width [m3/ms ]
€C<z) = Time-averaged concentration at height z [m3/m31
U¢z> = Time-averaged velocity at height 2 [mss ]
h = Water depth Iml

To calculate the convective sediment transports, the velocities are

approximated by a modified logarithmic velocity distribution:t

Ux z
—]— - 1 3z < Al
XxF |z©
Uczy = w-2»
Ux z '
~—xln| — 2z > Al
21

in which:

= Current shear velocity Im/s ]

% g

= VYon Karman constant (= 9.4
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fml

z® = Zero-velocity level
z8 = Ks/30 av=-3>
z1 = Adapted zero-velocity lewvel [ml
F = Dimensionless factor £-13
Al = Thickness of the uwave influenced layer Lm]
Al = zOxF V=4)>

The zero velocity level z1l can be found by matching the tuo

expressions of Eq. (V-2) at height z = z0xF:

21,20 = Frexp(1/F - ) V-5

To predict the factor F, Nielsen derived the following empirical

relation:

A 3
F =1+ (Ux/|Ux|>/6 v =8>
~/
where: Ux = Wave shear velocgity fm/s ]
~S ~
Ux = VO.S*fu xUb . av=7>
with: fu = Bed friction coefficient (see appendix 11> £-1

Ub = Ampl itude of orbital velocity at +the bed (see

appendix 11> fmrs ]

Until now, the current shear velocity U*x is unknown. Nielsen gives a
method of < “z2rmining Ux when the velocity is measured at one single
elevation absve the bed. Houever, in thelpresent investigation the
velocity was measured at 19 heights above the bed. Therefore, the’
current shear wvelocity was determined from <the Adepth-averaged

velocity Um, see appendix VI,
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Nielsen uses the Grant and Madsen (1982) fomula to estimate the bed

roughness:

Ks = 8xAr xRS + 198xD52x/8' - 9.85 V=8>

in which:

ar = Ripple height [ml
RS = Ripple steepness {-3
D38 = Grain diameter exceeded by 58% <(by wWweight) of the bed
material - [ml

e = 8Kin frictian shields parameter: : [~13
g = o.5x¢lcObt /AsD50) w-9)>

where: fh = SKin friction coefficient £-1

fu = exp(5.213%(2.5¥050/Ab>™" " -5.977> (N=-10)

ab = Aml itude of orbital displacement at the bed (see

appendix I1> Iml

A = Relative sediment density (= {.65) -1

9 = Acceleration of gravity (= 9.81)> [m/s2]

For the ripple parameters, needed to compute the bed roughneSs (Eq.

(¥~8)), Nielsen gives the follouing reiations:

"~ 2 1
- Ripple height : Ar = AL XA, 275 - 8.628*<Gb /AsDS@)A) gv-11>
A ~ A 2 0,3%
- Ripple length : Ar = Abx(2.2 - B8.343xC(Ub" rAgD3®)> b gv-12»
J
- Ripple steepnes: RS = @.182 - a.a4t<e'>“ av-13>

As suggested by Nielsen (19835)>, the ripple calculations wuweres based

on the significant wave height. The ripple dimensions calculated
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with the significant wave height were also used to determine +the
probability-weighted parameters. This is assumed to be Jjustified
because the characteristic ripple pattern does not adjust

immediately to each individual uave.

To calculate the convective transport, Nielsen uses an exponential

concentration distribution:

C(z) = Cbxexp(-z/Lc> w-14)>

in which:

T¢z) = Time-averaged concentration at hqrght 2z [m3/m31
Cb = Reference concentration at z = @ [m3/m3]
Lc = Mixing length scale for waves alone Iml

The reference concentration Cb Nielsen computes from:
Cb = a.BOS*GrJ qv-13>

in which:
6r = Shields parameter corrected for flow contraction near ripple
crests ,

or = 8/¢1 ~T xRS) wv-16)

The reference concentration Cb is expressed in [m$/m3] and does not
include the voids. To express the reference concentration in [Kg/ms]
it needs to be multiplied by ?5.

Nielsen calculates the mixing length scale Lc with the wuse of a

max imum (forward) and a minimum (backKuard> combined velocity. These
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velocities are calculated from.the measured first and second order
harmonic component (the method is based on regular waves
exper iments) and the phase between them. In case of irregular waves
there is no characteristic phase difference. Therefore, only the

first harmonic component was used to calculate the maximum and

minimum combined velocity.

Umax = U%//8.5#%a' + Ub av-17>
Umin = Ox/{@.5%ful - Ob av-18>

Us ing these conbined'belocities, the mixing length scale Lc can Dbe

calculated from the following set of eﬁQétionS:

-4
Lef = Art{;.a + 1.29%exp 7 av-18>
(Umax/WS8) |
-40 ]
Leb = Arx{8.2 + 1.24%exp 7 v -29>
<Umin/wWse)” |
Le = (Lcf + Lecbi/2 ‘ av-21>
where: W58 = Median fall velocity of the bed material . fmrs ]

Nielsen states that Eq, (V¥-14) takes no account for extra mixing and
resulting upward stretching of the concentration profile’due to the
steady current. He suggests that a reasonable approach is tp apply

in stead of Eq. (V-14):

dz!
v/ -22>

T¢z> = Cbxexp{-
Le¢z’
z=0
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in which:

Lec<z!y = Mixing length scale for waves and currents

Yo |U% 1%z ,
Le<z!) = Le + = L + X%z w-23>
Wse
with X =Y x|UX | /WSe [-1

Nielsen gives no further information, but workKing out (see appendix
V11> leads to:

0

13

Lc
av-24)

T<z> = Cbx
Le + zxX

Substitution of the velocity pProfile Eq. (V-2) and the concentration

profile Eq. (V-14) in the sediment transpdft Eq. (V~-1) leads to:

FE—
Cbxl.c xUx
73

o'
*(] - exp(-1.3%(Al Le> 20 av-25>

Scon =
Al
Because Eq. (V~-14) and hence Eq. (V-25) takes no account for the
presence of the current and sustitution of Eq. (V-24) causes a
non-solvable integral, Nielsen modifies the sediment +transport Eq.
i

(V-23), resulting in:

'
et

Uc £ xCb xR xU% "9
Scon = *¢1 - exp(-1.8x<Al/Lcf) )+
X XAl
F A a— —
Lcb xCh xAb xUx o J Ux |
+ (1 - exp¢~1.9%x¢Al/Lcb)?) /I kexp|l.,1%--=~
X XAl W59

v-26)>




in which Af and Ab are dimensionless enhancement factors used by

Nielsen to represent the current influence on the bed concentration

Cb.
A &

Af = B.3*x(Umax/Ub> . . v-27)>
a6

Ab = B.3x<(Umin/Ub) qv-28>

The last term in Eq. (V-26) was added by Nielsen to account for the

current-~induced mixing.

Diffusive sediment tbﬁnsport

- — - . - - - o -

The diffusive transport Nielsen computes from:

t+T h
N 1 I4 /\/ / /
Sdiff = -~ Cz,t)xUz,t> dz dt av-28>
T [
t=t z=0

in which:

Sdiff = Diffusive sediment transport per unit width <(not including

the voids) . [Kg/ms ]
/
C<z,t> = Instantaneous concentration at height z {(Kg/m31]
~ !
U<z ,t) = Instantaneous wave velocity at height 2 Lm/s ]

Using the fact that the entrainment of sediment from rippled beds
occurs close to the moment that the wvelocity changes direction,
Nielsen derived expressions for the 4 instantaneous ioad. By
substituting a simple harmonic wvelocity in Eq. (V-29>, Nielsen
derived. the following equations +to calculate the diffusive

transport:




N 22TxLcf 7 (TRWSD)
Sf = -AfxCbaUbiLcfx n (V-32)>
€1+ (2T aLc /A THWSB)Y ) )

" 2xTxLch/(TxWS8)
Sb = AbxCbxUbxl.cbx y w-31
€1 + (2x T xLcb/CTxWSB))> >

Sdiff = Sf + Sb Ww-323

with: T = Liave period [s1]

Knowing the convective and diffusive transport, the total transport

can be calculated from:

Stot = Scon + Sdiff wW=-33>
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AFFENDIX Y THE BIJKER MODEL

Bijker devided the total load transport into two parts, the bed load

transport and the suspended load transport. The bed load transport

is calculated with +the Kalinske-Frijlink formula, in which the

combined action of waves and current is accounted for a

modification of the bed shear stress:

BxDSO*Um*J; -0.2?*A*058*939
Sb = xexp = 2 (V-l)
c MxTcx¢l + 8.5x¢Ex0bumd”™ )

in which:

Sb = Bed load transport per unit width fm3/ms ]
in

The bed load transport according to Eq.Cl1I-1> is expressed

[Im3/ms] and includes the voids} In order to be able to compare

the measured with the calculated transports, it is necessary

to convert the units of +the bed load transport.

After

multiplying the bed load transport according to Eq.<(V -1)> with

a factor (1 - p)*?, (with p = porosity [-1; Ps = sediment

dens ity [Kg/m31l), the bed load transport is expressed

[Kg/ms] and no longer includes the voids.

B = Coefficient

t

in

£-1

This coefficient might reflect the influence of the breaking

of the waves. In the breaker zone, B is usually taken equal to

S5 and outside the breaker zone equal to 1. Because uwe are
dealing with non-breaking waves, B uwas taken equal to .

c = Chezy coeffient A Em%?s]
C = 18 log<¢12h/Ks) (11~-2)
where: h = waterdepth Im3

Ks = Bed roughness {ml
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.

Two roushness predictors are used in combination
Bijker formula:
- The van Rijn (¢1882) roughness (a minimum approximat
Ks = 3#D98 + 1{.I1%Ar%<1 - exp(-25%Ar Ar>)>
where: DSB8 = Grain diameter exceeded by 10X (by ue

the bed material

Ar
Ar

Ripple height

Ripple length

L]

with the

ion>:
V-3
ight)> of
{ml
Im]

Eml

- The Swart (1876) roughness (a maximum approximation):

1
Ks = 25x<Ar /Ar)

(V.-4)

Grain diameter exceeded by 58X (by weight) of the bed material

DSe =
Em]
Um = Depth-averaged velocity im/s 1
] = Acceleration of gravity (= 3.81)> [m/s/s21
A = Relative sediment density -3
4= < - 79 = 1.65 <V.-5)>
M = Ripple factor £=-1
Y
M= C(CrCceed ¢tV -8
where: C90 = Chezy coefficient based upon [DS© Im /51
CS® = 18 log(12h,/DSO) ¢ V-7>
Te = Bed shear stress due to the current )CN/mEJ
2 2

Tc = ?tg*Um/C , (V-8>
3 = Dimensionless parameter -1
£ = cafrurag ¢ V-8)
where: fu = Dimensionless coefficient (Jonsson, 1866)> -1

A ~0,19% ~

exp(~53.8977 + S.213x(Ab/Ks) 2} 1.47 < Ab/Ks < 3008
fu = -
8.32 H Ab/Ks < 1.47

(V-1a>
Ab = Ampl itude of the orbital displacements at the bed [ml
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N H 1
Ab = -x . (Y -11
2 sinh(2xTxh/L>

where: H = Wave height [ml

L = Wave length tm]

Gb = Ampl itude of orbital velocity at the bed . [mrs ]
Ub = Abx(2xT/T> (Y -12>
where: T = Wave period s3]

Bijker assumes that the bed load transport takes place in a bed load
layer having a thickness of the bed roughness Ks., The <concentration
in this layer is assdmed to be constant over the entire thickness of

this layer:

Sb
Cb = C(Ks)> = : . <V ~13>

S.34#VTC/? xKs

wheret Cb = Concentration in the bed load layer [Kg/m3]

The suspended load transport is calculated as:

=g

§s = [ C(zrxU(z) dz (V-14>

z=Ks

in whicht

C<z> = Concentration at height z [Kg/m31
Ucz> = Velocity at height z ' tm/s ]
To compute the suspended load transport, the wvelocities are

approximated by the Prandtl-Von Karman logarithmic velocity

- LN




distribution:

Ucz) = (Ux/xX)xn<z/z29)

in which:

U<z) = Fluid velocity at height z
Ux = Shear velocity
x = Von Karman coefficient (= 8.4)
z0 = Elevation at uhich the velocity is zero
z® = Ks/33
The con;entrations “are approximateq_;'by can Einstein

concentration distribution:

ix

C¢z) = Cbx 'S

in which:

[of &3 Concentration at height z above mean bed level

Dimens ionless parameter

2%

. NSG*JE
2% = = —==

xxVTcxc! + .55k s0b Um>2 >

'
where: WSO = Median fall velocity of the bed material

¢V -15)

Im/s ]

{m/s ]

fml

(V.-18)

(1858)>

CY-17)

[kg/m31]

[=1

(V-18)>

Im/s ]

Substitution of Eqs. (VY ~15) and¢({ ~17>into Eq.(}/-14) leads to:

Ss = 1.83x(11xLn(33h/Ks) + I2>xSb

in which I{ and 12 are Einstein's integrals.

L IR AV
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z2x-1 ! Zx
A 1 - x
Il = 2.216%x 1x* l[ dx (V-20>
(1 - A X
X =A
- 1 X
ﬁzx { 1 - x
12 = B.216x e xLn<x) dx cV-21»
(1 - A X
X =A
with: A = Dimensionless roughness [-1: A = Ks/h

Dimensionless height [-Jt x = z/h

x
n

These integrals uerexsolved using the binomium of Newton (Bogaard,

18775,

Knouwing the bed load transport, the suspended load transport can be

computed from Eq.< Y ~19)> after which the total load transport can be

computed asi

St = Sb + Ss (VY -22>
The loads are determined in the following way. Bijker assumes the
concentration to be constant over the entire thickness Ks of the bed
load layer, the bed lcad can therefore be compu?ed as

Lb = CbaKs ¢ y-23>

The suspended load is calculated as:

h.
Ls =Jc<z> dz <V-24>
=Ks




Substituting(y -17> and solving}’
Ls = 4.83xLbxI1 ¢ V-25>

Know ing the bed load and the suspended load, the total load can be

computed asi

Lt = Lb + Ls (\V-28>




TABLES WITH EXPERIMENTAL DATA

including:

- DATA from 30 SEDIMENT TRANSPORT EXPERIMENTS
. (see chapter 4)

- DATA from 3 SAND BALANCE EXPERIMENTS
(see chapter 5)







Test : T O ,40 Date 1 27-07-787

Experimentno. : 20 Watertemperature: 12,6 C
WAVE AND CURRENT FARAMETERS MEARN STAND .DEY .
Significant Waveheight Hsig ((X10-Z2 m) 0,00 0,00
Zero-cross Period Tz Ok10o -2 m) 0,00 0,00

Peak Period Tp K10 -2 m) 0,00 0,00
Ratio H(1%) /Hsig {3 0,00 -
Waterdepth to mean bed a k10 -2 m) 50,30 0,17
Depth averaged Velocity v (k10-2 m/s) FB.12 0,70
RIPFPLE FPARAMETERS MEARN STAND . DEV
Ripple Height n Ok10 -2 m) 1 22 0,70
Ripple Length A k10 -2 md 10,48 2,11
Ripple Velocity ur K10 -6 m/s) 15,25 4,26
Ripple Shape I-dimensional

CONCENTRATIONS AND VELOCITIES

LEVEL z/ M HEieHT To CONCENTRATION C (KG/M3) VeELOCITY v (M/5)
NO . (—} MEAN BED ME AR STAND .DEV. MEAN STAND .DEV .
(IO +2) =z H10 —2 m™ 10 -3 X100 -2
1 4,04 2,03 208 27 19,42 2,28
2 6,02 Z,03 164 7 22. = C,07
= 8,01 4,0= 1Z2= i1 26,00 Q.95
4 10,99 S5.53 109 2 27.52 1,09
S 15,57 7,83 70 S Z1,10 0,52
& 23,72 11,93 46 4 36,56 1,18
? -_._1,4-._5 17.83 24 1 401.1.1 O,u-.;
a8 47,77 24,03 14 2 41,92 0.74
2 &0,10 10,2: B8 b 4Z%,8% 0,79
10 74,02 37.23 S 1 42,18 0,88
LOADS AND TRANSFPORTS ME AN STAND . DEV .-
Bed Load Lb (K10 -3 kg/mdd) S.72 0,51
Suspended Load Ls { H ) 17.80 1,54
Total Load Lt { " 3 21,52 2,05
Bed Load Transport Sb (%10 -3 kg/s.m) 0,15 0,12
Suspended Load Transport Ss " 3 S,G_ 0,65
Total Load Transport St { " ) S5.18 0,76
CURRENT ALONE FALL VELGCITY OF SUSFENDED
LEVEL z/a HeieHT TO VELOCITY WV SEDIMENT ANL BEDMATERIAL
NO . (-} MEARN EBED {m/ s} LEVEL w30 (m/s) D3SO (M)
(10 +2) z %10 —2 ™ *ig -2 Nno. 10 -3 *10 —&
i 4,04 2,03 19,42 bed .77 114
2 6,02 Z,03 hh.7g 1 7,88 101
3 8,01 4,03 26,00 2 7 .58 100
4 10,99 Ty 27,52 3 7 .88 101
S 15,57 7,83 31,10 4 2,22 Si
& 23,72 11,93 256,06 = .74 102
7 35,45 17,83 40,17 & to 10 2.47 54
g 47,7 24,032 41,92 mixture 8,30 104
? &0,10 30,232 43,89 FPARTILCLE DIAMETER
10 74,02 IT7 .23 2,18 BED MATERIAL (m) %10 —&
D10 H 7&
D50 : 108
WATER SURFACE SLOFE : i= -~ K10 —4 DFo H 150

Techrology 7/ Delft Hydraulics,.
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Test : T O, —40 Date 1 24-08-7"87
Experimentno. : Z& Watertemperature: 22,6 C
WAVE AND CURRENT FARAMETERS ME &N STAND . DEV »
Significant Waveheight Hsig 0k10-2 m) ¢,00 0,00

Iero—cross Period Tz k10 -2 m) 0,00 Q0,00

Feak Period Tp k10 -2 m 0,00 0,00

Ratio H{1%) /H=sig (-1} ¢,00 -

Waterdepth to mean bed a k10 -2 md S0,63 0,45

Depth averaged Velocity v (k10-2 m/s) -38,11 0,71

RIFPFLE FARAMETERS HMEAN STAND . DEV
Ripple Height n (k10 -2 m) 1.16 0,66

Ripple Length A K10 -2 md 7,82 T3

Ripple Velocity ur (%10 -6 m/fs)y —42.,75 11,67

Ripple Shape I-dimensional

CONCENTRATIONS AND VELOCITIES

{m/s)

LEVEL z/n HEieHT To CoOnNceENTRATION C (KG/M3) VELOCITY ¥V
NO . {—) MEAN EBED MEA&N STAND.DEV. MEAN STAND .DEV.
(K10 +2) z X100 =2 ™ 10 -3 ¥ig -2
1 S5.04 205 282 42 -21,33 2,08
2 7 .01 3,55 233 71 -24,11 1,70
3 8.99 4,55 157 25 —24,50 0,44
4 11,95 6,05 123 12 -28,36 0,69
5 16,49 8,35 83 20 —30,36 2,81
& 24,59 12,45 55 16 -34,22 0,249
7 36,24 18,35 z2 13 -Z8.18 1.1%2
8 48,47 24,55 26 1= —-41,25 0,51
7 60,73 30,75 22 11 —-43,2 1,11
10 74,56 I7.75 17 10 -44 ,62 1,05
LOADS AND TRANSPORTS MEARN STAND .DEV .
Bed Load Lb {(k1C —-3 kg/madl &,48 1,13
Suspended Load Ls { b 27 .98 7 493
Total Load Lt { 3 34,44 8,446
Bed Load Transport Sb (k10 -3 kg/s.m) -0,56 0,32
Suspended Load Transport Ss " ) -8,12 2,85
Total Load Transport 5t " ) -8.67 3.16
CURRENT ALONE FALL VELOCITY OF SUSPENDED
LEVEL z/A HeEisHT TO VeELooITY W SEDITMENT ANE BEDMARTERIAL
NG . (-} MEAN BED {m/s) LEVEL w30 (m/s) D50 {m)
Ok10 +2) = %10 -2 M ¥io -2 no. 1 —3 *10 —-&
1 5,04 2,55 -21,33 bed - -
2 7 .01 2,595 -24,11 1 - -
2 8,99 4,55 -26,50 2 - -
4 11,95 &£,05 —-28,36 = - -
5 16,49 8,35 ~30,36 4 - -
& 24,59 12,45 -34 .22 S - -
7 36,24 18,35 ~-Z8,18 & to 10 - -
g 48,49 24,55 -41,25 mixture - -
g 60,73 30,73 —-43,27 PARTICLE DIAMETER
10 74,56 27,75 -44 .62 BEL MATERIAL (m: #10 —~&
D10 : 82
D3SO : 113
WATER SURFACE SLOPE H i= 2.45 %10 -4 Do H 165
From: Delft University of Technology 7 Deslft Hydraulics,
By 2 H.F.ALvan Fampen. E.M.Nap.




T 7.5,0
10

Test
Experimentno.

1 6—07-787
21,0 C

Date
Watertemperature:

HAVE AND CURREMNT FPARAMETERS MEAN STAND .DEV.
Significant Waveheight Hsig (k10-2 m) 7 .38 0,06
Zero—cross Period Tz k10 -2 m) 2,15 0,05

Peak Period Tp (k10 -2 m) 2,32 0,00
Ratio H(1%) /Hsig () 1,57 -
Waterdepth to mean bed a (k10 -2 m) 49,30 0,00
Depth averaged Velocity v (¥10-2 m/s) 0,00 0,00
RIFPPLE FARAMETERS MEAN STAND .DEV
Ripple Height R k10 -2 m) 1,04 0,25
Ripple Length A (10 -2 m 5,37 3,30
Ripple Velocity ur (kK10 —-& m/s) -0,14 0,04
Ripple GShape 2-dimensional

CONCENTRATIONS ANGC VELOCITIES

LEVEL z/ A HEieoHT To ConNcCENTRATION C (Ke/M3) VELOCITY v (M/S)
N . (=) MEAN BED ME AN STAND .DEV . MEAR STAND .DEV .
K10 +2) = K10 —2 ™ *¥10 -3 X*10 -2

1 2,58 1,2 270 21 0,00 Q,00
2 4,60 2427 178 13 0,00 0,00
3 &,563F Z,27 116 S 0,00 0,00
4 F,468 4,77 &9 21 0,00 0,00
5 14,34 7,07 24 = Q,00 0,00
& 22,66 11,17 4 ¢ G, 00 0,00
7 34,62 17,07 o Q 0,00 0,00
8 47 20 23,27 O 0O 0,00 0,00
Q 52,78 29,47 O < 0,00 0,00
16 73,98 Z6,.,47 O O Q0,00 0,00

LOADS AND TRANSFORTS MEAN STAND .DEV..

Bed Load Lb k10 -3 kg/m2)” 4,3 0,50

Suspended Load Ls { " 3 F.26 1,02

Total Load Lt { " } 13,60 1,51

Bed Load Transport Sb (%10 -3 kg/s.m) 0,00 0,00

Suspended Load Transport Ss " } 0,00 C,00

Total Load Transport 5t ( “ 3 0,00 0,00

CURRENT ALONE

FALL VELOCITY OF SUSFENDED

LEVEL z/ A HeEricHT TO VELDCITY V SEDIMENT AND BEDMATERIAL
NO . (- MEAN BED (m/ =) LEVEL w30 (m/s) D3O (W)
(K10 +2) =z %10 -2 w ¥ipg -2 Nno. 10 -3 10 —&
i 0,00 0,00 0,00 bed 8,44 105
2 2,03 1,00 0,00 1 8,57 104
3 4,06 2,00 G, 00 2 7.88 101
4 7,10 Z,90 0,00 = 7545 97
S 11,76 S .80 0,00 4 F,.12 &0
& 20,08 2,70 0,00 S 6,55 g0
7 32,05 15,80 G, 00 &6 to 10 - -
g 44 62 22,00 €, 00 mixture 8,20 104
? 57,20 28,20 C,00 FPARTICLE DIAMETER
10 71,40 25,20 0,00 BED MATERIAL (m) #IQ —&
D1GC H 70
D50 H 100
WATER SURFACE SLOFE H i= 0,00 %10 -4 D20 : 128

Delft
HaF &, van

froms
by s

University of Technology
Fampaen, E.MN.Nap.

s

Delft Hydraulics,




Test 1T 7.5,10 Date : 09-10-787

Experimentno. : 46 Hatertemperature: 20,8 C
HAVE AND CURRENT FARAMETERS MEAN STAND -DEV.
Significant Waveheight Hsig (k10-2 m) 7.31 0,12
Zero—cross Period Tz k10 -2 m) 2,12 0,04
Peak Period Tp o (K10 -2 m) 2.32 0,00
Ratio H(1%})/Hsig {—} 1,460 -
Waterdepth to mean bed a (K10 -2 m) 51,00 0,00
Depth averaged Velocity v (¥10-2 m/s) 9,95 0.2
RIPFLE FARAMETERS MEAN STAND . DEV
Ripple Height n kK10 -2 m) 0,99 Q.26
Ripple Length A k1o -2 m) &,62 3 23
Ripple Velocity ur (k10 -6 m/s) 2,72 0,70
Ripple Shape 2., 5-dimensional
CONCENTRATIONS AND VELOCITIES
LEVEL z/ A HeEzcHuT To CONCENTRATION C (KG6/M3) VELOCITY Vv (M/S)
NO . (—) MEAN BED MEAN STAND .DEV. MEAN STAND . DEV .
(k10 +2) =z %10 —~2 M 10 -3 *¥10 -2
1 2,94 1.50 221 52 2,40 G40
2 4,90 2,50 ?7 5 3,30 0.10
3 &,86 Z.50 &5 4,40 Q.10
4 ?,.80 5,00 40 2 S.F0 0,30
S 14,31 730 17 1 710 0,40
) 22,35 11,40 S i 8,60 0,50
7 23,92 17,30 2 O 10,40 0,20
a8 44,08 22,50 O Q 11,20 0,2
7 58,24 29,70 0O G 11,00 0,20
10 71,96 36,70 O O 12,00 0,10
LOADS ANL TRANSFORTS MEAM STAND .DEV .
Bed fLoad Lb k10 -3 kg/mz) 4,56 1,36
Suspended Load Ls ( " Y 7.61 1,28
Total lLoad Lt { " 2 12,16 2,44
Bed Load Transport Sb (k10 -3 kg/s.m) 0,01 0,01
Suspended Load Transport Ss ( " ) Q.24 0,06
Total Load Transport St { " ) 0,27 0,07
CURRENT ALONE FALL VELOCITY OF SLUSPENLED
LEVEL z/a HeisHT TO VELOCITY V SELIMENT AND BEDMATERIAL
ND . () MEARN EBED (M/s) LEVEL wi0 (m/s) D3SO (m)
k10 +2) =z ¥10 =2 ™ ®¥10 -2 no. 10 -3 *10 -6
1 2,94 1,50 4,50 bed 10,20 115
2 4,20 2,50 S5.350 1 10,20 115
3 &,.Bé 3.50 6,40 2 2,55 112
4 2,80 S.00 5,60 3 Z.71 &6
5 14,31 7230 7,70 4 g8.81 108
& 22,35 11,40 10,60 S - -
7 33,92 17,30 11,00 6 to 10 - -
8 44,08 23,50 11,30 mixture Q.77 114
? 58,24 29,70 11,60 PARTICLE DIAMETER
10 71,96 Z46,70 12,00 BED MATERIAL (m} RI1IQ —-&
D1Q z 73
D50 : 108
WATER SURFACE SLOFPE : i= 0,25 %10 -4 DR0 H 148

from: Delft University of Technology / Delft Hydrauwlics,

by o HUFLALvan Fampen, E.MNJNap




T 7. —10
25

.

Test
Experimentno.

=
]

: 06—-08-"87

20,3 C

Date
Watertemperature:

WAVE AND CURRENT FARAMETERS MEARN STAND .DEV.
Significant Waveheight Hsig (%10-2 m) 7,10 0,69
Zero—-cross Period Tz ki0o -2 md 1,91 0,08
Peak FPeriod Tp Ok10 -2 md 2,31 0,12
Ratio H(1%) /Hsig (=) 1,48 -
Waterdepth to mean bed a k10 -2 md 48,07 0,15
Depth averaged Velocity v (X10-2 m/s) —-9,37 0. 29
RIPFLE FARAMETERS ME AR STAND . DEV
Ripple Height n k10 -2 m) 0,95 0,30
Ripple Length A k1o -2 m) 6,28 1,29
Ripple Velocity ur (k10 —-& m/s) -1,72 Q.77
Ripple Shape 2-dimensional
CONCENTRATIONS AND VELOCITIES
LEVEL z/A HeErsHT To CONCENTRATION C (K&/M3) VELOCITY Vv (M/s)
S T (=} MEAN BED MEAN STAND .DEV. MEAN STANE .DEV.
(K10 +2) = HIO —2 m K10 —3 K10 -2
1 2,2 i.1¢ 267 42 -1,24 0,13
2 4,37 2,10 208 10 -2,18 G,30
= &,45 Z.10 147 & —%,01 0,06
4 FL.57 4,60 P2 =) -3.97 E2
S 14,35 H,70 40 1 —5,.63 G,08
& 22,88 11,00 13 i -5,58 0,97
7 25,16 16,70 S Q -8,83 0,19
8 48,05 2%,10 2 0O -10,48 o.11
7 &0 ,F5 29,30 € O -11,55 0,49
10 75,51 36,30 O O -12,42 0,35
LOADS ANLD TRANSFORTS MEAN STAND . DEV.
Bed Load Lb 10 -3 kg/md} I8 0,82
Suspended Load Ls ( * 3 11,21 0,90
Total Load Lt { " 3 14,56 1,72
Bed Load Transport Sb (k10 -3 kg/s.m} -0 ,01 0,00
Suspended Load Transport Ss ( " ) 0,36 0,04
Total Load Transport St { " 2 ~ 0,35 0,05
CURRENT ALONE FALL VELOCITY OF SUSFENDED
LEVEL z/ @ HEIgHT TO VELOCITY V SEDIMENT ANL BEDMATERIAL
ND. {—} MEAN BED (M/ =) LEVEL wSO (m/s)  DSO (M)
10 +2) = ¥i1Q =2 M H*io -2 No. ¥10 -3 XK1iG —&
i 2,29 1,10 -4,41 bed F.37 111
2 4,3%7 2,10 -5,01 i .40 &4
= 6,45 .10 —-6,12 2 3,21 63
4 ?,57 4,60 —6,42 = 7,12 2?7
5 14,35 6,70 -7 .55 4 7,12 a7
& 22,88 1,00 -8,28 5 &, 51 2
7 IS, 16 16,70 -10,01 &6 to 10 - -
e 48,05 2,10 -10,26 mixture 7,74 102
g 60,95 29,30 —10,33 PARTICLE DIAMETER
10 75,51 I6,30 -10,05 BEL MATERIAL (m) $IL —5
D10 H e
D50 H 100
WATER SURFACE SLOFPE H i= 0,25 %10 -4 DG : 140
Delft University Teohmnology Deltt Hydrauwlios,
HoF L A.ovan Hampern ., E.NLMap.




Test 1T 7.5,20 Date 1 15-10-787
Experimentno. : SO Watertemperature: 20,9 C
WAVE AND CURRENT FARAMETERS ME AN STAND .DEV.
Significant Waveheight Hsig {k10-2 m} 7.51 0,15

Zero—cross FPeriod Tz (k10 -2 m 2,07 0,06

Feak Period Tp k10 -2 md 2,33 Q,00

Ratio H(1%) /Hsig () 1.58 -

Waterdepth to mean bed a (K1Q -2 m) S0,467 0,06

Depth averaged Velocity v (X10-2 m/s) 19,06 0,57

RIFPALE FPARAQMETERS ME A STAND . DEV
Ripple Height n kig -2 md 127 0,25

Ripple Length A 0Ok10 -2 m) 8,44 1,21

Ripple Velocity ur k1o -6 m/s) 2,67 2,75

Ripple Shape

CONCENTRATIONS AND VELOCLITIES

2,5-dimensional

LEVEL 2/ A HeicHT 7o ConceEnNTRATION C {(KG/M3) VeLocITy v {Wm/s)
NOD. (-} MEAN BED MEAN STAND .DEV . MEAN STAND .DEV .
k10 +2) =z %10 2 ™ ¥10 -3 ¥10 -2

1 3,45 1,75 259 4 6,60 0,40
2 S.43 2,75 172 10 2,00 0,50
=z 7 .40 3.79 142 8 F,60 0,70
4 10,326 S5.25 103 e 11,70 1,30
5 14,90 7 .95 60 O 13,80 0,50
& 22,99 11,65 = = 16,70 0,70
7 34,64 17,55 21 0 19,20 1,00
8 44,87 23,75 10 O 21,10 Q.70
9 59,11 29,95 = 2 22,40 0,80
10 72,92 36,95 2 1 22,60 0,320

LOADSE AND TRANSFORTS MEARN STAND .DEV .

Bed ioad Lb (K10 -3 kg/m2} 4,90 0,13

Suspended Load Ls { " } 15,95 0,83

Total Load Lt { " b 20,86 .97

Bed Load Transport Sb (¥10 -3 kg/s.m ¢,04 0,02

Suspended Load Transport Ss ( " ] 1,81 0,21

Total Load Transport 5t { " p) 1,85 0,23

CURRENT ALONE

FALL VELOCITY OF SUSFENDED

LEVEL /A HEIGHT TO VELOCITY Vv SELIMENT AND BEDMATERIAL
NO . (-} MEAN BED (M/ 5} LEVEL w30 (m/s) DSC (w2
(K10 +2) z K10 =2 ™ *io -2 no. %10 -3 10 -4
1 .3 1,70 7,40 bed F3E7 111
& 5,33 2,70 11,80 1 3.75 &7
= 7 30 Z,70 12.04 2 10,20 115
4 10,26 9,20 13,95 3 ?.55 112
5 14,80 7,50 146,00 4 ?,77 114
1) 22,89 11,60 17,31 S - -
7 34,534 17,50 19,34 & to 10 8,99 109
8 46,77 23,70 21,36 mixture F. 25 110
7 59,01 22,90 22.98 PARTILLE DIAMETER
10 72,82 36,90 22.55 BED MATERIAL (m) ¥IQ —5
D1o H 76
D50 H 106
WATER SURFACE SlLOFE : i= 0,585 k10 -4 DFC H 143
From: Delft University of Teohnology 7 Delft Hydraulios,

HoF oA van Fampen ., ECNGNap.

b
LY




T 7.5, ~20

Test : Date :12-08-787
Experimentno. : 29 Watertemperature: 20,0 O
WAVE AND CURRENT FPARAMETERS MEARN STAND . DEV .
Significant Waveheight Hsig (k10-2 m) 7 .05 Q67
Zero-cross Feriod Tz kK10 -2 m) 2,03 Q.07
Peak FPeriod Tp k1o -2 md 2.24 0,00
Ratio H({1%) /Hsig (-} 1.47 -
Waterdepth to mean bed a k10 -2 m) 49,17 0,21
Depth averaged Velocity v (%10-2 m/s) -18B,432 0,38
RIFPPLE PARAMETERS MERARN STAND . DEV
Ripple Height n (K10 -2 md 0,83 0,45
Ripple Length A k10 -2 m) 4,83 1.8&6
Ripple Velocity ur (k10 -6 m/s) -8,46 1.94
Ripple Shape 2,9-dimensional
CONCENTRATIONS ANLD VELOCITIES
LEVEL =2/A/ HEIieHT 7o CoOncENTRATION © (E/M3) VELOCITY v (M/fs)
ND . (=} MEAN EBED MEAN STAND . DEV . MEARN STAND .DEV .
k10 +2) =z K10 -2 ™ 10 -3 10 -2
H I ED 1,77 252 - 4,98 0.2
2 S,.63 2.77 276 - -7.86 0,01
= 7,67 277 192 - —F,40 Q=3
4 10,72 5,27 135 - -10,47 0,53
5 15,40 757 101 - -1Z,54 0,54
& 23,73 11,467 62 - -15,56 0,37
7 35,73 17,57 3& - -17,81 it
g 48,34 23,77 22 - -17,.86 G,5%
g &0, 95 29,97 14 - -21,75 0,55
10 75,19 36,97 9 - -23,10 0,33
LOADS AND TRANSPORTS ME AR STAND .DEV .
Bed Load Lb k10 -3 kg/m2l 4,80 G,01
Suspended Load Ls { " 3 27,20 0,01
Total Load Lt { " 3 F2,00 0,02
Bed Load Transport Sb (k10 -3 kag/s.m -0,02 0,02
Suspended Load Transport Ss ( " } -2,95 0,09
Total Load Transport S5t { " b -2.97 0,11
CURRENT ALONE FALL VELOCITY OF SUSPENDED
LEVEL z/A HeEicHT To VELOTITY ¥ SEDIMENT AND BELMATERIAL
MNO . {—? MEAN BED {1/ 5} LEVEL wH0 (m/s) D50  {m)
(IO +2) = HIO -2 0w *10 -2 N0 %10 -3 ¥10 -4
1 3,66 1,80 -2.88 bed 10,22 116
2 S5.6% 2,80 -10,26 i 8.21 103
3 T 73 3,80 -12,10 2 8,21 103
4 1,78 Sa30 -12.%4 A 7,58 100
5 15,44 7 .60 -15,19 4 7 .58 100
& 23,79 11,70 —-14,33 5 7,598 100
7 35,79 17,60 -18,&62 & to 10 & ,84 4
g 48,40 23,80 -18,93 mixture 8.44 105
F 61,01 20,00 -19.44 FPARTILLE DIAMETER
i¢ FS,25 37,00 -20,28 BED MATERIAL (m} %10 —-&
D1C : 77
D5O : 111
WATER SURFACE SLOFPE : i= 0,43 %10 -4 DFG H 1556
of Technology Delft Hydraulios,

M Map .



: T 7.5,40

21

Test
Experimentno.

Date : 28-07-7"87
Watertemperature: 19,8 C

WAVE AND CURRENT PARAMETERS MEARN STAND .DEV .
Significant Waveheight Hsig (k102 m) 767 C,00
Zero-cross Period Tz k10 -2 m) 1,95 0,05
Peak Period Tp 0k10 -2 md 2433 0,00
Ratioc H(1%) /Hsig (=) 1,51 -
Waterdepth to mean bed a k10 -2 m 01,63 O.31
Depth averaged Velocity v (kKi10-2 m/s) 36,40 ¢,78
RIFFPLE FARAMETERS MEAN STAND . DEV
Ripple Height n k10 -2 md 1,15 0,58
Ripple Length A K10 -2 md 9,40 F.06
Ripple Velocity ur (K10 -6 m/s) 16,45 S5.87
Ripple Shape 3I-dimensional
CONCENTRATIONS AND VELGCITIES
LEVEL /A HeicnT To CONCENTRATION © (KG6/#M3) VeLoDITY v {W/ 5}
NO . {—) MEAN BED MEAN STAND . DEV » MEAN STAND .DEV .
k10 +2) = %10 -2 ™ ¥10 -3 10 -2
1 3,68 1,90 1437 75 17.83 1,61
2 S.62 2,70 1056 22 17,93 1,82
z 7,55 3,50 768 161 22.14 0,45
4 10,46 S.40 bbb 82 24,02 0,74
5 14,91 7 .70 o041 &1 27,75 0,94
& 22,85 11,80 N 42 Z1,9S 2,00
7 34,28 17,70 194 29 37.86 0,43
g8 44,2 23,70 78 22 40,49 1,02
? 58,30 F0,10 60 10 42,47 1.25
10 71,84 37,10 44 17 41,4646 2,62
LOADS AND TRANSFORTS ME AN STAND .DEVY .
Bed Load ib (K10 -3 kg/m2) 27 .55 CG.44
Suspended Load Ls { " ) 124,54 15,24
Total Lpad Lt { " ) 152,09 15,69
Bed Load Transport Sb (k10 -3 kg/s.m? 1,4% 0,84
Suspended Load Transport 8s ( 1 ) 32.68 23
Total Load Transport 5t ( " ) F4,.1s8 7,07
CURRENT ALONE FALL VELOCITY OF SUSFENLELD
LEVEL z/ A HeEisHT TO VeELocITY V SEDIMENT AND BEDMATERIAL
NO. (=3 MEAN BED (m/ S} LEVEL w30 {m/ s D50 (Ml
k10 +2) z X106 =2 w™ %10 -2 no. *¥ig -3 %10 —-&6
1 0,00 - - bed P77 114
2 1,94 1,00 - 1 g.81 108
= Z,87 2,00 - 2 8,74 107
4 6,78 Z,.30 - = 8,74 107
S 11,23 5,80 - 4 8.44 105
1) 19,17 P70 - 5 2.54 55
7 20,60 15,80 - & to 10 2.42 54
8 42,61 22,00 - mixture PaI7 111
? 54,462 28,20 - FPARTILLE DIAMETER
10 68,18 35,20 - BED MATERIAL (m} RIQ —&
D10 H 74
DGO H 108
WATER SURFACE SLOFE H i= 0,26 %10 -4 DO H 154
s of Techrnology /7 Delft Hydraulics.

o

i

HoF oA van Fampen, EN.Nap.




Test : T 7.5, —40 Date 1 17-08-"87

Experimentno. : 32 Watertemperature: 21,1 C
WAVE AND CURRENT FARAMETERS ME AN STAND .DEV.
Significant Waveheight Hsig OkK10-2 m) 23 Q37
Zero~cross Period Tz (K10 -2 ml 2,17 0,05

Feak Period Tp k10 -2 m) 2,36 0,04
Ratio H({1%) /Hsig (-3 1,31 -
Haterdepth to mean bed a Ok10 -2 m) 49,13 0,06
Depth averaged Velocity v (k10-2 m/s} -%8,84 0,49
RIFPLE FPARAMETERS _MEARN STAND . DEY
Ripple Height n (k10 -2 m) 1,48 0,89
Ripple Length A k10 -2 m 11,465 1,76
Ripple Velocity ur (kK10 -6 m/s) —-44 ,59 6,73
Ripple Shape I-dimensicnal

CONCENTRATIONS AND VELOCITIES

LEVEL z/m HEI1oHT To CONCENTRATION C {(Kis/M3) VeELocITY v (M/s)
MO . {—} MEAN BED MEAN STAND .DEV . ME AN STAND .DEY -
(K10 +2) =z #10 -2 m *10 -3 X*io -2
i I 65 1,80 ‘ 1270 i84 -16,1%9 1,04
2 5,70 2,80 1045 150 -18,72 1.31
3 T 7x Z,.BO 861 114 -20,83 0,60
4 10,79 S0 &84 a8 —-22.54 0,57
br’ 15,47 7 60 52 a1 -27 .01 0,351
& 23,81 11,70 I35 31 -32.34 0,22
7 35,82 17,60 215 24 -37,81 a,71
a8 48,44 27,80 107 i2 —-42,64 0,52
2 51,0& 30,00 74 & -45,59 0,7
10 75,31 37,00 4= = -48,05 0,72
LOADS AND TRANSFORTS MEAR STAND . DEV.
Bed Load Lb (%10 -2 kg/m2} 24 .88 .90
Suspended Load Ls { " 3 117,81 14,98
Total Load Lt { " 3 142,469 18,87
Bed Load Transport Sb (%10 -3 kg/s.m) -1,10 0,82
Suspended Load Transport Ss ( " y 32,16 4,71
Total Load Transport 5t { " ) -33 .26 5.593
CURRENT AL ONE FALL VELOCITY OF SUSFENDED
LEVEL z/ A HeEienT TO VELDCITY ¥ SEDIMENT ANE BEDMATERIAL
NO . {—) MEAN EBED M/ s) LEVEL w30 (m/s) D3O (M)
k10 +2) 7z ¥10 -2 ™ 1o -2 Nno. 10 -3 RiQ -5
1 I.686 1,80 —-15,.95 bed 10,40 117
2 S.70 2.80 -1%,.58 i 10,20 115
3 773 Z.80 —-23.,97 2 B.99 109
4 10,79 T30 —26,27 s g8.81 108
S 15,47 7 .60 ~30,62 4 10,22 116
& 23,81 11,70 -34,99 S ?.77 113
7 35,82 17,560 -32,35 6 to 10 8.44 105
g 48,44 23,80 —-42 .54 mixture 57 111
@ 51,06 20,00 -45,40 FPARTICLE DIAMETER
i¢ 733 37,00 -47,11 BEL MATERIAL (m} WRI —&
Dio : 80
DSO : 112
WATER SURFACE SLOFPE H i= 1,28 %10 -4 D?0 : 152

T 15+ Murdraul 1o
LSy 4 i :::’ Ld [0 1 WR SRV SR N S 53 i3

e WML Nan.




Test :T 10,0 Date : 03-07-°87
Experimentno. HE Watertemperature: 1B, C
WAVE ANL CURRENT FARAMETERS MEAN STAND . DEV .
Significant Waveheight Hsig (¥10-2 m) 10,33 0,07

Zero—cross Period Tz (K10 -2 m) 2,04 0,06

FPeak Period Tp (k10 -2 m) 2,32 0,00

Ratio H{1%) /Hsig {—} 1,53 -

Waterdepth to mean bed a k10 -2 m) 49,80 .10

Depth averaged Velocity v (¥10-2 m/s) 0,00 0,00

RIPPLE PARAMETERS ME#AN STAND . DEVY
Ripple Height R (k10 -2 m) 0,70 0,28

Ripple Length 4 1o -2 m) &4.34 2,97

Ripple Velocity ur (K10 -6 m/s) —2,90 0,93

Ripple Shape 2-dimensional

CONCENTRATIONS AND VELOCITIES

LEVEL z/ A HEisHT To CONCENTRATION C (KG/M3) VELOoCITY v (M/S)
NO . (=) MEAN BED MEAN STAND .DEV « MEAN STAND .DEV «
(K10 +2) = HIO -2 m X100 -3 10 -2
1 2,95 1,47 12863 21 0,00 Q.00
2 4,958 2,47 802 81 0,00 0,00
= &,97 2,47 912 47 0,00 0,00
4 ?.98 4,97 308 37 0,00 0,00
= 13,60 T .27 111 10 0,00 o,00
& 22,83 11,37 i1 1 0,00 Q0,00
7 34,68 17,27 2 Q 0,00 0,00
8 47,13 23,47 O Q Q,00 G,00
k4 59,58 29,67 0O 0 0,00 0,00
10 73,63 36,67 G 0O 0,00 0,00
LOADS AND TRANSFORTS MEAN STAND . DEV .
Bed Load Lb (k10 -3 kg/m) 20,04 1,33
Suspended Load Ls { " } 47,46 4,10
Total Load Lt { " 2 67,50 5,43
Bed lLpad Transport Sb (k10 -3 kg/s.m) Q,00 0,00
Suspended Load Transport Ss ( " 3 0,00 0,00
Total Load Transport St { " 3 0,00 0,00
CURRENT ALONE FALEL VELOCITY OF SLUSFENDED
LEVEL 2/ A HeEigHT TO VELOCITY V SEDIMENT AND BEDMATERIAL
NO . {(—) MEAN BED {m/ ) LEVEL wS0 (m/s) D3SO (m)
K10 +2) = X100 -2 m Xio -2 Nno. 10 -3 10 -4
1 0,00 0,00 0,00 bed 7.58 100
2 2,01 1,00 0,00 1 T.29 &2
3 4,02 2,00 C,00 2 7.4Z b
4 7,03 Z 450 0,00 =z 2,97 =9
= 11,65 5,80 Q,00 4 3,06 &0
& 12,88 2,920 0,00 S 2,72 =S8
7 31,73 15,80 G L,00 & to 10 - -
a 44,18 22,00 Q,00 mixture 7,88 101
7 ShH .63 28,20 0,00 PARTICLE DIAMETER
10 70,68 35,20 0,00 BEL MATERIAQL (m) RIQ —&
D1C H &7
DSO H 25
WATER SURFACE SLOPE H i= 0,00 *¥10 —4 DI0 ] 124

from: Delft University of Technology /7 Delft Hydraulics,
by ¢ H.F.A.van Hampen, E.N.Nap.




Date
Water

Test :T 10 .10
Experimentno. 45

: 0B-10-"87
temperature: 20,0 C

WAVE AND CURRENT FARAMETERS MEAN STAND . DEV .

Significant Waveheight Hsig 0k10-2 m} 10,3 0,3

lero—-cross Period Tz k10 -2 md 2,09 0,04

Peak Period Tp k10 -2 m) 2,33 0,00

Ratio H(1%) /Hsig {—) 1.56 -

Waterdepth to mean bed a k10 -2 m) 50,17 0,06

Depth averaged Velocity v (k10-2 m/s) ?.85 0,22

RIPPLE PARAMETERS MEAN STAND . DEV

Ripple Height »n (K10 -2 m 0,75 0,28

Ripple Length A (k10 -2 m) b,63 1,39

Ripple Velocity ur (k10 -6 m/s) 6,08 1,946

Ripple Shape 2,5-dimensional

CONCENTRATIONS AND VELOCITIES

LEVEL /A HeigHT TO CONCENTRATION C (K&/M3) VeELoCITY v {M/S)
NO . (- MEAN EBED MEAN STAND .DEV. MEAN STAND . DEV .

(K10 +2) =z K10 -2 M %1 -3 *io -2

1 2,93 1.47 822 57 2.30 0,10
2 4,92 2,47 489 7 Z,30 0,20
= 6,92 3,47 319 14 4,00 0,40
4 2,91 4,97 185 0 5,20 Q.60
b 14,49 7.2 80 & &, 60 0,20
& 22,65 11,37 22 2 2,00 0,50
7 34,42 17,27 5 X 10,40 0,40
a8 44,78 22,47 = 2 11,40 0,00
7 59,14 29,67 2 Q. 11,80 0,30
10 7Z,09 ZbH,67 1 1 11,40 0,10

LOAPS AND TRANSFORTS MEAN STAND .DEV.

Bed Load Lb (kK10 -3 kg/m3) 1,88 c,82

Suspended Load Ls { " 3 31,46 1,87

Total Load Lt ( " ) 45,34 2.69

Bed Load Transport Sb (%10 -3 kg/s.m 0,05 0,02

Suspended Load Transport Ss ( " b] 1,12 0,17

Total Load Transport St ¢ " ) 1,16 0,19

CURRENT ALONE FALL VELOCITY OF SUSPENDED

LEVEL z/A HEIgHT TO VELDCITY V SEDIMENT AND BEDMATERIAL

N . {—} MEAN BED (m/s) LEVEL w50 (m/s) D3SO (w)

K10 +2) = X100 —2 M *1i0 —2 no. 10 -3 X100 ~&

1 2.99 1,50 4,80 bed P77 113
2 4,98 2,50 &, 20 1 10,20 115
3 &,98 Z,50 4,40 2 9,77 13
4 .97 S5.00 8,00 3z 8.99 107
S 14,55 72 Z0 2,80 4 8.57 104
& 22,72 11,40 .40 S 7.74 102
7 4,48 17,30 10,30 6 to 10 2.72 58
8 45,84 23,50 10,60 mixture ?.37 111
4 59,20 29,70 11,00 PARTICLE DIAMETER

10 73,15 I5,70 10,70 BED MATERIAL (m) WRIQ —&

D10 : 7=
D50 H 107

WATER SURFACE SLOFE H i= G20 ¥X10 -4 D?o H 147

from: Delft University of Techrnology /7 Delft Hydrauwlios,

by H.oF A.van Kampen, E.NM.Nap.




Test :T 10, -10 Date : 05-08-"867

Experimentno. : 24 Watertemperature: 20,3 C
WAVE AND CURRENT FARAMETERS ME SN STAND . DEV .
Significant Waveheight Hsig (k10-2 m) 10,17 0,55
Zero—cross Period T= k10 -2 md 1,93 Q0,07
Fealk Period Tp k10 -2 m) 2,33 0,00
Ratio H{1%) /Hsig (-1 - -
Waterdepth to mean bed a k10 -2 m) 49,40 0,10
Depth averaged Velocity v (¥10-2 m/s) -10,60 0,21
RIPPLE FARAMETERS MEARN STAND . DEV
Ripple Height n (k10 -2 m) 0,80 0,30
Ripple Length A k1o -2 m S.95 0,00
Ripple Velocity ur (K10 —-& m/s) ~5.07 24
Ripple Shape 2—-dimensional
CONCENTRATIONS AN VELOUITIES
LEVEL z/ A HEieHT To ConceENTRATION © (Ke/M3) VeELocIiTty v (m/s)
NO . {3} MEAN EBED MEAN STAND.DEV . MEAN STAND .DEV .
(K10 +2) = 10 —2 m 10 ~3 %10 -2
1 24357 1,17 1363 197 -1,89 .17
2 4,39 2,17 B&61 125 —2,96 0,47
= &,42 2,17 5586 20 —-Z,462 0,43
4 7,45 4,67 52 57 -4,52 0,24
5 14,11 &£,.77 147 2& —6,09 Q30
& 22,41 11,07 =8 & -7 .97 0,27
7 34,35 16,97 11 2 -10,34 0,15
g8 44,90 22,17 4 1 -11,60 0,27
g 592,45 29.37 G O -12,5& 0,31
10 TI.62 G637 G O -13,85 0,22
LOA0LS ANE TRANSPORTS MEAN STAND . DEV »
Bed Load Lb (K10 -3 kg/mdd 16,29 2,27
Suspended Load Ls { ' 3 49,51 7 86
Total Load Lt { " } &5,B0O ?.72
Bed lLoad Transport Sb (k10 -3 kg/s.m) -0,01 0,01
Suspended Load Transport Ss ( " 3 -1,63 0,40
Total Load Transport St { " 3 —~1,64 0,41
CURRENT ALGNE FALL VELOCITY OF SUSFENDED
LEVEL 2/a HEIsHT TO VELDCITY ¥ SELIMENT AMND BEDMATERIAL
NO . {—} MEAN BED {mM/s) LEVEL WSO {m/ s) D3SO (W)
(R1O +2) z ¥10 -2 ™ #*1g -2 fo. ¥1¢ -3 ¥10 -4
1 2.43 1,20 —5,57 bed 10,20 115
2 4.45 2,20 —5,35 1 - -
3 6,48 F20 ~7 .20 P - -
4 2,51 4,70 —-7.3B 3 - -
5 14,17 7,00 -8,5%9 4 - -
& 22,47 11,10 —~%,B6 5 bH,48 Q2
7 34,41 17,00 -10,44 & to 10 - -
g 44,96 23,20 -10,87 mivture - -
2 52,51 29,40 -10,94 PARTICEE DIAMETER
10 73,68 24,40 -10,67 BED MATERIAL (m) ¥10 —&
D1G H 73
D5G : 110
WATER SURFACE SLOPE H i= 0,25 %10 -4 D?G : 162




Test : T 10 ,20 Date :21-10-787
Experimentno. : 93 Watertemperature: - C
WAVE AND CURRENT PARAMETERS MEAN STAND . DEV .
Significant Waveheight Hsig (K10-2 m) 10,1¢C 0,1¢
Zero—cross Period Tz (k10 -2 m) 2,00 0,03
Peak Period Tp (K10 -2 m) 2,33 0,00
Ratio H{1%4) /Hsig (-} 1,60 -
Waterdepth to mean bed a (k10 -2 m) 48,97 0,06
Depth averaged Velocity v (X10-2 m/s) 20,27 0,36
RIPFPLE FPARAMETERS MEAN STAND .DEV
Ripple Height (k10 -2 m) i,1 C,40
Ripple Length A k10 -2 m 8,14 2,06
Ripple Velocity ur (k10 -4 m/s) 12,81 Fe7
Ripple Shape Z2,5-dimensional
CONCENTRATIONS AND VELOUITIES
LEVEL /A HEzeHT To CORCENTRATION C (K&/M3) VeELQoITYy v (WS
NOD . {-) MEAN BED MEAN STAND .DEV . MEAR STARND .DEV .
(k10 +2) 7 K10 -2 m ¥10 -3 *¥10 -2
1 4,08 2,00 894 139 7 .30 0,20
2 6,13 Z,00 655 &1 7,50 0,20
3 8,17 4,00 503 39 11,40 1,40
4 11,L“ J,JQ B8 24 12,60 G,60
5 15,93 7 .80 247 13 16,30 0,80
& 24,30 11,20 118 13 12,00 0,30
7 36,35 17,80 59 4 22,30 0,60
a8 49,01 24,00 0 S 23,40 0,20
7 61,67 30,20 17 2 23,70 0,20
10 S5.95 E7 .20 11 2 22,80 0,50
LOARDE AND TRANSFORTS MEAN STAND .DEV..
Bed Load Lb (k10 -3 kg/m2) 17,346 4,467
Suspended Load Ls { " } 51,74 741
Total Load Lt ( " ) 79,10 2,08
Bed Load Transport Sb (%10 -2 kg/s.m) 0,17 0,09
Suspended Load Transport Ss ( " ) 7.51 1,17
Total Load Transport St { " } 7 &7 1,;8
CURRENT ALONE FALL VYELOCITY OF SUSPENDED
LEVEL z/A HEIsHT TO VELOCITY V SEDIMENT AND BEDMATERTIAL
NO. {2 MEAN EED {m/5) LEVEL wS0 (m/s5) D3O (M)
(k10 +2) =2 %10 -2 M X¥10 -2 no. X110 -3 *¥10 —&
1 4,08 2,00 11,09 bed B.44 105
2 6,13 I3.00 12,55 1 8,44 105
3 8,17 4,00 _,aQ 2 8,21 103
4 11,23 S5.50 15,40 3 7,29 T8
S 15,93 7,80 16,60 4 2,3 52
& 24,30 11,20 20,12 5 3,12 &G
7 I6,3E5 17,80 20,44 & to 10 2,2 S0
B8 49,01 24,00 23,24 mixture 774 102
2 61,67 30,20 24,03 PARTICLE DIAMETER
10 75,94 I7,.,20 72.5” BEDL MATERIAL (m) XIiQ -5
10 : 70
DSO H 100
WATER SURFACE SLOPE H i= 0,80 %10 -4 D20 H =
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:T 10,-20

Date

Test :111-08-°87
Experimentno. : 28 Hatertemperature: 20,0 C
WAVE AND CURRENT FPARAMETERS ME AN STAND . DEV .
Significant Waveheight Hsig (kK10-2 m) 10,46 0,06
Zerp—cross Period Tz k10 -2 m) 1,93 0,03
Feak Period Tp k10 -2 md 2434 0,00
Ratio H(1%X)/Hsig (-} 1,44 -
Waterdepth to mean bed a k10 -2 md 48,50 0,17
Depth averaged Velocity v (¥10-2 m/s5) -1%2,81 0,23
RIPPLE FARAMETERS MEAN STAND . DEV
Ripple Height n k10 -2 m) 0,85 Q.40
Ripple Length A k1o -2 md &,.34 1,37
Ripple Velocity ur (k10 -6 m/s) -—16,24 4,36
Ripple Shape I—-dimensional
CONCENTRATIONS AND VELOCITIES
LEVEL z/A HeErcHT To ConNnceENTRATION C (K6/mM3) VELOcITY Vv (M/S)
NO . (-} MEAN BED MEAN STAND .DEV . MEAN STAND . DEV .
(K10 +2) =z ¥10 -2 m %10 -3 i -2
i Z,03 1,47 1250 110 —5.36 0,21
2 5,09 2.47 812 27 —7 .61 0,35
= 7,135 Z.47 577 21 -2,52 G,67
4 10,25 4,97 400 28 -10,%4 O,D?
5 14,99 727 233 g 12. = 0,28
& Lu.44 11,37 129 a ~-15,6%9 0,24
7 35,61 17,27 &1 4 -18,62 0,25
8 48,39 23,47 38 4 ~21,6&6 0,45
2 51,18 29,467 23 2 -2Z,71 0,09
10 75,461 TEL.E7 11 1 -25.32 Q.44
LOADSE AND TRANSFORTS MEAN STAND . DEV .
Bed Load Lb k10 -3 kg/md) 17,08 2,47
Suspended lLoad Ls { " ) &7 ,86 4,97
Total Load Lt { " Y 84,,_ 7,44
Bed Load Transport 8Sb k1¢ -3 kg/s.md 0,12 G,09
Suspended Load Transport 8s ( " 3 —& .85 0,68
Total Load Transport S5t { " 3 -6,97 0,77
CURRENT ALONE FALL VELOCITY OF SUSFENDED
LEVEL z/A HeieHT TO VELDTITY WV SERTMENT ANL BEDMATERIAL
NO . (—) MEAN BED (m/s) LEVEL WSO (m/s) DSO (m3
(K10 +2) 7 %10 -2 m *10 -2 no. ¥10 -3 X1 —&
b J.09 1,50 -2.70 bed 10,22 116
2 5,15 2,50 -12,0% i 8,2 103
= T 22 3.50 -12,67 2 7 .50 s
4 14,31 9,00 -14,30 Z 7 .58 100
S 15,05 7 .30 —16‘53 4 7 .58 100
) 23,51 11,40 -14,92 5 7.22 28
7 35,67 17,30 -18,80 & to 10 b,75 4
g8 48,45 23%,50 -19,88 mixture 8,21 105
7 &81,24 29,70 -21.146 PARTILLE DIAMETER
10 75,67 365,70 -21,58 BELD MATERIAL (m} Xio —&
DIiC z 77
50 : 111
WATER SURFACE SLOPE H i= 0,42 %10 -4 DFO : 157




Test :T 10 ,40 Date 1 29-07-°87
Experimentno. : 22 Watertemperature: 20,1 C
WAVE AND CURRENT FARAMETERS MEAN STAND .DEV .
Significant Waveheight Hsig (R10-2 m) ?.454 0,01
Iero—-cross Period Tz (K10 -2 m) 1,90 0,01
Peak Period Tp k10 -2 m) 2,:3 Q.00
Ratio H(1%)/Hsig (-3 1,29 -
Waterdepth to mean bed a (k10 -2 m 49,70 0,28
Depth averaged Velocity v (X10~-2 m/s) 34,72 1,05
RIFFLE FARAMETERS MEAN STAND . DEV
Ripple Height #» k10 -2 m) 1,44 0,51
Ripple Length A OK10 -2 m) 11,08 3,11
Ripple Velocity ur (K10 —-& m/s) 25,14 8,33
Ripple Shape I-dimensional
CONCENTRATIONS AND VELOCITIES
LEVEL z/ A HEigHT To CONCENTRATION C (Ke/M3) VeELoc1iTy v {(M/ 5}
NO . {~) MEAN BED MEAN STAND .DEV . MEAR STAND . DEV «
k10 +2Y z KIi0 -2 m ¥10 -3 *ig -2
1 4,63 2,30 1950 10 15,56 G.46
2 5,564 Z,3 1525 78 17,28 0,;;
3 8,65 4,30 1270 156 20,04 0,39
4 11,67 5,80 1082 13 “b,&B 1,85
5 16,30 8,10 856 126 26,46 0,84
& 24,55 12,2 547 77 20,95 0,07
7 36,42 18,10 322 54 35,36 0,48
8 48,89 °4.u 15 41 37,81 1.59
F 61,37 30,50 88 14 40,83 2.82
10 75,45 27,50 59 2 41,42 2,27
LOADE AND TRANSFORTS ME AN STAND . DEV .
Bed Load Lb k10 -3 kg/m2) 42,25 0,01
Suspended Load Ls { " ) 193,41 21,06
Total Load Lt ( " Y 235,67 21,07
Bed Load Transport 8b k10 -Z kg/s.m) 1,52 Q.67
Suspended Load Transport Ss ( " } 47 ,48. 776
Total Load Transport St { " } 48,99 8,45
CURRENT AL ONE FALL VELOCITY OF SUSFPENLELD
LEVEL z/A HEieHT TO VELDCITY WV SELIMENT AND BEDMATERIAL
NO . (—} MEAN BED {(m/ 5) LEVEL w30 (M/s D3C (M}
(K10 +2) 7 H10 -2 ™ 19 -2 no. ¥10 -3 ®1Q -6
1 5,03 2,50 18,03 bed 10,20 115
2 7 .04 3.50 21,52 1 - -
=z 2,05 4,50 23,99 2 - -
4 12,07 &, 00 25,67 3 7.83 101
5 16,70 8,3 29,22 4 8,32 105
& 24,95 12,40 eE.Sq 5 8,26 104
7 6,82 1u.u Z8,45 6 toc 10 - -
8 49,30 24,50 IB,.64 mixture 8.24 1046
2 651,77 30,70 41,47 PARTICLE DIAMETER
10 75,86 37,70 40,01 BED MATERIAL (m) XIC —&
D1o : 7=
DSO H 109
WATER SURFACE SLOFE H i= 2,45 %10 -4 DT0O H 162
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Test :tT 10,40 Date : 18-0B-"87

Experimentno. : 33 Watertemperature: 21,4 C

WNAVE AND CURRENT PARAMETERS MEAN STAND .DEV.

Significant Waveheight Hsig kK10-2 m) 10,30 0,45

Zero—cross Period Tz Ok1o -2 m 2,30 Q,17

Peak Period Tp k10 -2 md 2,53 0,28

Ratio H{1%4} /Hsig (=) 1.34 -

Waterdepth to mean bed a k10 —2 md 49,27 0,38

Depth averaged Velocity v (K10-2 m/s)  —-3B8,85 0,8

RIPFPLE PARASMETERS ME AN STAND . DEV

Ripple Height n (k10 -2 m) 1,39 Q0,63

Ripple Length A k10 -2 m) 11,03 .02

Ripple Velocity ur (k10 —-& m/s) -54,29 10,37

Ripple Shape Z—-dimensional

CONCENTRATIONS AND VELOCITIES

LEVEL z/n HeisHT To CONCENTRATION C {(Ke/M3) VELOCITY v (Mm/S)

NO . (- MEAN EBED MEAN STAND.DEV. MEAN STAND . DEV .

Ok10 +2) z #10 =2 ™ 10 -3 10 -2

1 Z,45 170 2787 81 -15,24 1,082
2 5,48 2,70 1880 203 -17,53 0,52
= 7.5l I.70 1547 176 -20,12 1,2?
4 10,55 S,20 1231 141 -21,71 « 2B
5 15,22 7 .50 718 101 -246,84 0,65
& 2,54 11,560 548 76 ~32,17 1,02
7 35,52 17,50 270 &5 —Z8,12 1,13
8 48,10 23,70 141 31 -42,81 0,91
Z 50,89 29,920 21 15 —-45,454 2,89
1o 74,89 36,70 45 5 —-48,06 1,22

LOADS AND TRANSFORTS MEAN STAND DEV..

Bed Load Lb {10 -3 kg/m2} S&,.11 i1,8%

Suspended Load Ls { " 3 199,24 29,65

Total bLoad Lt { H } 255,35 41,54

Bed Load Transport 8b k10 -3 kg/s.m) —-2,28 1.25

Suspended Load Transport Ss ( " Y 49,75 .68

Total Load Transport S5t { " y =52,05 10,93

CURRENT AL ONE

FAlLiL VELOCITY OF SUSPENDED

LEVEL z/A HeEisHT TO VeELoCITY W SELTIMENT ANE BEDMATERIAL
NO . (—3 MEAN EED {m/s) LEVEL w30 M/ s} D50 (m)
(K10 +2) =z K10 -2 M ®ig -2 No. 1o -3 10 -4
1 .45 1,70 -18,47 bed 10,49 118
2 S.48 2,70 -21,45 i 11,60 23
= 7.51 3,70 -25,21 2 Q.77 113
4 10,55 T,20 -27 .17 2 2,55 112
= 15,22 T .50 -30,98 4 .77 113
& 22,54 11,60 74qud 5 2,55 iz
7 35,52 17,50 —40,25 & to 10 .37 111
8 48,10 23,70 ~43,40 mixture 2,77 113
2? &0, 69 29,70 —-4&6 ,55 PARTICLE DIAMETER
10 74,89 26,70 ?.5’ BED MATERIAL (m} %I —&
D10 H 81
DO : 113
WATER SURFACE SLOFPE : i= 1,69 %10 -4 D70 : i51

T

Fvdraulios




Test 1T 12,0 Date : J0-06—-787
Experimentno. : 06 Watertemperatures: 20,2 €

WNAVE AND CURRENT PARAMETERS MEAR STAND . DEV ..
Significant Waveheight Hsig (¥10-2Z m) 12,09 0,00
Zero—cross Period Tz (ki -2 m) 2,04 0,00
Peak Period Tp k10 -2 m) 2,32 0,01
Ratio H(1%) /Hsig (=} 1,45 -
Waterdepth to mean bed a (K10 -2 m) 48,40 0,00
Depth averaged Velocity v (k10-2 m/s) 0,00 0,00
RIFFPLE PARAMETERS MEARN STAND .DEV
Ripple Height R k10 —-2 m) 0,82 0,31
Ripple Length X (K10 -2 m) &y 73 2,50
Ripple Velocity ur (K10 -6 m/s) -5,10 3,40
Ripple Shape Z2—dimensional
CONCENTRATIONS AND VELOCITIES
LEVEL z/A HEIeHT TOo CONCENTRATION C (KG/M3) VeELocITy v (M/s)
NG . (—) MEAN EBED MEAN STAND .DEV . MEAN STAND .DEV .
k10 +2) =z X100 -2 M *10 —3 X100 -2
i 2,3 1,13 2220 165 0,00 0,00
2 4,40 2,13 1343 155 0,00 0,00
= &,47 Z,13 872 101 Q.00 0,00
4 P57 4,63 454 94 0,00 0,00
S 14,32 &£,9= 190 473 0,00 0,00
& 22,79 11,03 25 13 a,Q0 0,00
7 34,98 16,93 = 2 : 0,00 0,00
8 47,79 23,13 o O Q0,00 0,00
g &0, 40 29,33 0 0 0,00 C,00
10 73,06 36,33 O O G,00 0,00
LOADS AND TRANSFORTS MEARN STAND.DEV.
Bed Load Lb (k10 -3 kg/mZ) 27 .86 1,81
Suspended Load Ls ( » ) 70,62 8,89
Total Load Lt { " } 98,49 10,7
Bed Load Transport Sb (k%10 -3 kg/s.ml 0,00 0,00
Suspended Load Transport Ss ( " ) 0,00 0,00
Total Load Transport 5t ( " ) 0,00 - 0,00
CURRENT ALONE FALL VELOCITY OF SUSFENDED
LEVEL z/a HEIGHT TO VELoOITY V SEDIMENT AND BEDMATERIAL
NO . {—) MEAN BED (m/s) LEVEL whlo (m/s) D50 (M)
(K10 +2) 7 %10 —2 M XiQ —2 no. 10 -3 ¥10 -6
1 0,00 Q,00 0,00 bed - -
2 2,07 1,00 0,00 1 - -
3 4,13 2,00 0,00 2 - -
4 7423 Z,50 0,00 = - -
S 11,98 5.80 0,00 4 - -
& 20,45 G20 0,00 S - -
7 32,64 15,80 0,00 6 to 10 - -
8 45,45 22,00 0,00 mixture - -
4 58,26 28,20 0,00 PARTICLE DIAMETER
ia 72, 7% 5,2 0,00 BEDL MATERIAL (m) %10 —56
D10 H &9
DSC H 2?7
WATER SURFACE SLOPE : i= 0,00 %10 -4 D20 H 127

from: Delft University of Technology / Delft Hydraulics,
by ¢ H.F.A.van Fampen, E.N.Nap.




Test : T 15,0 Date : 01-07-787

Experimentno. : O7 Watertemperature: 20,7 C
HAVE AND CURRENT PARAMETERS MEAN STAND .DEV .
Significant Waveheight Hsig k10-2 m) 15,38 0,22
Iero—-cross Period Tz (K10 -2 m 1,85 0,05

FPeak Feriod Tp k10 -2 m) 2,32 0,00
Ratio H({1%) /Hsig (=) 1,23 -
Waterdepth to mean bed a k10 -2 m) 47 .77 0,21

Depth averaged Velocity v (X10-2 m/s) 0,00 0,00
RIFPPLE FARAMETERS MEAN STAND . DEV
Ripple Height h k10 -2 md 0,75 0,35
Ripple Length A (K10 -2 m £,58 2,03
Ripple Velocity ur (K10 -6 m/s) -3,31 2,36
Ripple Shape 2-dimensional

CONCENTRATIONS AND VELOLITIE

LEVEL z/ A HEIeHT To CONCENTRATION C (Ke/M3) VeELoCcITY v (M/S)
NO . (-} MEARN BED ME AN STARND.DEV. MEAN STAND . DEV .
K10 +2) z X100 -2 M X100 -3 10 -2
i 3,41 1,63 41327 330 C,00 0,00
2 5.51 2,563 2208 203 O,00 0,00
= 750 2.63 1260 4 0,00 G,00
4 10,74 S,13 603 Sé6 Q,00 0,00
o 15,55 743 209 17 0,00 Q,00
& 24,14 11,53 15 2 0,00 0,00
7 346,49 17.43 3 = 0,00 0,00
8 49,47 23,63 2 2 0,00 0,00
g £2,45 27,83 o ¢ 0,00 0,00
10 77,10 36,83 G O 0,00 0,00
LOADS AND TRANSFORTS MEAN STAND .DEV .
Bed Load Lb (kK10 -3 kg/m2) 72,B6 7,08
Suspended Load Ls 4 " 3 157,87 14,36
Total Load Lt { » } 220,73 21,44
Bed Load Transport Sb (%10 -3 kg/s.m) 0,00 0,00
Suspended lLoad Transporit Ss ( " ) 0,00 0,00
Total Load Transport St ( " ) 0,00 - 0,00
CURRENT ALONE FALL VELOCITY OF BUSFPENDEL
LEVEL Z/ A HeEieHT TO VELDCITY ¥V SEDIMENT AND BEDMATERIAL
NO . {—) MEAN BED {m/s) LEVEL wa0 (M/s) D3SO (m)
k10 +2) =z 10 —2 w 1o -2 No. 10 -3 10 =&
1 0,00 0,00 0,00 bed 7.88 101
2 2,09 1,00 0,00 1 7,41 95
3 4,19 2,00 0,00 2 7.17 93
4 7332 2,5 0,00 3 6,83 20
= 12,14 S,.BO 0,00 4 2,89 sS7
& 20,72 2,70 G,00 S 6,57 a9
7 33,08 15,80 0,00 & to 10 - -
a 446,05 22,00 0,00 mixture 7,88 101
I 52,03 28,20 C,00 PARTICLE DIAMETER
10 75,69 35,20 0,00 BED MATERIAL (m) X100 —&
D10 a7
DS0O ?b

124

WATER SURFACE SLOFE H i 0,00 %10 -4 D30

fraom: Delft University of Technology 7 Delft Hydraulicos,
by 2 H.F.A.van Fampen, E.N.Nap.
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$12~-106-787

Test : T 15 ,10 Date

Experimentno. : 47 Watertemperature: 18,0 C
WAVE AND CURRENT FARAMETERS MEARN STAND .DEV .
Significant Waveheight Hsig (k10-2 md 14,74 0,27
Zero~cross Period Tz (k10 -2 m) 1.97 0,05

Peak Feriod Tp (k10 -2 m) 2,60 0,00
Ratio H({1%) /Hsig (=) 1,37 -
Waterdepth to mean bed a Ok10 -2 m) 49,40 0,00
Depth averaged Velocity v (k10-2 m/s) .18 0,28
RIPPLE FARAMETERS MEAN STAND . DEV
Ripple Height n» k10 -2 m ,86 0,32
Ripple Length A (k10 -2 m) 6,47 6,00
Ripple Velocity ur (k10 -6 m/s) 15,2 5.42
Ripple Shape 2,5~-dimensional
CONCENTRATIONS AND VELOCITIES

M/ s}

LEVEL zZ/ A HerteHT To CONCENTRATION C (Ke/M3) VELOCITY ¥
NO . (-} MEAN EED MEAN STAND.DEV. MEAN STAND . DEV .
k10 +2) = ¥I0Q =2 m 10 —3 10 -2
1 I.44 1,70 2190 495 1,90 0,28
2 S.47 2,70 1115 290 2,95 0,2
3 7 .47 3,70 647 175 3,90 0,57
4 10,53 5. 20 A 22 5,05 0,50
S 15,18 7 .50 130 22 &£,90 0,10
& 23,48 11,60 36 1 2,85 0,35
7 35,43 17,50 14 2 11,00 0,14
8 47,98 23,70 7 Q 11,20 0,2
4 60,53 29,90 z O 10,35 0,50
i¢ 74,70 35,70 = 1 ?.75 0,464
LOADE AND TRANSFORTS ME Al STAND .DEV..
Bed Load Lb (k10 -3 kg/m2) 45,89 .23
Suspended lLoad Ls ( " 3 87,77 12,51
Total Load Lt { " ) 133,65 28.74
Bed Load Transport Sb (%10 -3 kg/s.m) O,06 0,04
Suspended Load Transport Ss ( " ) 2.25 0.77
Total Load Transport 5t ( " 3 2,31 0,81
CURRENT AL ONE FALL VELOCITY OF SUSFENDELD
LEVEL z/ A HEisHT TO VELDCITY V SEDIMENT AND BEDMATERIAL
NO . (=} MEAN EED (m/s) LEVEL WwS0  (w/ s} DSC ()
(10 +2) z X100 —2 ™ X¥10 -2 no. 10 —3 ¥10 -6
1 Z.04 1,50 S.13 bed 2.7 113
2 5.06 2,50 6,08 1 8.74 107
it 7,09 IS0 &,50 2 7 .88 101
4 10,12 5.00 6,64 3 8,21 103
S 14,78 7 4 20 7,28 4 7.77 8
& 23,08 11,40 7,01 3 3,02 59
7 25,02 17,3 ?.42 & to 10 2,86 S7
g 47,57 23,50 10,47 mixture .48 &4
9 60,12 29,70 10,68 PARTICLE DIAMETER
10 74,29 36,70 10,84 BED MATERIAL (m) ®I10 —&
D1C : 74
D50 : i27
WATER SURFACE SLOFE : i= 0,23 %10 -4 DFO : 151
From: Deldt University of Technology / Delft Hydrauwlios,
by H.oFLALvan Rampen., E.N.MNap.




: T 15,-10

Test Date : 07-08-"87
Experimentno. : 26 Watertemperature: 26,5 C
NAVE AND CURRENT FARAMETERS MEAN STAND . DEV .
Significant Waveheight Hsig Ok10-2 md 14,87 0,21
Zero—cross Period Tz Ok10 -2 m) 1,81 Q,02
FPeak Feriod Tp OK1IO -2 m) 2,33 0,12
Ratio H{1%)/Hsig (=) 1,346 -
Waterdepth to mean bed a (k10 —-2 m) 48,97 C.42
Depth averaged Velocity v (X10-2 m/s} -12,12 0,25
RIPPLE PARAMETERS ME AN STAND . DEV
Ripple Height n (k10 -2 m) 0,75 0,31
Ripple Length A k10 -2 m) 6,17 1,65
Ripple Velocity ur k10 -6 m/s) -12,13 4,92
Ripple Shape 2.S-dimensional
CONCENTRATIONS AND VELGLITIES
LEVEL z/ A HereHT To CONCENTRATION C (KG/M3) VeELoCcITY v (M/s)
NO. () MEAN EED MEAN STAND .DEV . MEAN STAND .DEV.
k10 +2) z K10 —2 M %10 =3 ¥io -2
1 227 1,60 3673 482 -2,3 G40
2 5,31 2,40 2703 45 -F.12 (5,34
= 733 .50 1773 118 =3.94 O,21
4 1G,41 5,10 748 19 -S5.186 G,58
S i5,11 7 .40 E77 25 -4 .84 0,28
& 23,48 11,50 73 1 -3,0% 0,35
7 35,53 17,40 18 4 -11,38 0,22
8 48,19 23,60 & 1 —13,39 0,13
9 40,85 292,80 = 1 -14,88 0,30
10 75,15 6,80 O O -16,25 0,30
LOADS AND TRANSFPORTS MEAN STAND . DEV .
Bed Load Lb (10 -Z kg/mdl 47,10 5,70
Suspended Load Ls { " ) 161,28 12,89
Total Load Lt ( " Yy 208,38 18,59
Bed Load Transport Sb k10 -3 kg/s.ml -0,14 0,09
Suspended Load Transport Ss ( » } —S5,>1 0,97
Total Load Transport St ( " } -5,.45 1,06
CURRENT AL ONE FALL VELOCITY OF SUSFENDED
LEVEL z/A HEIsHT TO VELOCITY WV SELIMENT AND BEDMATERIAL
NO -« {—} MEAN BED {m/s) LEVEL WSO (m/s) D50 (M)
10 +2) = X100 -2 M *ig -2 no. Xig —3 *1i¢ -6
1 3.27 1.60 —5.73 bed 10,20 115
2 S.31 2,60 ~h,EE 1 7,01 25
3 735 3,60 —T7 26 2 65,56 2
4 10,41 5,10 -7 .86 = 720 7
> 15,11 7 .40 -8,80 4 65,72 F3
& 2Z,48 11,50 —-2.,95 5 &,558 22
7 35.53 17,40 -16,89 6 to 10 65,26 89
8 48,19 23,60 -11,43 mixture 7.58 114
G 60,85 22.80 -11,21 PARTICLE DIAMETER
10 75,15 6,80 -11,41 BEL MATERIAL (m} ¥IC —5&5
D10 H 75
DO : 110
WATER SURFACE SLOFE H i= 0,16 %10 -4 DRG H 160
From: hnology /7 Deift Hyor

1 4 1 v e,
N Man .




Test
Experimentno.

Date

Watertemperature:

:19-10-787
20,2 C

WAVE AND CURRENT FARABMETERS ME&N STAND . DEV .

Significant Waveheight Hsig (X10-2 m) 14,92 0,19

lero—cross Period Tz (K10 -2 m) 1.92 0,06

Peak Period Tp k10 -2 m} 2,61 0,00

Ratio H(1%) /Hsig ) 1,39 -

Waterdepth to mean bed a (k10 —2 m) 50,40 0,10

Depth averaged Velocity v (¥10-2 m/s) 19,29 0,35

RIFPFPLE FARAMETERS ME AR STAND . DEV

Ripple Height n k10 -2 m? i,1 0,62

Ripple Length A (K10 -2 m) 779 3,23

Ripple Velocity ur (k10 —-& m/sl ;4.77 10,10

Ripple Shape 2. q—dlmen51nna1

CONCENTRATIONS AND VELOCITIES

LEVEL z/A HEigHT 7O CONCENTRATION C (Ke/M3) VELOCITY Vv {M/352

NOG . (=) MEAN EED MEAN STAND.DEV. MEAN STAND . DEV .

k10 +32) =z ¥10 =2 ™ H10 —3 X110 -2

1 I,63 1,83 2160 259 6,20 0,40
2 5,62 2,83 1400 70 750 0,40
3 7 .60 3,83 386 41 7,90 0,10
4 10,58 5.33 645 2 11,70 1,00
5 15,14 763 372 17 14,70 0,20
& 23,27 11,73 154 ? 17,60 1,00
7 34,98 17,63 =8 & 21,10 0,40
g8 47,28 2?,8: 29 2 b*.BU Q.20
4 52.58 30,03 20 4 22,40 0,20
10 73,47 27 .03 146 1 21,80 0,60

LOADS AND TRANSFPORTS ME AR STAND .DEV.

Bed Load Lb (k10 —-3F kg/m2) 43 .39 10,87

Suspended Load Ls { " b) 113,70 i1,

Total Load Lt { " 3 157,09 L_.ié

Bed Load Transport Sb (k10 -3 kg/s.m) C,40 0,32

Suspended Load Transport Ss ( " 3 10,83 1.46

Total Load Transport St { " 3 11,23 1,78

CURRENT ALONE FaAlLi VELOCITY OF SUSFENDED

LEVEL z/A HEIGHT TO VeELDCITY WV SBELIMENT AND BEDMATERIAL
NO . (=} MEAN BED (mi/ 51 LEVEL W30 (w/s! D50
(K10 +2) z %10 -2 m %10 -2 no. X100 -3 ¥1i0 -6
1 3,57 1,80 10,146 bed P77 114
2 5.596 2,80 11,42 1 F.77 111
= 7,54 Z,80 12,720 2 2,78 =4
4 10,52 5.30 14,01 = F.35 112
S 15,08 7 .50 14,10 4 2,81 108
& 23,21 11,70 17 .97 5 F.77 111
7 ZF4,92 17,60 20,33 6 to 10 g8.44 105
8 ?.2: LH.BO 22,46 mixture F.77 114
g 592,32 Z0,00 22,88 PARTICLE DIAMETER
10 73,41 37,00 22,81 BED MATERIAL (m) MIQ —&
Dio : 77
DS0 H 109
WATER SURFACE SLOFE H i= 0,74 %10 -4 D90 z 183
froms Dv]ft Uriversity of Technology /7 Delft Hydrawlicos,
by SPvan Fampen., ELN.MNMan.




Test : T 15,20 Date :14-08-7"87

Experimentno. : 3 Watertemperature: 20,7 C
WAVE AND CURRENT FARAMETERS MEAN STAND . DEV .
Significant Waveheight Hsig (X10-2 m) 14,81 0,12
Zero—cross FPeriod Tz (K10 —2 m} 1.,, 0,02
Feak Period Tp k1o -2 m) 2,33 0,00
Ratio H(1%Z) /Hsig (=3 1,37 -
Waterdepth to mean bed a Ok10 -2 md 49,432 0,086
Depth averaged Velocity v (¥10-2 m/s) -20,.84 1 22
RIPFLE EARAMETERS MEAN STAND . DEV
Ripple Height n Gkio -2 m 0,62 GL,37
Ripple Length A k1o -2 m) &, 34 1,74
Ripple Velocity ur (K10 —& m/s) ~-20,.36 5.35
Ripple Shape 2,5-dimensiocnal
CONCENTRATIONS AND VELOCITIES
LEVEL z/A HeEigHT To ConceEnNTRATION C (RG/M3) VELOCITY Vv (M/S)
N . (=3 MEAN EBED ME AR STAND .DEV. MEAN STAND .DEV.
k10 +2) z K10 —2 W ¥10 -3 io -2
1 2,00 1,73 Z6FE 200 -4 ,80 0,47
2 D.02 2,73 2503 35 -&,46 0,686
= 7235 F,73E 1603 40 ~8,76&6 0,14
4 10,58 S.23 Fa1 21 -10,70 0,20
5 5,23 7,33 75 4 -13,0& 0,27
& 23,53 11,63 195 20 -15,97 0,67
7 35,46 17,53 ?1 k4 -12,%4 0,19
8 48,01 23,7= 43 4 -22,81 0,08
G &-,qq 29,93 29 S -24,85 Q.24
10 74,71 26,93 16 4 =27 (30 0,19
LOADSE AND TRANSPORTS MEAN STAND . DEWV «
Bed Load Lb (k10 -3 kg/m2) 44,72 F,25
Suspended Load Ls { * 3 19:.32 10,53
Total Load Lt { " Yy 2EF7,03 1-,,
Bed Load Transport Sb (k10 -3 kg/s.m) -O 14 0,16
Suspended Load Transport 5s ( " } ~14,¢h 1,69
Total Load Transport S5t 4 " Yy —-14,38B 1,85
CURRENT AL ONE FALL VELOCITY OF SLUSFENDEL
LEVEL z/ A HEIGHT TOD VELDCITY v SELDIMENT AND BEDMATERIAL
NG . (-} MEAN EED (m/s) LEVEL w0 {(m/ s) D3O (M)
k10 +2) = H10 =2 wm ¥10 -2 no. ¥1Qg -3 ¥1o —&
1 3,44 1,70 —G,.61 bed 10,22 i1é
2 S.46 2,70 —‘U,?S 1 i b 112
3 7 .49 2,70 -12,52 2 7 .58 160
4 10,52 S5.20 -13,25 3 7 .41 29
S 15,17 7 S0 -15,21 4 7 .30 F7
) 23.47 11,80 -17.,44 b 7 4 50 97
7 35.40 17,50 -18,33 & to 10 7 .35 T8
g /47,95 25,70 —20,356 mixture 7,58 100
4 60,49 29,90 -21,72 FPARTICLE DIAMETER
10 74,65 26,70 22,: BED MATERIAL (m} ¥IC —&
D10 H 79
D50 : 112
WATER SURFACE SLOFPE H i= 0,39 %10 -4 DFG H 153

Urniversity Delit Hydrawlios

o E T i'~.c\f’1§.1€? H




Test :T 15 ,40 Date 1 22-10-787
Experimentno. : 5S4 Watertemperature: -~ C
NAVE AND CURRENT FARAMETERS MEAN STAND .DEV.
Significant Waveheight Hsig (k10-2 m) 1Z2.99 O,54
Zero—cross Feriod Tz k10 -2 m) 1,79 0,03
Feak Period Tp k10 -2 m 2,33 0,01
Ratio H(1%X) /Hsig (-} 1,31 -
Waterdepth to mean bed a kK10 -2 m) S0 ,50 0,56
Depth averaged Velocity v (X10-2 m/s) 38,63 0,67
RIPFLE PARAMETERS MEAN STAND . DEYV
Ripple Height n k10 -2 m 1,51 0,63
Ripple Length A Ok10 -2 m} 11,84 z,.88
Ripple Velocity ur k10 -6 m/=s) 84,15 12,18
Ripple Shape I-dimensional
LCONCENTRATIONS AND VELOCITIES
LEVEL /A HeEieHT To CoNcENTRATION C (E&/M3) VeELocITy v M/ 5}
ND. (- MEAN BED MEAN STAND.DEV. MEAN STAND . DEV .
OK10 +2) =z X100 -2 ™ *10 ~3 *1io -2
i 4,61 2,33 3BBO 394 16,90 2,40
2 6,59 T35 180 41 20,20 2,80
3 8,57 4,33 2837 I35 21,90 1,80
4 11,54 5,83 2503 I62 24,30 1,50
5 16,10 8,13 14688 234 28,460 0,00
& 2 ,:2 12,23 FP5 128 g_,éO 0,70
7 35,90 18,13 545 I 39,50 0,30
g 48,18 2 .33 225 47 44 .40 0,80
9 60,46 30,53 111 24 44,00 0,50
10 74,QL Z7,53 79 i9 45,20 0,70
LORDSE AND TRANSFPORTS MEAN STAND .DEV .
Bed Load Lb (k10 -3 kg/m2) 78,36 6,83
Suspended Load Ls { " } 362,23 4%,83
Total Load Lt { " Y 447,79 50,64
Bed Load Transport S8b (k10 -3 kg/s.m 2,78 1,38
Suspended Load Transport S8s ( " ) 96,57 17,07
Total toad Transport 5t { " ) 22,35 18,65
CURRENT AL GNE FALL VELOCITY OF SUSFENDED
LEVEL z/A HEIGHT TO VerLacITty Vv SELIMENT AND BEDMATERIAL
ND . (—} MEAN EED {m/ 5 LEVEL w30 {m/ s} DSC (M)
(K10 +2) =z %10 —2 M *¥1i0 -2 no. X100 -3 X100 —-&
1 5,54 2,80 17,97 bed P2 110
2 T .52 3,80 19,06 1 8,97 109
z 9,50 4,80 21,50 2 2,81 108
4 12,48 6,30 bu.ZO = 8,57 106
S 17,03 8,60 28,88 4 8,97 108
& 25,15 12,70 36,26 5 8.57 106
7 36,82 18,40 40,92 & to 10 2,45 o4
8 49,11 24,80 45,449 mixture 8,72 108
2 61,39 31,00 446,47 FPARTICLE DIAMETER
10 75,25 38,00 46,49 BED MATERIAL (m) %iQ —56
DiC H 73
DSO H 105
WATER SURFACE SLOPE : i= Z.28B %10 -4 D20 : 153
from: Delft of Technology /7 Delit Hydrasulics,

by o H,Fnﬁ,vaﬂ BN Nap .



87

Test : T 15,40 Date 1 19-08—
Experimentno. : 4 Watertemperature: 21,3 C
NAVE AND CURRENT FARAMETLRS MEAN STAND.DEV .
Significant Waveheight Hsig (k10-2 m) 14,19 0,34
lero—cross Period Tz Ok10 -2 m) 2,17 0,14
Feak Period Tp (K10 -2 m Z2.68 0,00
Ratio H{1%4Y/Hsig (—) 1,35 -
Waterdepth to mean bed a (ki0 -2 m} 50,40 0,42
Depth averaged Velocity v (k10-2 m/s) -3%8,02 52
RIPPLE FARAMETERS ME AN STAND . DEV
Ripple Height n k10 -2 m) 1,85 -
Ripple Length A (k10 -2 m? 14,50 -
Ripple Velocity ur k10 -6 m/s) 57,59 .82
Ripple Shape Z-dimensional
CONECENTRATIONS AND VELGCITIES
LEVEL z/ A HereHT To COnNcCENTRATION C (KG/M3) VeLociTty v (M/s)
NG . (-} MEAN EED ME AN STAND .DEV. ME AN STAND . DEV .
(K10 +2) 2z X100 —2 wm k1o -3 ®xi0o -2
1 4,246 2.5 4085 83 -1&6,84 0,71
2 6,74 Z,50 2870 156 -18,1% 1,37
= B.93 4,50 2560 127 -19.43 .78
4 11,90 &, 00 2115 78 -22.,55 0,42
S 16,47 8,30 14460 FF -256,04 0,20
& 24,60 12,40 B70 33 -31,32 0,29
7 ShL 3 18,3 4372 AR —Z7 .60 0,32
g 48,61 24,50 197 30 -42,15 0,53
9 60,71 20,70 PO 146 -45,44 0,05
10 74,80 E7.70 43 & —-47 24 Q.58
LOADS AND TRANSFORTS MEAN STARND . DEV »
Bed Load Lb (K10 -3 kg/m2} 117,61 124,51
Suspended Load Ls { " ) 336,70 57 .61
Total Load Lt < " Y 454,51 182,12
Bed Load Transport Bb (k10 -3 kg/s.m —b 22 -
Suspended Load Transport Ss ( " 3 -80,73 1%.75
Total Load Transport St ( " 3y  -B&,97 D75
CURRENT ALONE FALL VELOCITY OF BUSFPENDER
LEVEL z/A HeEisHT TO VELOCITY ¥ SELIMENT ANL BEDMATERIAL
NO . {—} MEAN BED M/ s} LEVEL w30 (m/s) DSC (M)
(k10 +2) z ¥10 -2 ™ ¥1o -2 No. ¥l -3 ¥1¢ —&
1 5,16 2,60 -12,33 bed 10,49 i1ig
2 7,14 Z,60 -21,86 i 11,50 122
3 F,1= 4,60 23,92 2 10,40 117
4 12,10 6,10 -28,.54 = 10,20 115
5 14,67 8,40 -31,82 4 10,22 11é
& 24,80 12,50 -Z4,58 S F.77 113
7 36,51 i8.40 -38,32 & to 10 G 24 110
8 48,81 24,60 -41,54 mixture 10,49 118
g 61,11 30,80 ~42,95 PARTICLE DIAMETER
1¢ 73,00 Z7 .80 —-42 .44 BED MATERIAL (m) #IC —&
D10 H 82
D50 : 113
WATER SURFACE SLOPE H i= 2,08 %10 -4 DYG H 150




Test : T 18,0 Date : O7-07-"87
Experimentno. : 11 Watertemperature: 21,5 C
WAVE AND CURRENT FARAMETERS MEAN STAND .DEV.
Significant Waveheight Hsig (¥10-2 m) 18,08 0,24
Zero—-cross Period Tz k10 -2 m) 1,85 0,02
Peak Period Tp k10 -2 m) 2,57 0,00
Ratio H(1%) /Hsig {—) 1,25 -
Waterdepth to mean bed a k10 -2 m) 49 .67 0,06
Depth averaged Velocity v (¥10-2 m/s) 0,00 0,00
RIPPLE FPARAMETERS MEAN STAND -.DEV
Ripple Height R (K10 -2 m) 0,70 0,28
Ripple Length 4 (k10 -2 m) S5.99 2,19
Ripple Velocity ur (k10 -6 m/s) —~3,07 4,94
Ripple Shape I-dimensional
CONCENTRATIONS AND VELOCITIES
LEVEL z/A HEIGHT To CONCENTRATION C (KG/M3) VeELOCITY v (M/S)
ND. {—) MEAN EED MEAN STAND .DEV. MEAN STAND .DEV.
(K10 +2) =z K10 —2 mM X1io -3 X100 -2
1 2,76 1,87 &403 449 0,00 0,00
2 5,78 2,87 3290 165 0,00 0,00
3 7,77 =,87 1811 135 0,00 Q0,00
4 10,81 S.37 803 22 0,00 0,00
S 15,44 7167 224 29 0,00 0,00
& 23,70 11,77 21 S 0,00 0,00
7 35,57 17,67 4 O 0,00 0,00
a8 48,06 2%,87 1 1 0,00 0,00
? &£0,54 30,07 1 1 0,00 0,00
10 74,63 37.07 O O 0,00 0,00
LOADS AND TRANSFORTS MEAN STAND .DEV .
Bed Load Lb k10 -3 kg/m2) 130,18 74,67
Suspended Load Ls { " Y 285,84 18,17
Total Load Lt { " ) 416,02 25,84
Bed lLoad Transport Sb (%10 -3 kg/s.m) 0,00 0,00
Suspended Load Transport Ss ( " 3 0,00 C,00
Total Load Transport St ( " ) 0,00 0,00
CURRENT ALONE FALL VELOCITY OF SUSFENDED
LEVEL Z/A HEIcHT TG VELOCITY V SEDIMENT AND BEDMATERIAL
NO . {—) MEAN BED (m/s) LEVEL w30 (m/s) D3SO (m)
k10 +2) z ¥10 -2 ™ ¥10 -2 no. 10 -3 ¥10 —6
1 0,00 0,00 0,00 bed 8,30 104
2 2,01 1,00 0,00 i b6,67 72
K3 4,03 2,00 0,00 2 &.67 2
4 705 Z,00 Q.00 = - -
S 11,68 5.80 Q,00 4 &,0% 87
& 19,93 2,70 0,00 b 5,51 g2
7 1,81 15,80 0,00 6 to 10 - -
g8 44,29 22,00 0,00 mixture &6.07 89
? 56,77 28,20 0,00 PARTICLE DIAMETER
10 70,87 I5,2 0,00 BED MATERIAL (m) ®IQC —&
D10 : 70
D50 H 29
WATER SURFACE SLOPE : i= 0,00 %10 -4 DO H 127

/S Delft Hydraulicoc=s,

from:
by s

Delft University of Technology
H.F.A.van Fampen, E.N.Nap.




Test : T 18 .10 Date :13-16-787
Experimentno. : 48 Watertemperature: 20,1 C
WAVE AND CURRENT PARAMETERS MEAN STAND . DEV .
Significant Waveheight Hsig ki0-2 m) 17,97 Q,55
Zero—cross Period Tz k10 -2 m) 1,20 0,04
Peak Period Tp k10 -2 m) 2,60 0,00
Ratio H{1%) fHsiqg {—) 1,30 -
Waterdepth to mean bed a (k10 -2 m?} 49,60 ¢,00
Depth averaged Velocity v (k10-2 m/s) 8,60 0,23
RIFPFPLE FARAMETERS MEAN STAND . DEV
Ripple Height » k1o -2 m G,82 0,33
Ripple Length A k10 -2 md 6,72 2.29
Ripple Velocity ur k10 -6 m/s) 22,83 15,11
Ripple Shape I-dimensional
CONCENTRATIONS AND VELOCITIES
tEVEL r¥ HeEisnT 7o LCONCENTRATION © (KG/M3I) VeELoCITY v {(M/S)
ND . {(—) MEAN EED MEAN STAND .DEV. MEAN STAND . DEV.
k10 +2) =z K10 —2 ™ ¥10 —3 xio -2
1 3,23 1,60 4151 =18 2,00 0,40
2 S,24 2460 2170 220 I.O0 0,10
3 7 .26 J,.60 1130 156 4,50 0,20
4 10,28 510 488 &4 5,80 0,60
5 14,92 7 .40 176 11 7 .80 0,10
& b-,19 11,50 47 & 2,50 ﬂ.gﬂ
7 35,08 17.40 16 2 10,30 0,00
8 47,58 ‘y.bﬁ & i 10,40 G, 60
9 60,08 29.80 & 1 F.,90 0,20
10 74,17 34,80 & 2 8.50 0,10
LOADLS AND TRANSFPORTS MEAN STAND . DEV .
Bed Load Lb (K10 -3 kg/m2) 20,75 4,57
Suspended Load Ls ( " 3 151,52 12,62
Total Load Lt { " Y 242,27 17,192
Bed Load Transport Sb (k10 -3 kg/s.md 0,11 0,08
Suspended Load Transport Ss " 3 3.97 - 0,81
Total Load Transport 5t { » ) 4,11 ), B89
CURRENT Al ONE FALL VELOCITY OF SUSPENDED
LEVEL z/ A HEIGHT TO VELDCITY WV SEDIMENT AND BEDMATERIAL
NO . {—) MEAN BED {M/s) LEVEL w30 (m/fs) DSC (sl
(K10 +2) = %10 -2 m ¥10 -2 Nno. 10 =3 *10 -6
1 K 1,60 S,97 bed F. 26 110
2 S.24 2,60 6,51 1 8.9 109
= 726 3,60 51 2 8.57 108
4 10,28 S.10 7,52 =z 7257 102
S 14,92 7,40 g.48 4 7,88 101
& &h.lq 11,50 F.51 b’ 732 g7
7 5,08 17,40 11,21 6 to 10 &5, 35 a7
B8 47,38 23,60 10,75 mixture 8.74 167
9 &0,08 29,80 10,63 FPARTICLE DIAMETER
10 74,19 6,80 11,246 BED MATERIAL (m) RIQ —5
Dig : 74
DEO : 105
WATER SURFACE SLOFPE H i= 3,18 %10 -4 DO : 150

Delft Univers:

H.

-
By, wan
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T 18,-10 Date : 0&6—-08-"87

Test :
wperimentno. s 27 Watertemperature: 19,4 C
WAVE AND CURRENT FARAMETERS MEAN STAND.DEV.
Significant Waveheight Hsig (k10-2 m) 17,92 G,55
Zerp-cross Period T= K10 -2 m) 1,78 0,01

Peak Period Tp (k10 -2 m) 2,33 0,00
Ratio H{1%)/Hsig -} 1,23 -
Waterdepth to mean bed a k10 -2 m) 49,40 0,27
Depth averaged Velocity v (k10-2 m/s} ~13,10 0,30
FIFPFLE PARAMETERS HME Al STAND .DEY
Ripple Height »n k10 -2 m) 0,70 G,.38
Ripple Length A k1o -2 md &.77 2,20
Ripple Velocity ur {10 -6 wm/s) —15,87 4,72
Ripple Shape 2.59-dimensional

LONCENTRATIONS ANLD VELGCITIES

LEVEL z/ 5 MeieHT To ConceEnTRATION C (KG/ M3) VELocITY v (M/S)
MO . {—) MEAN BED MEAN STAND .DEV . MEAN STAND.DEY .
{KIO +2) 7z K10 -2 M ¥10 -= i -2
1 2,78 1.47 &823 448 -2 ,00 0,35
2 5,00 2.47 3980 zB1 -2,93 0,28
= 7,02 .47 23469 zZ19 -4,10 0,47
4 10,06 4 .97 12=7 159 -5.53 0,54
S 14,72 ?.2? 43=4 29 —-7.38 Q.35
& hs.G“ 11,37 74 & -2,71 0,37
7 Z4,.96 17,27 7 2 —12,?? 0,33
g 47,51 2Z,47 8 i —-14,67 O._&
G 650,06 29,67 2 1 -16,17 Q0,58
10 74,23 26,567 Q O ’17.u“ 0,?4
LOADS AND TRANSFORTS MEARN STAND . DEV .
Bed Load Lb k10 -3 kg/m2d 94,7 Sa3
Suspended Load Ls { v 2 bq;.4i i9.82
Totsl Load Lt { " 3 48,33 bq‘lq
Bed Load Transport Sb (%10 -3 kg/s.md -0,.18 0,14
Suspended Load Transport 5s ( " 3 -7.16 1.49
Total Load Transport St ( " 3 -7 .32 1,63
CURRENT ALONE FALL VELOCITY OF SUSFENDED
LEVEL z/A HeieHT TO VELooDIiTy v SELIMENT 8ND BEOMATERIA
ND . (=} MEAN BED (m/s) LEVEL w30 M/ s) DSO ()
(K10 +23 = 10 —2 M i -2 Nno. 10 —3 10 -4
1 Z,04 1,50 ~5,41 bed 10,22 114
2 S5.06 2,50 ~7,11 1 5,95 4
3 7,09 3,30 -7 .64 2 G, 563 93
4 10,12 5,00 -8,.57 = 6.,4 74
tar} 14,78 7230 -2,13 4 6,50 2
& h_,OB 11,40 -10,. 64 par’ 4,25 0
7 35,02 17,30 -11,19 & to 10 5,40 83
a8 47,57 2F,50 -11,.720 mixture 7,58 100
4 H0,12 29,70 -11,24 PARTICLE DIAMETER
10 ?4,2? 326,70 -11,28 BEDL MATERIAL (m} %I —&
D10 76
DSo 113

we BE  ag
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Test : T 18 20 Date 1 20-10-787
Experimentno. : 92 Watertemperature: 19,3 C
WAVE AND CURRENT FPARAMETERS MEAN STAND .DEV .
Significant Waveheight Hsig (¥10-2 m) 18,00 1.04
Zero—cross Period Tz k10 -2 m 1,86 0,05
Feak Period Tp Ok10 -2 m) 2,560 0,00
Ratio H({1%) /Hsig (=) 1,24 -
Waterdepth to mean bed a 0Ok10 -2 m) 51,07 0,15
Depth averaged Velocity v (X10-2 m/s) 18,31 0,38
RIPPLE FARAMETERS MEAN STAND . DEV
Ripple Height » k10 -2 m i,1¢ 0,55
Ripple Length A (K10 -2 m) 7 .87 3,29
Ripple Velocity ur k10 ~& m/fs) 4,10 12.40
Ripple S5hape Z—dimensional
CONCENTRATIONS AND VELOCITIES
LEVEL z/&A HeienT 7o CoONCENTRATION © (EG/mMI) VerLociTy v {(m/s)
ND . (=) MEAN BED ME AN STAND .DEV. MEAN STAND .DEV.
(K10 +2) = %10 -2 wm 10 -3 1o —2
i 3,92 2,00 2760 286 5,90 0,50
2 5,87 Z,00 1757 152 7.70 0,80
s 7,83 4,00 1157 83 .50 0,30
4 10,77 S5.50 &F7 Sl 11,40 0,50
5 15,27 7 .80 370 14 15,20 0,70
& 2Z,30 11,20 150 S 18,20 0,720
7 34,85 17.80 55 3 20,10 0,10
a8 46,99 24,00 28 2 21,30 0,40
Z 59,13 J0,20 23 O 21,00 0,30
10 72.84 37 .20 22 1 20,20 0,80
LOADE gQND TRANSPORTS MEARN STAND . DEY .
Bed Load Lb (k10 -3 kg/m2) 64,40 ?.25
Suspended Load Ls { " ) 144,70 13,21
Total Load Lt { " ) 209,10 22,45
Bed Load Transport Sb (k10 -3 kg/s.m) 0,45 0,34
Suspended Load Transport S5s ( " ) 12,16 1.74
Total Load Transport St { " 3 12. 1 2,08
CURRENT AL GNE FalLi VELOCITY GF SBUSPENCED
LEVEL z/A HEIieHT TO VELOCITY Vv SELDIMENT AND BEDMATERIAL
WO . {—} MEAN BED {M/ 5} LEVEL WSl (m/s) D3SO (w2
(K10 +2) z X100 =2 ™ 10 -2 no. 10 ~3 *10 —&
1 F.22 2,00 10,57 bed 16,22 116
2 5,87 3,00 11,92 1 Q.77 114
= 7,83 4,00 lg,SL 2 10,20 115
4 10,77 5.50 13,67 = .37 111
5 15,27 7,80 16,78 4 P25 110
& 23,30 11,90 18,19 S F,35 112
7 34,85 17,80 ”L‘-q 6 to 10 8,37 106
g8 44,99 24,00 22,58 mixture 10,22 116
2 SP2,13 20,20 22.87 PARTILLE DIAMETER
10 72,84 37,20 22,30 BED MATERIAL (m) #igQ =5
D1O : 81
D50 : 111
WATER SURFACE SLOFE H i= 0,25 %10 -4 DG H 151
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Test : T 18,20 Date 1 13-08-"687

Experimentno. : 20 Watertemperature: 20,2 C
NAVE AND CURRENT FARAMETERS MEAN STAND . DEV .
Significant Waveheight Hsig (k10-2 m) 17,99 0,22
Zero—cross Period Tz (kK10 -2 md 1.87 0,03
Feak Period Tp k10 -2 m) 2,34 0,00
Ratio H({1%)/Hsig {—) 1,30 -
Waterdepth to mean bed a k10 -2 m) 48,60 G,00
Depth averaged Velocity v (k10-2 m/s) —20,86 0,16
RIPPLE FPARAMETERS MEAN STAND . DEV
Ripple Height n (kK10 -2 mi 0,65 0,30
Ripple Length A k1o -2 m2 5,95 1,.4%
Ripple Velocity ur k10 -6 m/s) -22,96 4,03
Ripple Shape I-dimensional
CONCENTRATIONS AAML VELOCITIES
LEVEL z/ A HeEigHT To CoOnNcCENTRATION C (KG/M3) VELOCITY v {(M/s)
NO . (=} MEAN EBED MEAN STAND .DEV . MEARN STAND.DEV.
K10 +2) 2z 10 —2 ™ %10 -3 ¥ig -2
1 3,70 1,80 0655 78 -5,04 Q.65
2 S.76 2,80 3570 368 -& B4 0,24
= 7 .82 3,80 2226 177 -8,15 0,10
4 16,91 5,30 1211 110 -10,55 U.TZ
S 15,64 7, H0 582 &8 -1%,08 0,25
& 24,07 11,70 223 15 —1&6,60 0,33
7 6,21 17,60 99 7 —18.23 0,15
8 48,97 L-.BO 48 S 3,45 0,08
g 61,73 Z0,00 31 S 25 2 U,Lq
10 756,13 37,00 1= O —77.67 0,10
LOALSE AND TRANSFORTS MEAN STAND . DEV »
Bed Lpoad Lb (k10 -2 kg/m2} 72,321 ¢,38
Suspended Load Ls { " 3 281,69 13,40
Total Load Lt { " Y E61,00 12,78
Bed Load Transport Sb (k10 -3 kg/s.m) ~0,39 0,28
Suspended Load Transport 8s ( " b] -18.,78 2,37
Total Load Transport 5t 4 " 3 -19,37 2.65
CURRENT ALONE FALL VELOCITY OF SUSFENDELD
LEVEL =/ A HEIGHT TO VELODITY WV SELIMENT AND BELMATERIAL
NO . {(—3 MEAN EED {M/s) LEVEL wh0o (Mm/s) D50 (M)
k10 +2) 7z ¥IQ -2 ™ %10 -2 no. 1o —3 *10 -6
1 32,70 1,80 P77 bed 10,22 116
2 5,76 2,80 -11,73 1 8.44 105
3 7.82 Z.BO -12,.85 2 7 .88 101
4 10,91 S,.30 -14 .24 = 8,21 103
5 15,464 7 1 60 -15,20 4 7.58 100
& 24,07 11,70 -146,94 b 735 8
7 36,21 17,60 -18,90 6 to 10 6,97 3
g 48,97 _5.80 ”ﬂ._q mixture 2,30 104
= 61,73 F0,00 -21,06 PARTICLE DIAMETER
10 F&L,13 I7,00 —-21,63 BED MATERIAL tm  X*1C —&
D10 H 78
D5SO : 112
WATER SURFACE SLOPE H i= 0,37 %10 -4 DFO : 155
,,,,, vr":ity of Technology /7 Delft Hydraolios,

preer ., E.NMoNap.




Test : T 18,-40 Date : 23-10-°
Experimentno. : S5 Watertemperature: - c
WAVE AND CURRENT FARAMETERS MEAN STAND . DEV .
Significant Waveheight Hsig Ok10-2 m) 17,70 0,88
Zero—cross Feriod Tz (k10 -2 md 2,07 0,04
Feak Period Tp Ok1o -2 md 2,47 0,08
Ratio H{1%)/Hsig (=2 s 7 -
Waterdepth to mean bed a (kK10 —2 m) S0,33 0,35
Depth averaged Velocity v (¥10-2 m/s} -3%2,51 0,50
RIPPLE PARAMETERS ME &N STAND . DEV
Ripple Height n k10 -2 m) 1,54 0,99
Ripple Length A Ckio -2 m 11,41 Z.80
Ripple Velocity ur k10 -6 m/s) —61,00 12,70
Ripple Shape I-dimensional
CONCENTRATIONS AND VELOCITIES
LEVEL 2// HezeHT To ConceEnTRATION © (KG/AME) VELOGITY v (M/s)
NO . () MEAN BED ME AN STAND .DEV . MEAN STAND .DEV .
k10 +2) = kiQ -2 M #10 -3 10 -2
i 4,71 2,47 {4347 169 -1Z,80 0,50
2 6,89 2,47 IRET 256 -15,80 1,30
= 8,88 4,47 2193 174 -18,00 0,70
4 11,86 5.97 2677 142 -21,506G 1,14
5 16,42 8,2 1788 2E2 —~25.,60 0,80
& 24,58 12,37 1065 84 ~31,460 0,70
7 26,30 18,27 548 42 ~-Z8,80 0,20
8 48,562 24,47 257 146 43,80 0,50
2 &0,94 20,67 113 g -4g9,.10 0,50
10 74,85 37 .67 49 5 -50,50 1,30
LOAPE AND TRANSPORTS MEAN STAND . DEV .
Bed Load Lb (k10 ~3 kg/md) 21,94 2,87
Suspended Load Ls { " ) 405,59 27 .56
Total Lopad Lt { " )y 497,53 0,44
RBed Load Transport Sb (k10 -3 kg/s.m) -2.61 2,25
Suspended Load Transport Ss " Yy  —-93,28 Z.96
Total Load Transport St { " 3 -95,.8% 12,2
CURRENT AL ONE FALL VELOCITY OF SUSPENDED
LEVEL 2/ A HeEisHT TO VeLocIiTy v SELIMENT AND BEDMATERIAL
NG . {—3 MEAN BED (m/ s} LEVEL wo0 (m/s) D50 (w2
(K10 +2) =z ¥10Q -2 m ¥10 -2 no. ¥1o -3 XiC -6
1 5,56 2,80 -18,08 bed 10,22 116
2 755 2,80 -21,68 1 1.13 120
= 7,54 4,80 -24,42 ey 10,40 117
4 12,352 65,30 —27,46 = 11,13 120
S 17,09 8,60 -30,30 4 F.77 114
& 25,23 12,70 ~-33,50 5 10,20 113
7 IhH,96 18,60 ~39.87 6 to 10 8.81 108
e 49 27 24,80 -42,73 mixture 10,20 115
2 461,57 F1,00 -45,51 FPARTICLE LIAMETER
1o 75,30 8,00 -45,76 BED MATERIAL (m2 ¥iC —&
Dio H 75
DSo H 111
WATER SURFACE SLOPE H i= 4,20 %10 -4 DFO : 173
Delft Hydrauwlaz
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SanMD BALANCE

Test :8 15,190 Date :3,4,5,8-02-78B6

Experimentno. : WEB Watertemperature: - c

Measuretime {(minl: 1380

Wave—-measurements nrs.l: Z5

Conc.+ Veloc.mea.m. {(nrs.): &

WAVE AND CURRENT FARAMETERS MEARN STAND .DEV.

Significant Waveheight Hsig Ok10-2 m) 15,07 0,86

Zerpg—cross Perioo Tz Okio -2 md i,82 .07

Feak Feriod Tp k1o -2 m) 2,32 0,05

Ratioc H{1%X) /Hsig {—} 1,37 - ref.7T 15,100

Waterdepth to mean bed a (K10 -2 m) 49,95 0,24

Depth averaged Velocity v (k10-2 m/s) 10,72 0,32

RIFPFPLE FPARAMETERS (ref. T 15,10} ME&D STAND . DEYV

Ripple Height R k1o -2 md Q.86 . 32

Ripple Length A (K10 -2 m &,47 2,23

Ripple Velocity ur (K1CG -6 m/s) 15,21 5,42

Ripple Shape 2,5-dimensional

CONCENTRATIONS AND VELOOITIES

LEVEL z/A HEIeHT To CONCENTRATION C (KG/M3) VeLocITy v (M/s)

B . {—} MEAN BED MEAN STAND .DEV . ME AN STAMND .DEV .

k10 +2) = K10 =2 m kK10 -3 ¥i0 -2

1 I, 16 1,58 1605 141 2,82 0,22
2 S5.17 2,58 10633 112 4,39 G, 40
= 7.17 F,58 &S5 88 5,78 0,35
4 16,17 S,.08 F75 &1 .74 0,71
e 14,77 7,58 16& 2% 8,83 0,256
& 22,78 i1,.48 S5& 5] 10,98 0,58
7 Z4,7% 17,328 19 2 12,45 0, =4
8 47,21 2Z,58 8 1 12,51 0,35
? 59,582 29,78 & 1 12,05 G, 44
10 73,63 36,78 5 2 11,46 0,39

LOADS ANE TRANSFORTS MEAN STAND .DEV .

Bed Load Lb k10 -2 kg/ml 25,65 1,68

Suspended Load Ls { & 3 68,96 Fa52

Total toad Lt { " 2 24,50 2,20

Bed Load Transport Sb (k10 -3 kg/s.m} 0,06 0,048

Suspended Load Transport Ss | 1 b .10 0,63

Current—rel. Transport Scurr{ * ) 3.16 0,67

SAND BALANCE COMPUTATIONS

Forosity sand p {—} 0,40

Density of water rw {kg/m3)} 1000

Density of sediment rs {(kg/m3} 2650

Decrease sediment weight {kgl 113,23

perc. (4L

Current—-rel. Transport Scurr (k10 -3 kg/s.md I, 15 185

Wave-related Transport Swave ( “ } —1,45 85

Total Load Transport 5t { ¢ 3 1,71 100

FARTICLE DIAMETER DF BED MATERIAL (k10 —& mi

Dic H 7&

DSG H 105

neo : 145

meviogy /0 Delfh Hydieas
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Test 18 15.-10 Date : 286,27 ,28-10-787
Experimentno. : THME Watertemperature: - c
Measuretime {(mind: 744
Wave—measurements (nrs.l: i7
Conc.+ Velooc.mea.m. {(nrs.l: S

WAVE AND CURRENT FARAMETERS MEAN STAND .DEV.
Significant Waveheight Hsig K10-2 m 15,47 1,04
Zero—-cross Period Tz k1o -2 md 2,01 0,07

Feak Period Tp (k10 —2 mi 2,35 0,07
Ratioc H{1%)/Hsig {—} 1,3& - (ref. T 15,-10C3
Waterdepth to mean bed a Ok1O —-2 md 50,78 0,31

Depth averaged Velocity v H10-2 m/=sl} -11,45 O,3=
FIFPLE FARAMETERS (re=f. T I15,-1¢2 MEAN STAND .DEV
Ripple Height R K10 -2 m) 0,75 0,31
Ripple Length A (k10 -2 m? 65,17 1,65
Ripple Velocity ur Okl -6 m/s) —12,13 -4,92
Ripple Shape 2;5-dimensional

CONCENTRATIONS AND VELOLITIES

LEVEL =/ A HEisHT To ConcEnRATION C (K6/mM3) VELOCITY v {m/s)
B {—} MEAN BED MEARN STAND .DEV. ME A STAND « DEV -
(K10 +2) 7 HIQ -2 m 10 =3 #IG —2
i .51 1,78 2485 239 2,44 G 85
2 5.47 2,78 1675 210 -Z,11 0,43
= 7 .44 5,78 1095 144 —5,9& Q2,358
4 10,40 5,2 619 50 -4 ,82 G, 20
S 14,93 7,98 260 12 —5,29 0,505
& 23,00 11,48 7O & -8.20 0,68
7 34,62 17,58 iB 1 -10,73 0,55
8 44,83 23,78 & i -12.77 0,37
G 59,04 27,58 4 1 -13%,7& 3,24
1a 72,82 26,98 2 O -15.26 0,21
LOADSs ANL TRANSFORTS ME AN STAND . DEVY -
Bed Load Lb (10 -3 kg/m2) 26,10 2,76
Suspended Load Ls { " 3 117,04 11,03
Total Load Lt { v } 15=,14 15,80
Bed Logad Transport Sb (10 -3 kg/s.ml -G0,14 0,09
Suspended Load Transport Ss ( " 3 —Z,&9 0,82
Current-rel. Transport Scurr( " 3 —Z% 83 G,20

SANE BAaLANCE COMPUTATIONS

Measure—length of bed X {m} 15,20
Measure—area of bed {m2) 12,16
Forosity sand p {3 G, 40
Density of sediment rs {kg/m33 2650
Decrease average bed level k10 -2 ml Q.63 (+/-0,1}

perc. (%)

Current-rel. Transport Scurr { 3 3,83 112
Wave-related Transport Swave ( “ 3 0, 4= 12
{ 3

Total Load Transport S5t =3, F0 100

Ll - T e e
VIR W G ORI A R -




Test : 5 15,20 Date : 2B-08-"87

Experimentno. : 3B Watertemperature: - - C

Moasuretime {minl: 171

Wave—-measurements (nrs.l: 2

Conc.+ Velooc.mea.m. (nrs.): 2

WNAVE AND CURRENT FARAMETERS ME AN STAND . DEV .

Significant Waveheight Hsig (¥10-2 m 14,45 -

Zero-cross Period Tz k10 -2 m? 2,05 -

Feak FPeriod Tp (K10 -2 m) 2,42 -

Ratigo HI{1%)/Hsig (=2 1,32 - Aref. T 15,24

Waterdepth to mean bed a (K10 -2 m) 51,75 G ,00

Depth averaged Velocity v (k10-2 m/s) 20,00 Q.77

RIPPLE PARSMETERS ME&N STAND . DEY

Ripple Height N k10 -2 m 1,17 0,49

Ripple Length A (K10 -2 m) 7,98 2.46

Ripple Velocity ur (10 -6 m/s) 29,65 2,85

Ripple Shape 2,5-dimensional

CONCENTRATIONS AND VELOCITIES

LEVEL z/ A HEIsHT To ConcenTRaAaTION C (Ke/M3) VeELocIiTy v (m/S)

MO . (=3 MEAN BED MEAN STAND.DEV . ME AN STAMND .DEV.

Ok10 +2) = ¥10 -2 ™ 10 -3 1o -2

1 4,7= 2,45 2285 205 &.F7 1,52
2 6,67 3,45 1675 78 8,25 0,86
= 8,80 4,45 1120 28 FL.20 0,39
4 11,50 T 760 & 11,74 0,25
S 15,94 2,25 476 4 14,55 ,83
& 23,84 12.35 200 4 17,64 0,98
7 35,27 18,25 74 O 26,88 4,81
B 47,25 24 .45 44 2 22.7% 1.2%
g 59,23 F0, 65 30 7 2E.563 1,04
1G 72,75 I7.65 24 & 2= ,84 Q.62

LOADS AND TRANSPORTS MEFARN STAND .DEV.

Bed Lead Lb k10 -3 kg/mi) SB35 21,38

Suspended Load Ls { " 3 156,96 17,96

Total Load Lt { " Yy 215,89 39,34

Bed Load Transport Sb (10 -3 kg/s.md 0,40 0,32

Suspended Load Transport Ss ( " 3 14,463 T.13

Current—rel. Transport Scurr{ # 3 15,03 3,45

SAND BALANCE COMPUTATIONS

Measure—length of bed X {m 14,55

Measure—area of bed {m2) 13,24

FPorosity sand p {—3 0,40

Density of sediment rs {kg/m33 2650

Decrease average bed level (K10 -2 m) G, 44 (+/-0,1}

perc. (4

Current—-rel. Transport Scurr (k10 —-Z kg/s.m} 15,05 133
Wave-related Transport Swave ( " ) -3, 74 3=

Total Load Transport St { " 3 11,28 100

FPARTICLE DIAMETER OF SEDIMENT (%102 —& m}

D1G H 78
DSO H 107
DO H 147

Delft Hydrawlios.




TABLES and FIGURES
FOR COMPARISON OF THE EXPERIMENTAL RESULTS

(see chapter 4 and 6)




. D50= 100

“a= 0.5 m

-
(LI N I I |

( averaged values )
mu

Significant Wave Height

Wave spectrum Peak Period, relative to the current

Wave Length ,
Depth-averaged velocity
Amplitude of Orbital Horizontal Velocity

Hsig Tp,rel L Um Ub Ab
*10 -2 *10 -2 *10 -2 *10 -2
[m] [s] [m] [m/s] {m/s] {m]

T 7.5,0 7,38 2,32 4,65 - 14,00 5,20
T 7.5,10 7,31 2,43 5,10 9,96 14,10 5,50
T 7.5,-10 7,10 2,21 4, b4 -9,37 13,80 4,80
T 7.5,20 7,51 2,54 5,39 19,06 14,90 6,00
T 7.5,-20 7,05 2,04 4,11 -18,43 13,20 4,30
T 7.5,40 7,67 2,88 4,44 36,40 15,60 7,20
T 7.5,-40 7,23 1,90 3,79 -38,84 13,20 4,00
T 10,0 10,33 2,32 4,68 - 19,40 7,20
T 10,10 10, 39 2,44 5,12 9,85 20,40 7,90
T 10,-10 10,17 2,19 4,44 -10,60 19,90 6,90
T 10,20 10,10 2,56 5,32 20,27 20,30 8,30
T 10,-20 10,46 2,02 3,79 --19,81 19,70 6,40
T 10,40 9,46 2,71 5,71 34,72 19,10 8,30
T 10,-40 10,30 1,90 3,79 -38,85 18,80 5,70
T 15,0 15,38 2,32 4,57 - 29,50 10,90
T 15,10 14,74 2,71 5,74 9,18 30,10 13,00
T 15,-10 14,87 2,19 4,46 -12,12 28,60 10,00
T 15,20 14,92 2,85 6,07 19,29 30,20 13,70
T 15,-20 14,81 2,09 4,25 -20,84 26,80 9,30
T 15,40 13,99 2,75 5,87 38,63 28,20 12,40
T 15,-40 14,19 2,19 4,52 -38,02 26,80 ,9,30
T 18,0 18,08 2,32 5,09 - 33,90 13,10
T 18,10 17,97 2,71 5,70 8,60 36,30 15,60
T 18,-10 17,92 2,18 4,45 -13,10 34,20 11,90
T 18,20 18,00 2,82 6,08 18,31 36,30 16,30
T 18,-20 17,99 2,11 4,27 -20,86 34,40 11,60
T 18,-40 17,70 2,07 4,23 -39,51 32,80 10,80

| TABLE

4.1




TOTAL LOADS & TOTAL TRANSPORT RATES

{ mean values )

Lt = Total Load
St = Total Sediment Transport
Lt St

*10 -3 *10 -3
Experiment kg/m2 kg/m2
T 0,40 21,52 5,18
T 0,-40 34,46 -8,67
T 7.5,0 13,60 -
T 7.5,10 12,16 0,27
T 7.5,-10 14,56 -0, 36
T 7.5,20 20,86 1,85
T 7.5,~-20 32,00 -2,97
T 7.5,40 152,09 34,16
T 7.5,~40 142,69 -33,26
T 10,0 67,50 -
T 10,10 45,34 1,16
T 10,-10 65,80 -1,64
T 10,20 79,10 7,69
T 10,-20 84,95 -6,97
T 10,40 235,67 48,99
T 10,-40 255,35 -52,03
T 15,0 230,75 --
T 15,10 . 133,65 2,31
T 15,-10 208, 38 -5,45
T 15,20 157,09 11,23
T 15,-20 237,03 -14,38
T 15,40 447,79 99, 35
T 15,-40 454,51 -86,97
T 18,0 416,02 -
T 18,10 242,27 4,11
T 18,-10 348,33 -7,32
T 18,20 209,10 12,61
T 18,-20 361,00 -19,37
T 18,-40 497,53 -95,89




( averaged values )

= Ripple height D50= 100mu
= Ripple length a= 0.5 m
Um = Depth-averaged velocity d= 1,65
Ub = Amplitude of orbital hor. velocity g= 9,81 m/s2
D50= Median diameter of sediment H= Hsig
r 1 11/12 r/1 Um/Ub Um~2 Ub~2
*10 -2 *10 -2 dgD50 dgD50
(m] im] (-1 [-] (-] (-1 (-1
T 0,40 1,22 10,48 1,06 0,116 - 83,12 0,00
T 0,-40 1,16 9,82 1,10 0,118 - 79,40 0,00
T 7.5,0 1,04 6,37 1,19 0,163 0,00 0,00 12,11
T 7.5,10 0,99 6,62 1,32 0,150 0,71 5,67 11,37
T 7.5,-10 0,95 6,28 1,04 0,151 -0,68 5,42 11,77
T 7.5,20 1,27 8,44 1,29 0,150 1,28 21,17 12,94
T 7.5,-20 0,83 6,83 1,11 0,122 -1,40 18,90 9,70
T 7.5,40 1,15 9,40 1,22 0,122 2,33 75,79 13,92
T 7.5,-40 1,48 0,89 1,19 0,166 -2,94 83,21 9,61
T 10,0 0,90 6,34 1,09 0,142 0,00 0,00 24,47
T 10,10 0,95 6,63 1,04 0,143 0,48 5,60 24,03
T 10,-10 0,80 5,95 0,99 0,134 -0,53 6,31 22,24
T 10,20 1,19 8,14 1,23 0,146 1,00 25,38 25,46
T 10,-20 0,85 6,34 0,96 0,134 -1,01 21,84 21,60
T 10,40 1,44 11,08 1,33 0,130 1,82 68,33 20,68
T 10,-40 1,39 11,03 1,12 0,126 -2,07 82,52 19,32
T 15,0 0,75 6,58 1,00 0,114 0,00 0,00 55,99
T 15,10 0,86 6,47 0,94 0,133 0,30 4,87 52,31
T 15,-10 0,75 6,17 0,97 0,122 -0,42 8,25 45,94
T 15,20 1,10 7,79 1,05 0,141 0,64 21,09 51,69
T 15,-20 0,62 6,34 0,97 0,098 -0,75 23,96 42,94
T 15,40 1,51 11,84 1,39 0,128 1,37 87,80 46,79
T 15,-40 1,85 14,50 1,05 0,128 ~-1,42 79,03 39,27
T 18,0 0,70 5,99 1,04 0,117 0,00 0,00 71,69
T 18,10 0,88 6,72 1,05 0,131 0,24 4,35 77,53
T 18,-10 0,70 6,77 0,80 0,103 -0,38 9,55 65,10
T 18,20 1,10 7,87 1,08 0,140 0,50 18,66 73,34
T 18,-20 0,65 5,95 1,11 0,109 -0,61 24,00 65,27
T 18,-40 1,54 11,41 1,00 0,135 1,20 86,88 59,88

% TARLE 4.3




Ks determination from:

D50= 100mu

1. fit = curve-fitting from measured a= 0.5 m
velocities.
2. V.B.= Vanoni-Brooks method.
r Ks Ks
fit fit/r V.B. V.B./r
*10 -2 *10 -2 *10 -2

Experiment [m] [m] [-] {m] [-]
T 0,40 1,22 9,08 7,44 - -
T 0,-40 1,16 - - - -
T 7.5,10 0,99 11,22 11,33 5,47 5,53
T 7.5,-10 0,95 5,74 6,04 - -
T 7.5,20 1,27 7,16 5,64 2,48 1,95
T 7.5,-20 0,83 5,87 7,07 - -
T 7.5,40 1,15 - - - -
T 7.5,-40 1,48 13,00 8,78 - -
T 10,10 0,95 5,31 5,59 3,50 3,68
T 10,-10 0,80 2,61 3,26 - -
T 10,20 1,19 8,22 6,91 3,65 3,07
T 10,-20 0,85 3,43 4,04 - -
T 10,40 1,44 12,54 8,71 4,72 3,28
T 10,-40 1,39 9,24 6,65 - -
T 15,10 0,86 4,49 5,22 4,89 5,69
T 15,-10 0,75 4,32 5,76 - -
T 15,20 1,10 8,55 7,717 3,72 3,38
T 15,-20 0,62 6,20 10,00 - -
T 15,40 1,51 - - 8,01 5,30
T 15,-40 1,85 12,97 7,01 - -
T 18,10 0,88 4,46 5,07 2,06 2,34
T 18,-10 0,70 2,74 3,91 - -
T 18,20 1,10 8,78 7,98 - -
T 18,-20 ) 0,65 5,02 7,72 - -
T 18,-40 1,54 15,35 9,97 - -
Averaged 6,60 3,80

TARBLE
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SHEAR VELOCITY- AND ROUGHNESS LENGHT SCALE VALUES

DEO = 100 mu
U = Shear velocity 4or current alone
U*c,w = Bhear velocity for current in combination with waves
=0 = Roughness lenght scale for current alone
zl = Roughness lenght scale for current in combination
with waves

Usc Li*e W zQ =1 21720 Uxc,w/Uxc

10-2 10-2 10-2 10-2 - -

lm/s] Cm/sd Cml Cmd L-1 -3
T7.5,10 1.08 1,328 0.34 O.86 2.53 1.25
T7.5,-10 0.81 1.21 0.17 0.99 5.82 1.49
T7.5,20 i.78 2.25 0,22 Oubl 2.77 1.26
T7.5,-20 1.55 2025 0.18 Q.73 4.06 1.45
T7.5,40 - - - - - -
T7.3,-40 4.01 4.14 0.3 .47 1.21 1.03
Ti10,10 0.87 1.42 0.16 .97 b. 06 1.64
TiG,-10 0.76 - 0.08 - - -
TLO,20 2.08 2.72 0.25 O.74 2.96 .31
Ti0,-20 1.46 2,29 0.10 O.éb &. 6O 1.57
TLO, 40 .81 3.99 .38 0,58 1.45 1.05
T1O,~-40 I.82 4,28 0.28 0,53 1.89 B
TiS, 10 0.76 1.59 G. 14 1.27 F.07 f 2009
TiS,~-10 0.88 1.68 0.13 1.22 7.58 1.93
T185,20 1.91 2.73 0.26 0.87 B 1.43
T1S,-20 1.65 2.77 .19 1.03 5.42 1.68
T15,40 - - - - - -
TS, ~40 .98 4.58 0. 59 0,73 1.87 1.18
Ti8,10 0.87 - 0.14 - - -
Tig,~10 0.84 - 0. 08 - - -
Ti8,20 1.92 2.67 0.2 0,90 Z,.E3 L Eo
Ti8,~20 1.58 2.89 0.15 1.09 T.27 1.83
T18,-40 4.45 5.3 0.47 1.08 2,29 1.21

TABLE &.2.A




SHEAR VELOCITY~ AND ROUGHNESS LENGHT SCALE VALUES

D50 = 200mu
U = Shear velocity for current alone
Uxc,w = Bhear velocity for current in combination with waves

20 Roughness lenght scale for current alone
z1 = Roughness lenght scale for current in combination
with waves

U U*o yw z0 z z21/=20 U¥c,w/Uxc
10-2 10=-2 10-2 10-2 - -

[m/s] Im/sl Cm1l Cml -1 [-1

T7.3,10 1.06 1.38 0.19 0.59 .10 1.30
T7.3,20 2.14 2.84 0. 30 0.84 2.7Z2 1.353
T7.8,40 E.20 T bb 0.08 O.14 1.73 1.14

T10,10 .99 1.72 Q.18 1.06 5.89 1.73
TiG,—~10 21 1.79 0.2 1.08 4.70 i.48

T10,20 2025 299 0,352 0. 30 2.81 1.ES
T10,-20 2.76 EO23 GO.44 1.16 2.53 1.17
T10,-40 4,62 4. 29 0.35 0.29 C. 84 .93

Ti1Z,10 Q.83 1.46 S 0.87 5.8% 1.76
Ti2,-10 1.02 1.71 O. 25 1.38 6. 09 1.76
TiZ2420 2.38 2.76 0O.41 0.66 1.61 1.16

EON ]

TiZ2,-20 2,32 2.85 0,22 0,72 .28 L La2E
TL2,~40 .46 4,734 O.12 O.39 .25 1.25
TiS,10 1.02 1.88 0.24 I35 S5.6% 1.84
T15,-10 1.25 2.11 0. 32 1.72 A 1.69
T1S,20 2.21 2.93 0.26 0.81 I.l1 LW3EE
T1%,-20 2.1% Z.11 0.21 1.02 4.86 1.46
T18,-20 1.90 2,85 0.132 0.78 5,99 1.7354
Ti8,-40 4.18 4.77 0.31 0.59 1.92 1.14

]
TABLE 6.2.B |
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INFLUENCE OF RIPPLE HEIGHT AND DEPTH AVERAGED
VELOCITY ON RELATIVE BEDROUGHNESS FROM
THE LOGARITHMIC VELOCITY DISTRIBUTION

| FIGURE 6.1.A
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INFLUENCE OF RIPPLE HEIGHT AND DEPTH AVERAGED
VELOCITY ON RELATIVE BEDROUGHNESS FROM
THE VANONI/BROOKS-METHOD
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INFLUENCE OF RIPPLE STEEPNESS ON RELATIVE BEDROUGHNESS
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THE APPARENT ROUGHNESS INCREASE
D50 = 100 MU
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TABLES and FIGURES ‘
FROM THE SEDIMENT TRANSPORT MODELS AND THEIR
COMPARISON WITH THE EXPERIMENTAL RESULTS

(see chapter 7)




BAGNOLD-BAILARD-concept COMPUTATIONS

D50= 100mu Kg= 3*r Ks= 3+*r Ks= 7*r Ks= 7*r
a= 0.5 m S(meas) S(Bailard) Sc/Sm S(Bailard) Sc/Sm
*10 -3 *10 -3 *10 -3
kg/m.s kg/m.s kg/m.s

H= Hrms

T 7.5,10 0,27 5,63 20,9 5,63 20,9
T 7.5,-10 -0,36 -1,09 3,0 -1,09 3,0
T 7.5,20 1,85 11,08 6,0 11,08 6,0
T 7.5,-20 -2,97 ~-4,00 1,3 -4,00 1,3
T 7.5,40 34,16 55,47 1,6 28,60 c,8
T 7.5,-40 -33,26 -15,57 0,5 -15,57 0,5
T 10,10 1,16 26,66 23,0 17,73 15,3
T 10,-10 -1,64 -1,98 1,2 -1,36 0,8
T 10,20 7,69 57,79 7,5 32,89 4,3
T 10,-20 -6,97 -15,32 2,2 -9,34 1,3
T 10,40 48,99 41,87 0,9 41,87 0,9
T 10,-40 ~-52,03 -28,35 0,5 -28,35 0,5
T 15,10 2,31 56,14 24,3 114,60 49,6
T 15,-10 -5,45 2,07 -0,4 2,04 -0,4
T 15,20 11,23 98, 38 8,8 91,71 8,2
T 15,-20 -14,38 -15,96 1,1 -32,61 2,3
T 15,40 99, 35 214,35 2,2 140,95 1,4
T 15,-490 -86,97 -53,80 0,6 -53,80 0,6
T 18,10 4,11 96,05 23,4 191,92 46,7
T 18,-10 -7,32 +7,84 1,1 +15,75 2,2
T 18,20 12,61 154,08 12,2 294,86 23,4
T 18,-20 -19,37 -19,01 1,0 -19,01 1,0
T 18,-40 -95,89 -87,09 0,9 -347,60 3,6




ENGELUND-HANSEN COMPUTATIONS

D50= 100mu Ks= 3*r Ks= 7*r Ks= 7*r
a= 0.5 n S{meas) S(E-H) S(E-H) Sc/Sm
*10 -3 *10 -3 *10 -3
kg/m.s kg/m.s kg/m.s

H= Hsig

T 7.5,10 0,27 11,15 14,49 53,7
T 7.5,-10 -0, 36 -12,27 -13,51 37,5
T..7.5,20 1,85 41,17 42,35 22,9
T 7.5,-20 -2,97 -21,97 ~-26,38 8,9
T 7.5,40 34,16 107,75 175,25 5,1
T 7.5,-40 -33,26 -123,69 -145,71 4,4
T 10,10 1,16 23,78 69,69 60,1
T 10,-10 -1,64 -22,12 -60,07 36,6
T 10,20 7,69 77,76 146,36 19,0
T 10,-20 -6,97 -56,25 -120,19 17,2
T 10,40 48,99 188,13 273,13 5,6
T 10,-40 -52,03 -312,81 -323,63 6,2
T 15,10 2,31 41,05 133,86 57,9
T 15,-10 -5,45 -54,39 -182,83 33,5
T 15,20 ~ 11,23 121,97 402,81 35,9
T 15,-20 -14,38 -81,34 -257,31 17,9
T 15,40 99,35 496,00 1150,00 11,6
T 15,-40 -86,97 ~-751,58 -873,57 10,0
T 18,10 4,11 64,74 . 203,12 49,4
T 18,-10 -7,32 -83,96 -265,78 36,3
T 18,20 12,61 175,45 560,14 44,4
T 18,-20 -19,37 -139,05 -425,94 22,0
T 18,-40 ~-95,89 -991,00 -1863,00 19,4
H= Hrms

T 7.5,10 0,27 4,48 16,6 3,98 14,7
T 7.5,-10 -0, 36 -4,16 11,6 -3,68 10,2
T 7.5,20 1,85 14,30 7,7 14,15 7,6
T 7.5,-20 -2,97 -8,87 3,0 -8,78: 3,0
T 7.5,40 34,16 68,69 2,0 82,25 2,4
T 7.5,-40 -33,26 -62,28 1,9 -83,42 2,5
T 10,10 1,16 11,07 9,5 15,87 13,7
T 10,-10 -1,64 -10,30 6,3 -15,79 9,6
T 10,20 7,69 39,56 5,1 44,16 5,7
T 10,-20 -6,97 -28,28 4,1 -35,50 5,1
T 10,40 48,99 100,80 2,1 112,61 - 2,3
T 10,-40 -52,03 -123,69 2,4 -144,26 2,8
T 15,10 2,31 17,75 7,7 63,20 27,4
T 15,-10 -5,45 -24,11 4,4 -75,15 13,8
T 15,20 11,23 56,66 5,0 152,80 13,6
T 15,-20 -14,38 ~-37,79 2,6 -127,11 8,8
T 15,40 99, 35 274,00 2,8 405,00 4,1
T 15,-40 -86,97 ~307,33 3,5 -322,59 3,7
T 18,10 4,11 27,41 6,7 93,81 22,8
T 18,-10 ~7,32 -36,29 5,0 -124,62 17,0
T 18,20 12,61 78,64 6,2 270,93 21,5
T 18,-20 -19,37 -62,35 3,2 -204,02 10,5
T 18,-40 -95,89 -529,00 5,5 . -619,00 6,5




NIELSEN model COMPUTATIONS

D50= 100mu Ks= 3*%r Ks= 3*r Ks= 7*r Ks= 7*r
a= 0.5 m S(meas) S(Nielsen) Sc/S5m S{Nielsen) Sc/Sm
*10 -3 *10 -3 *10 -3
kg/m.s kg/m.s kg/m.s

H= Hsig

T 7.5,10 0,27 0,81 3,0 0,89 3,3
T.7.5,-10 -0,36 -0,93 2,6 -1,06 2,9
T 7.5,20 1,85 17,59 9,5 27,66 15,0
T 7.5,-20 -2,97 -1,68 0,6 -0,61 0,2
T 7.5,40 34,16 129,40 3,8 263,80 7,7
T 7.5,-40 -33,26 -264,00 7,9 -806,00 24,2
T 10,10 1,16 3,84 3,3 3,97 3,4
T 10,~10 ~-1,64 -2,14 1,3 -2,02 1,2
T 10,20 7,69 121,00 15,7 184,00 23,9
T 10,-20 -6,97 -23,11 3,3 -26,63 3,8
T 10,40 48,99 422,60 - 8,6 886,30 18,1
T 10,-40 -52,03 -698,00 13,4 -1653,00 31,8
T 15,10 2,31 11,08 4,8 12,55 5,4
T 15,-10 ~ =5,45 -12,22 2,2 -12,39 2,3
T 15,20 11,23 255,10 22,7 340,50 30,3
T 15,-20 -14,38 -26,32 1,8 -26,22 1,8
T 15,40 99,35 7034,00 70,8 16263,00 163,7
T 15,-40 -86,97 -4865,00 55,9 -11888,00 136,7
T 18,10 4,11 26,44 . 6,4 35,46 8,6
T 18,-10 -7,32 ~-18,77 2,6 -19,56 2,7
T 18,20 12,61 411,90 32,7 564,00 44,7
T 18,-20 -19,37 -103,30 5,3 -113,10 5,8
T 18,-40 -95,89 -15909,00 165,9 ~-37037,00 386,2
H= Hrms

T 7.5,10 0,27 0,16 0,6 . 0,19 0,7
T 7.5,-10 ~0,36 -0,19 0,5 -0,23 0,6
T 7.5,20 1,85 4,17 2,3 7,09 3,8
T 7.5,-20 -2,97 -0,40 0,1 -0,61. 0,2
T 7.5,40 34,16 38,14 1,1 104,90 3,1
T 7.5,-40 -33,26 -114,00 3,4 -395,00 11,9
T 10,10 1,16 0,71 0,6 0,77 0,7
T 10,-10 -1,64 -0,41 g,3 -0,41 0,3
T 10,20 7,69 23,16 3,0 38,72 5,0
T 10,-20 -6,97 -4,75 0,7 -6,11 0,9
T 10,40 48,99 107,50 2,2 281,40 . 5,7
T 10,-40 -52,03 -213,00 4,1 -580,00 11,1
T 15,10 2,31 2,06 0,9 2,03 0,9
T 15,-10 -5,45 -2,35 0,4 -2,20 0,4
T 15,20 11,23 48,00 4,3 60,00 5,3
T 15,-20 -14,38 -5,44 0,4 -5,07 0,4
T 15,40 99,35 1429,00 14,4 3569,00 35,9
T 15,-40 -86,97 -1055,00 12,1 -3009,00 34,6
T 18,10 4,11 4,91 1,2 5,40 1,3
T 18,-10 -7,32 -3,62 0,5 -3,36 0,5
T 18,20 12,61 76,30 6,1 93,47 7,4
T 18,-20 -19,37 -21,26 1,1 -20,91 1,1
T 18,-40 -95,89 ~-2982,00 31,1 -7466,00 77,9
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NIELSEN model COMPUTATIONS

DP50= 100mu Ks= 3*xr Ks= 3*r Ks= 7*xr Ks= 7x*r
a= 0.5 m S(meas) S(Nielsen) Sc/Sm  S(Nielsen) Sc/Sm
*10 -3 *10 -3 *10 -3

kg/m.s kg/m.s kg/m.s
H= Hprob
T 7.5,10 0,27 0,47 1,7 0,51 1,9
T 7.5,-10 -0, 36 -0,54 1,5 -0,61 1,7
T '7.5,20 1,85 1,03 0,6 15,79 8,5
T 7.5,-20 -2,97 -0,95 0,3 -1,20 0,4
T 7.5,40 34,16 72,03 2,1 150,00 4,4
T 7.5,-40 -33,26 -151,00 4,5 -485,00 14,6
T 10,10 1,16 2,17 1,9 2,52 2,2
T 10,-10 -1,64 -1,19 0,7 -1,23 0,8
T 10,20 7,69 70,57 9,2 117,50 15,3
T 10,-20 -6,97 -12,82 1,8 -15,47 2,2
T 10,40 48,99 243,00 5,0 520,00 10,6
T 10,-40 -52,03 -417,00 8,0 -1008,00 19,4
T 15,10 2,31 6,46 2,8 8,10 3,5
T 15,-10 . ~5,45 -6,89 1,3 -7,81 1,4
T 15,20 11,23 150,10 13,4 222,00 19,8
T 15,-20 -14,38 -14,44 1,0 -15,49 1,1
T 15,40 99,35 4177,00 42,0 1106,00 11,1
T 15,-40 -86,97 -2998,00 34,5 -8075,00 92,8
T 18,10 4,11 16,15 3,9 4,99 1,2
T 18,-10 -7,32 -10,65 1,5 -12,39 1,7
T 18,20 12,61 246,00 19,5 375,00 29,7
T 18,-20 -19,37 -58,51 3,0 -68,70 3,5
T 18,-40 -95,89 -9729,00 101,5 -27326,00 285,0
D50= Z200mu
Ks from Nielsen method
a= 0.5 m

S(meas) S(Nielsen) Sc/Sm

*10 -3 *10 -3

kg/m.s kg/m.s
H= Hprob
T 7.5,10 0,03 0,37 12,3
T 7.5,20 0,40 2,43 6,1
T 7.5,40 12,90 72,03 5,6
T 10,10 0,15 2,31 15,4
T 10,-10 -0,11 -1,44 13,1
T 10,20 1,20 8,96 7,5
T 10,-20 -0,91 -6,16 . 6,8
T 10,40 23,60 189,00 8,0
T 10,-40 -29,00 -84,50 2,9
T 15,10 0,84 5,92 7,0
T 15,-10 -0,95 8,00 -8,4
T 15,20 5,24 52,80 10,1
T 15,-20 -3,23 -45,80 14,2
T 15,-40 -47,90 -277,00 5,8
T 18,-20 -4,10 -70,40 17,2
T 18,-40 ~69,20 -360,00 5,2




BIJKER model COMPUTATIONS

Ks= 7*r

D50= 100mu Ks= 3*r Ks= 3»r Ks= 7*r
a= 0.5 nm S{(meas) S(Bijker) Sc/Sm S(Bijker) Sc/Sm
*10 -3 *10 -3 *10 -3
kg/m.s kg/m.s kg/m.s

H= Hprob

T 7.5,10 0,27 1,44 5,3 1,00 3,7
T 7.5,-10 -0,36 -1,48 4,1 -0,94 2,6
T..7.5,20 1,85 4,01 2,2 2,41 1,3
T 7.5,-20 -2,97 -3,17 1,1 -2,22 0,7
T 7.5,40 34,16 14,75 0,4 10,65 0,3
T 7.5,-40 -33,26 -13,50 0,4 -9,45 0,3
T 10,160 1,16 2,99 2,6 2,46 2,1
T 10,-10 -1,64 -3,01 1,8 -2,73 1,7
T 10,20 7,69 7,99 1,0 5,19 0,7
T 10,-20 -6,97 -7,23 1,0 -5,82 0,8
T 10,40 48,99 15,30 0,3 10,22 0,2
T 10,-40 -52,03 -20,33 0,4 -13,10 0,3
T 15,10 2,31 4,39 1,9 4,23 1,8
T 15,-10 -~ -5,45 -3,66 0,7 -6,05 1,1
T 15,20 11,23 10,60 0,9 8,65 0,8
T 15,-20 -14,38 -11,71 0,8 -11,94 0,8
T 15,40 99,35 27,04 0,3 17,31 0,2
T 15,-40 -86,97 -23,57 0,3 -13,97 0,2
T 18,10 4,11 5,68 . 1,4 4,99 1,2
T 18,-10 -7,32 -8,84 - 1,2 -8,42 1,2
T 18,20 12,61 11,96 0,9 9,80 0,8
T 18,-20 -19,37 ~-15,50 0,8 ~-14,58 0,8
T 18,-40 -95,89 -32,74 0,3 -19,59 0,2
H= Hrms

T 7.5,10 0,27 1,52 5,6 0,79 2,9
T 7.5,-10 -0,36 -1,48 4,1 -0,75 2,1
T 7.5,20 1,85 4,32 2,3 2,41 1,3
T 7.5,-20 -2,97 -3,28 1,1 -1,97 0,7
T 7.5,40 34,16 17,23 0,5 11,30 0,3
T 7.5,-40 -33,26 -14,00 0,4 -9,76 0,3
T 10,10 1,16 3,62 3,1 2,82 2,4
T 10,~10 -1,64 -3,54 2,2 -3,04 1,9
T 10,20 7,69 10,42 1,4 6,16 0,8
T 10,-20 -6,97 -8,94 1,3 -6,71 1,0
T 10,40 48,99 18,53 0,4 11,27 0,2
T 10,-40 -52,03 -22,98 0,4 -13,10 0,3
T 15,10 2,31 5,21 2,3 5,92 2,6
T 15,~-10 -5,45 -7,50 1,4 ~-8,25 1,5
T 15,20 11,23 12,73 1,1 11,46 1,0
T 15,-20 -14,38 -13,56 0,9 -16,24 1,1
T 15,40 99,35 31,90 0,3 19,84 0,2
T 15,-40 -86,97 -28,26 0,3 -15,87 0,2
T 18,10 4,11 6,85 1,7 6,59 1,56
T 18,-10 -7,32 -10,49 1,4 -11,19 1,5
T 18,20 12,61 14,39 1,1 13,37 1,1
T 18,-20 -19,37 -18,21 0,9 -18,89 1,0
T 18,-40 -95,89 ~-40,49 0,4 -22,66 0,2




BIJKER model COMPUTATIONS

D50= 100mu Ks= 3*r Ks= 3*r Ks= 7%r Ks= 7¥*r
a= 0.5 m S({meas) S(Bijker) Sc/Sm S(Bijker) Sc/Sm
*10 -3 *10 -3 *10 -3
kg/m.s kg/m.s kg/m.s

H= Hsig

T 7.5,10 0,27 3,54 13,1 2,59 9,6
T.7.5,-10 -0,36 -3,75 10,4 -2,41 6,7
T 7.5,20 1,85 9,61 5,2 5,53 3,0
T 7.5,-20 -2,97 -7,55 2,5 -5,27 1,8
T 7.5,40 34,16 23,97 0,7 16,72 0,5
T 7.5,-40 -33,26 -21,30 0,6 -13,26 0,4
T 10,10 1,16 6,15 5,3 5,74 4,9
T 10,-10 -1,64 -6,29 3,8 -6,48 4,0
T 10,20 7,69 15,07 2,0 10,70 1,4
T 10,-20 -6,97 -14,09 2,0 -12,58 1,8
T 10,40 48,99 25,37 0,5 16,54 0,3
T 10,-40 -52,03 -22,98 0,4 -20,04 0,4
T 15,10 2,31 8,44 3,7 7,69 3,3
T 15,-10 -5,45 -12,06 2,2 -11,37 2,1
T 15,20 11,23 18,62 1,7 15,50 1,4
T 15,-20 -14,38 -21,83 1,5 -21,32 1,5
T 15,40 99,35 39,42 0,4 26,04 6,3
T 15,-40 -86,97 -38,07. 0,4 ~21,27 0,2
T 18,10 4,11 10,31 2,5 8,23 2,0
T 18,-10 -7,32 -16,36 2,2 -14,29 2,0
T 18,20 12,61 20,58 1,6 16,20 1,3
T 18,-20 -19,37 -27,70 1,4 -23,99 1,2
T 18,-40 -95,89 -48,69 0,5 -29,19 0,3

TABLE 7.4.8

|

!




MODIFIED BIJKER MODEL RESULTS

a= 0.5 m S(meas) S(Bijker) Sc/Sm
Ks= 7*r *10 -3 *10 -3

H= Hrms kg/m.s kg/m.s

D50= 100mu

T 7.5,10 0,27 0,16 0,6
T.7.5,-10 -0,36 -0,17 0,5
T 7.5,20 1,85 1,83 1,0
T 7.5,-20 -2,97 -0,92 0,3
T 7.5,40 34,16 36,22 1,1
T 7.5,-40 -33,26 -32,49 1,0
T 10,10 1,16 2,07 1,8
T 10,-10 -1,64 -2,07 1,3
T 10,20 7,69 12,64 1,6
T 10,-20 -6,97 -10,20 1,5
T 10,40 48,99 43,79 0,9
T 10,-40 ~-52,03 ~-63,20 1,2
T 15,10 2,31 6,71 2,9
T 15,-10 ~ . =5,45 ~10,70 2,0
T 15,20 11,23 30,96 - 2,8
T 15,-20" -14,38 ~32,30 2,2
T 15,40 99,35 132,00 1,3
T 15,-40 -86,97 ~96, 35 1,1
T 18,10 4,113 1,35 0,3
T 18,-10 -7,32 ~15,76 2,2
T 18,20 12,61 36,85 2,9
T 18,-20 -19,37 ~41,88 2,2
T 18,-40 -95,89 ~-158,00. 1,6
D50= 200mu

T 7.5,10 0,03 0,01 0,2
T 7.5,20 0,40 0,17 0,4
T 7.5,40 12,90 20,29 1,6
T 10,10 0,15 0,31 2,1
T 10,-10 -0,11 -0,20 1,8
T 10,20 1,20 1,02 0,9
T 10,-20 -0,91 -0,69 0,8
T 10,40 23,60 33,40 1,4
T 10,-40 -29,00 -28,87 1,0
T 12,10 0,56 0,52 0,9
T 12,-10 -0,22 -0,47 2,1
T 12,20 2,03 4,83 2,4
T 12,-20 -1,78 -2,79 1,6
T 12,40 30,01 47,40 1,6
T 12,-40 -32,60 ~-38,81 1,2
T 15,10 0,84 - 1,83 2,2
T 15,-10 -0,95 -2,75 2,9
T 15,20 5,24 11,06 2,1
T 15,-20 -3,23 -12,00 3,7
T 15,-40 -47,90 -51,88 1,1
T 18,-20 : -4,10 -21,29 5,2
T 18,-40 -69,20 -67,82 1,0 ; TABLE 7.5




The BAILARD model

comparison of measured and computed
results, H=Hrms, Ks= 3*r, D50=100mu
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The BAILARD model

comparison of measured and computed
results, H=Hrms, Ks= 7*r, D50=100mu
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The Modified ENGELUND—HANSEN model
comparison of measured and computed
results, H=Hrms, Ks= 3*r, D50=100mu
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The Modified ENGELUND—HANSEN model
comparison of measured and computed
results, H=Hrms, Ks= 7*r, D50=100mu
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The Modified ENGELUND—HANSEN model
comparison of measured and computed
results, H=Hsig, Ks= 3*r, D50=100mu

0

—

S(measured) in kg/m.s

—
S

The Modified ENGELUND~HANSEN model
comparison of measured and computed
results, H=Hsig, Ks= 7*r, D50=100mu

N

N

N

CAN

| | |

| ! |

5

—
Ol

—4

T I 1

3 2 4
S(E-H) in kg/m.s

] ]

S(measured) in kg/m.s

]
i ] "

3]

S(E-H) in kg/m.s

f
i

crYrimoe 7 2 R

!
1




]

The NIELSEN model
comparison of measured and computed
results, H=Hprob, Ks=3*r, D50=100mu
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The NIELSEN model
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The NIELSEN model
comparison of measured and computed
results, H=Hsig, Ks= 3*r, D50=100mu
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The NIELSEN model
comparison of measured and computed
results, H=Hprob, Ks(Nielsen), D50=200mu

a i | | i
.
g 1] LT
\ [ ]
= | / .
> -
5 3] S -
f 5]
‘,cd [ ]
QL /
g - . i
w4

° 5 4 3 o s

S(Nielsen) in kg /m.s



The NIELSEN model
comparison of concentration distribution
T 7.5,10 , H=Hsig, D50=100mu
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The BIJKER madel

comparison, of measured and computed
results, H=Hprob, Ks=3*r, D50=100mu
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The BIJKER maodel

comparison of measured and computed
results, H=Hrms, Ks= 3*r, D50=100mu
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The BIJKER model
comparison of measured and computed
results, H=Hsig, Ks= 3*r, D50=100mu
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Comparison of the results using
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The BIJKER model
comparison of concentration distribution
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The BIJKER model
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The Modified Bijker model
comparison of concentration distribution
T 7.5,40 , H=Hrms, D50=100mu
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CONCENTRATION PROFILES CALCULATED WITH

FORMUL

&

THE

HMODIFIED BIJEER

DEG =100mu

H = MHrmes
Meg = T#r
Clz=)m

CeizrBm

T7.5,10

= C{z) measured
Ciz)y Biiker

il

modi fied

Tube Clzim Ciz)EBm
nr.1 = [kgr/mi] Ckg/m31
#*#10-3 #1023
1 221 @7
2 Q7 40 -
= &3 22
4 40 12
5 7 5
& 5 2
7 2 1
g ] O
o O O
10 O O
T7.5,20
Tube Clzym C{z)BEm
fre.d Ckg/m3] fkg/m3]
*10-3 *10-73
1 259 Z02
2 172 176
= 142 121
4 103 g0
b &HO 50
& A1 27
7 21 14
8 10 8
2? A 5
10 2 2

T7.5,~10

Tube Ciz)m C(ziBm
Inr.l Ckg/mE] Lkg/m3]
*10-3 *10-7
i =867 170
2 208 Sé6
3 147 28
4 g2 i4
5 40 é
& A A
7 S 2
a8 2 i
3 O O
10 O Q
T7.5,-20
Tube Clzim C(ziBm
Cner.d Ckg/mZE] Lkg/mZE]
*10-% *10~7%
1 352 154
2 276 85
z 192 Sé
4 135 325
5 101 21
& 62 11
7 Zé 5
8 22 S
3 14 2
10 4 1

TABLE 7.46.A




CONCENTRATION FROFILES CALCULATED WITH THE MODIFIED BIJKER

FORMULA

T7.5,40

T7.5,-40

Tube Clzim C(z)Bm

L.l Ckg/m3E1 Ckg/m3]
#*1 03 *10-3

1 1437 1805

2 1056 1237

z 748 244

4 - &Ebb 694

5 541 492

& 235 e

7 194 194

8 8 126

k) &HO =

10 4.4 S0

TiOL10

Tube Cz)m C(z)Bm

Lnr.d Elg/mZ1 Lkg/mZ]
*10-7 *1 0~

1 22 1242

2 489 505

= zie 276

4 185 144

5 80 70

& 22 27

7 5 10

8 3 3

4 2 2

10 1 i

Tube Cizim C(z)Bm
Cinr. Lkg/m3l Ckg/m33
*10~73 *10-3
1 1270 1588
2 1043 1086
3 B&1 0
4 &84 &4
3 527 437
& 335 281
7 215 175
8 107 it4
e 74 75
10 473 43
TiG,~10
Tube Clz)m Cl{z)Bm
[ Tl Fkg/m3] Ckg/m21
* 1073 *#10-73
1 1363 1532
2 861 526
3 586 269
4 359 17354
5 147 )
b 8 24
7 11 9
8 4 4
4 O 2
10 0 1

i !
| TABLE 7.6.EF |

i

i




CONCENTRATION PROFILES CALCULATED WITH THE MODIFIED BIJEER
FORMULA

T1G,20 T1G,-20
Tube Clzim C(z)Bm Tube Cézom C(z)EBm
fnr.d Llkg/m31 Ckg/m3] frr.d Ckg/mE] Ckg/m3]
#*1O-3 #1075 *10-3 #* 103
. 896 1483 1 1250 1951
2 655 Fa44 2 812 1012
= HOE &H8E 3 577 &52
4 - 88 472 4 400 404
5 247 308 5 233 238
& 118 : 177 ) 129 122
7 5 P& 7 61 &HO
8 0 3 8 8 =1
k4 17 22 3 23 17
10 11 16 10 11 8
TiG,40 T1O, =40
Tube Clzrm C(z)Bm Tube Clzim C (=) HBm
L.l Chkg/mE] fkg/m31 .3 Lkg/m3] Ckg/m3E]
*#10-7 *10-3 *10~3 *10-3
1930 2067 1 2787 E27E
2 1525 1485 2 1810 2188
E 1270 1159 & 1547 1653
4 1083 8&% 4 23 1212
5 B5é6 22 5 718 8546
& 547 39 1) 548 546
7 K22 245 7 270 36
2] 15% 157 a 141 218
7 858 101 4 81 14z
10 3 5 10 45 82

TARBLE 7.6.C




CONCENTRATION FROFILES CALCULATED WITH THE MODIFIED BIJEER

FORMULA
T15,10 Ti15,~-10
Tube Cizim Ciz)Bm Tube Clz)m C(z)Bm
Lo d Ckg/m3] Ckg/m3] Cnr.d Lkg/m31 Ckg/m=E1
#*10-3 # 10— *10-3% *10~73
i 2190 224 1 E26T7E E72E
2 1115 1585 2 2703 1677
3 649 769 A 1773 ?71
4 . A 401 4 948 532
3 120 192 5 =77 273
& Y 75 b 3 116
7 14 27 7 18 44
8 7 11 8 b 20
2 A 5 9 3 G
10 5 2 10 0 3
T15,20 T1S,~-20
Tubhe Clzim C{z)Bm Tube Ciz)m C(z)Bm
Cnr. ] Ckg/m3] Ckg/m3] Crr.d Ckg/m3] Ckg/m3E]
#1073 *10~73 #1072 #1073
i 2160 4794 1 26 4371
2 1400 28035 2 25073 24354
) 986 1917 A 1603 1616
4 645 252 4 951 1024
5 372 772 5 475 613
& 136 414 & 1935 317
7 58 211 7 91 135
8 2% i11é 8 4% 82
G 20 &S 7 29 44
10 14 21 10 i& 12

}
TABLE 7.6.D ‘




CONCENTRATION FROFILES

FORMULA

CALCULATED WITH THE MODIFIED BIJEER

715,40

Tube Clzim C{z)Bm
Cre . d Chkg/mXE] Ckg/m3E]
#1037 #1073

i Z8B0 4797

2 180 2574

= 2857 2865

4 - 2503 2216

5 1688 1642

& P95 1103

7 545 713

8 225 481

G 111 E26
10 77 19873
Tig, 10

Tube Clz)m C(z)YBm
fnr. 1 Lkg/m31] Ckg/mEd
#* 103 #1073

i 4151 4627

2 2170 1905
) 1130 1OE7
4 488 HI2
5 176 252
& 47 Q7

7 ié& 325
8 & 14

9 & &
10 & 2

TiG,-40

Tube Cizim Ci{z)Bm

L.l Lkg/m3] Ckg/m3]

#1073 #1073

i 4085 EHEF0
2 2870 2759
) 2560 2210
4 21135 1702
S 1460 1252
é 870 8351
7 32 527
8 197 49
9 S0 232
10 43 157

Tig,-10

Tube Clz)im C(z)Bm

Crr. ] LCkg/m31] Ckg/m31]

*10-3 *10-3

1 &6B2E 5478
2 Z980 2400
x 2EHT 1382
4 1237 785
5 4734 92
& 174 168
7 17 &9
8 a8 =1
9 2 14
10 0 3

TABLE 7.6.E




CONCENTRATION PROFILES CALCULATED WITH THE MODIFIED BIJKER
FORMULA

Tig,Z20 Ti8,~-20

Tube Clzim Ciz)bBm Tube Clz)m C(z)Bm
Cre.d Lhkg/m3] [kg/m3l Lnr.d Ckg/m3El Lkg/mi]
#1035 #1073 #* 103 *10-3
i 2760 S7EE 1 3655 5432
2 1737 xE88 2 E570 x089
3 1187 2315 3 222 2073
4 . L7 1501 4 1211 132
5 E70 714 5 582 800
& 150 : 480 b 223 416
7 55 278 7 99 204
8 28 128 8 48 108
9 23 69 9 3 =7
10 22 22 10 13 23
Ti8,-40
Tube Clzim C(z)Bm
Fr.d Ckg/mZE] Ckg/m3E]
*10-3 * 1 Q-3

43147 567
E6GT 4214
E19E RET7S
2677 PEO4
1788 1218
1065 1276
548 813
257 540
113 Z61

49 214

SRS IRt E RS R A I SN O

jy
-
R

TABLE 7.6.F




CONCENTRATION PROFILES CALCULATED WITH THE MODIFIED BIJKER
FORMULA

DS0O =200mu

ol = MHrms

bl =

Clzim = (2} measured

Clz)Bm = C{(z) Bijker modified

T7.5,10 T7.5,20

Tube Clzim Ci{z)Bm Tube Ci{z)m Ci{=)Bm
e d Ckg/m3] Ckg/m3] Cnr.d Lkg/m3] Ckg/m3E1]

*10-3 *10-3 *10-3 *10~-74

1 27 8 1 41 EO
2 12 2 2 23 15
3 5 1 3 ) G
4 i 1 4 g8 5
5 O O 3 b 3
& 0 O & 1 i
7 ] O 7 8] 1
8 O O 8 O 0
9 O O 9 O (%]
10 O 0 10 O 0

T7.5,40

Tube Cl=dm C{z)Bm

[ e Tl Ekg/m3E] Ckg/miE]
#*10~3 *10O-3
1 778 14736
2 466 844
3 e 577
4 222 376
5 136 230
) 3 122
7 21 &2
=] 4 23
? 4 18
10 & 2

TABLE 7.6.06




CONCENTRATION PROFILES CALCULATED WITH THE MODIFIED RIJEER
FORMULA

T10,10 TIO,~10
Tube Clzim C{(z)Bm Tube Cizim Ci{z)Bm
L. ] Ckg/m31 Ckg/m31 Crr. 3 Ckg/mE] Chkg/m3]
*#10-3 #1073 *10-73 *10-3
1 116 277 1 115 ii1é&
2 53 109 2 &HO =8
3 27 48 A x5 17
4 10 12 4 18 A
5 ) 7 5 5 1
& 0 2 & i 0
7 0O i 7 O 8]
8 - O G 3 O e}
) 0 - O 9 O O
10 O O 14 O O
T10 N 20 Tio N -20
Tube Clzim C{zrBm Tube Cizim C(z)Bm
Inr.d Ckg/m3] Lkg/m3] fnr. ] Ckg/mi] Ckg/mE]
#*10-73 *#10-72 *10-73 *10-7%
1 224 A i 157 112
2 152 144 @ 28 &L
= 109 81 = 7E A
4 &1 42 4 46 235
5 A 21 5 24 12
& 10 23 & 2 5
7 4 5 7 A 2
8 1 1 8 1 1
g 0 O 3 Q Q
10 O ') 10 0 O

]
TABLE 7.46.H {

}




CONCENTRATION FPROFILES CALCULATED WITH THE MODIFIED BIJKER
FORMULA

TiG,40 T1G,~40
Tube Clz)m C{z)Bm Tube Clz)m C(z)Bm
Lnr. ] Ckg/mE] Chkg/m3] L.l Ckg/m33] Ckg/m31
*10~-3 #1032 *10-3 #*#10-%
1 &79 1551 i P25 1075
2 5460 10673 2 698 780
3 4873 721 A 562 601
4 ETG 556 4 416 4718
5 2E6 265 5 281 299
& 117 207 & 152 170
7 53 109 7 71 g1
3 = 24 &1 3 20 51
g 11 A I 15 28
10 b 17 10 7 13
T12,10 Ti12,~-10
Tube Clz)m C(z)Bm Tube Clz)m C{z)Bm
fnr.d Lkg/m3] Ckg/m31] Lnr.d Lkg/m3E] Lkg/m2]
* 103 *10-73 #10-7% * 10X
1 244 &E3 1 228 EOT
2 190 17% 2 131 107
kA 104 7O gA 84 50
4 47 2é 4 41 21
5 18 8 5 12 8
& i 2 & 2 2
7 0 O 7 ) i
3 O O a3 0O 0
Q O 0 = O O
10 O G 10O 0 (8]

TARLE 7.6.1




CONCENTRATION FROFILES CALCULATED WITH THE MODIFIED BIJEER

FORMULA

T12,20

Tube C(zim C(z)Bm
fne.d Ckg/m3El Ckg/m3]
#*10-7 %1 0-3

i 2351 1244
2 2E 588
z 1&7 473
4 3 187
5 45 P4
& 15 =

7 5 15
g " 1 b
g G 5
10 0O 1
Ti2,40
Tube Clz)im C(z)Bm
Inr.1 Ckg/mZ1 Lkg/m31

*10-3 *LO~3

1 1154 2E63F

2 893 1585

I 701 11673

4 521 805

b o8 519

) 179 288

7 79 150

3 x4 82

3 17 44
10 3 21

12,20

Tube C(z)m C{(z)Bm
Lrne.d Chg/m3l Ckg/m3l
*10-3 *10-7
1 274 722
2 194 44
g 160 202
4 Féh 111
5 50 Sé
& 19 23
7 & 7
8 3 4
9 1 2
10 0 i
Ti2,-40
Tube Clzdm C(z)Bm
Enra Lkg/m3] Ckg/m3]
#10-3 *10-3
1 1301 2013
2 1006 1354
A 795 P97
4 L8 PS5
5 419 4573
& 209 255
7 89 154
8 8 73
4 17 41
10 & 19

| ]
I TABLE 7.6.J |
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CONCENTRATION PROFILES CALCULATED WITH THE MODIFIED BIJKER

FORMULA

T1S,10

T1S5,-10

Tube Clz)m C{z)Bm
Lnr. ] Ckg/m3E] Lkg/mE1]
* 1O * 10—
i 593 1593
2 ETE 52
3 226 239
4 116 98
5 a2 26
& 4 10
7 2 2
8 - 0 i
? O )
10 O O
T15,20
Tube Clzim C(z)rBm
ne. ] Ckg/m31 Ckg/m31]
#1073 *10-73
1 810 217%9
2 551 1078
A AT &50
4 266 Z&H2
5 128 184
& B 76
7 9 28
8 = 12
9 1 5
16 8 8]

Tube Cizd)m C(z)Bm
(I T | fkg/m3E] Ckg/m31
W1 -3 #1073
i &£9% 1178
2 447 472
= FOE 2%
4 177 114
5 &b 45
& g 13
7 i 4
g O 1
7 0 0
10 0 0O
T15,-20
Tube C(z)m C{z)Bm
Lrner. ] Lkg/m3] Ckg/mi]
*10O-3 *10-73
1 517 1736
2 57 07
A 258 G559
4 190 317
5 z 164
& e &8
7 11 26
8 4 10O
< 1 5
10 O i
TABLE 7.6.F




CONCENTRATION PROFILES CALCULATED WITH THE MODIFIED BIJEER
FORMULA

T1S,-40

Tube Clzm C{(z)Bm
Lo d Lkgs/m3E] Ckg/mE]
#*10-3 #1003

1 15&E P2EBO

2 1311 1682

=z 1069 1276

4 15

5 &HLE

& 55

7 192

b - 109

g 62

10 O
Tig8,~20 Tig,-40
Tube Cizdm C(z)Bm Tube C(zdm C(z)Bm
(W STl Ckg/m3] Ckg/m3l Cnr.d Lkg/mZE] Ckg/m31

*10-3 *10-3 *10~3 *10-3

i 774 2741 1 2242 2698
2 514 1849 2 1804 1999
5 =77 1107 3 1532 1562
4 225 L0 4 1218 1148
5 119 208 5 860 785
& 40 126 & 474 461
7 9 48 7 228 250
a8 = 20 8 87 142
9 i 8 I g g0
10 O = 10 12 =8

)
TARBLE 7.6.L ’







