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1 ABSTRACT

Aone-meter wide, meandering flume with movable sand bed was utilized
in these experiments. Uniform flowwas established at discharges of 20, 35,
and 50 l/sec. Velocities near the bed, the distribution of sediment in
transport, bed geometry, and strength of secondary flowwere determined
at each discharge . Bed shear stress was assumed to be proportional to the
square of the velocity near the bed. Bed shear stresses were also measured
with a Preston Tube in a uniform 35 l/sec flowover a dune-free stabilized
bed. The stabilized bed was moldedto the geometryproduced by the same
flowover sand.

The zone of maximumbed shear stress, 'L, and maximum sediment
discharge , qs' is on the point bar in the upstream part of the bend. It
crosses the channel centerline in the middle or downstream part of the bend,
and follows the concave or down-valleybank to the next point bar downstream.
Withincreasing discharge, secondary currents increase in strength.
Consequentlythe zone of maximum l'and qs remains closer to the inside
bank across the point bar, and crosses the channel centerline somewhatlower
in the bend. Secondarycurrents were also stronger in the 35 l/sec over the
stabilized bed than in the same flow over sand, apparently because no dunes
were present to break up secondary flow in the former. The zone.of maximum
T was consequently closer to the inside bank in the stabilized-bed run.

It appears that bed geometry is adjusted to provide, at each point on the bed,
precisely the shear stress necessary to transport the sediment load supplied.
For example the gradual decrease in depth along the down-valley side of the
channel from the deep in one bend to the point bar in the next results in a
continual acceleration of the flow, and hence in shear stresses here which are
higher than average for the channel.

For many combinations of discharge , sediment discharge , and sediment
character, straight channels are unstable in nature, and the commonly
observed meander geometry is stabIe. To understand whythis meander
geometry is stable , we consider howdisplacements from the stable geometry
set up forces terding to restore that geometry, From work done to date, it is
hypothesizedthat channelwidth, W, is determined by:cohesiveness of bank
materials. The radius of curvature of the bend, R, is then determined by the
fact that separation occurs whenR/W~2. 5. Measurements of bank shear
stress in movable-bed channels with different meander geometries are needed
next.
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2 INTRODUCTION

Leopold ard Wolman (1960, p. 788) concluded a review paper on river meander-s
with the statement, "A quantitative explanation of the meandering process will
require balancing the erosive stress produced by tangential shear of the flowing
water and the comparable resisting stress provided by the bank material. " The
suggestion was timely, and indeed laboratory measurements of the distribution
of shear stress in open channel bends were already in progress. This early
work (Ippen and Drinker, 1962; B. Yen, 1965)was done in channels with trape
zoidal cross sections. It showed that in such channels the highest velocities and
highest bed shear stresses occurred on the insides of bends in the position
occupied by depositional point bar s in natural streams.

The apparent inconsistancy - a depositional feature in the position of highest
bed shear - prompted further investigation in laboratory channels with more
natural bed geometry , C. Yen (1970), for example, covered the bed of B. Yens
(1965)trapezoidal channel with loose sand and allowed the flow to mold the bed
into an equilibrium form with a point bar on the inside of the bend and deep on
the outside. He then molded a concrete bed with this geometry , In this channel
the zone of high velocity and high shear stress on the inside of the bend was still
present, and shear stresses in this zone were 30 percent higher than in the trape
zoidal channel. C. Yen (1970)concluded that bed geometry was determined by
the secondary or helical flow in the bend rather than by shear stress.

The present study was urdertaken with a somewhat different view in mind. It
is weIl known that sediment movement increases with shear stress once a
critical shear for initiation of motion is exceeded. We therefore hypothesize
that at every point on the bed, bed geometry is adjusted to provide precisely
the shear stress necessary to transport the sediment load supplied to that point.
Suga (1967)apparently also had this concept in mind in his study of bed geo
metry in bends. A simple example, based in part on qualitative observations
during the present study, will illustrate the hypothesis.

We start with a plane bed. Much of the sediment transported by the flow tends
to move on the down-valley side of the straight reach between bends, and thus
appears near the inside bank in the bend. We suppose that shear stresses on
the inside of the berd are not sufficient to transport all ofthe sediment supplied,
although the shear stress here may indeed be higher than average for the
channel. Obviously deposition must occur. Not so obviously, the shear stress
increases, as irrlicated by C. Yens results cited above. Qualitatively it appears
that the deposition decreases the water depth without causing a proportional
decrease in the velocity . Therefore the velocity gradient increases, thus in-
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creasing the shear stress. Simultaneouslythe sediment load suppliedto this
area of the bed may decrease if some of the sediment is def1.ectedoutwardby
the growingpoint bar. Eventuallya balance or equilibrium is reached in which
the shear stress over the point bar can move the sediment load supplied.

Onthe outside of the bend, conversely, shear stresses are initially low but
little or no sediment is movedto this area of the bed from upstream. Because
the shear stress can remove more sediment than is supplied, erosion occurs.
As the outside of the berd becomes deeper, the shear stress decreases (C.Yen,
1970)and the lateral slope off the point bar increases, thus increasing the sedi
ment supplyto this area of the bed. In due course, equilibrium is reached.

This model is similar to Mackin"'s(1948)model of a graded r iver . Paraphrased,
Mackinsaid that a river at grade (equilibrium)was onewhich, over a period of
years, was delicately adjusted to carry the sediment load suppliedwith the
available discharge . Mackinemphasized adjustment of slope; if the river can
not carry the sediment load supplied, depositionwill occur, thus increasing slope
(andhence velocity and shear stress) until the sediment load can be carried.
Conversely, a decrease in slope occurs through degradation if the river can
carry more sediment than is being supplied.

It is axiomatic that depositionwill occur if more sediment is brought into an
area than can be removed from it, and conversely. It follows that there is an
equilibrium state in whichthe amount of sediment brought into an area equals
that whichcan be removed from it. In many geomorphic systems, dependent
variables are adjusted to provide this or some similar type of equilibrium. The
equilibrium is usually stabie, in that any small departure from it will set up
forces tendingto restore it. Throughapplication of these principles, the rela
tionship betweenprocess and land form may often be clarified. Mackinapplied
these principles to the problem of river slope. In the present paper we apply
them to the problem of bed geomtry in a meander bend.
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3 EXPERIMENTAL PROCEDURE

In the present experiments, the distribution of bed shear stress and the distri
bution of sediment in transport were measured at discharges of 20, 35, and
50 1/sec in a closed -circuit, recirculating, meaIrlering flume (Fig. 1). Bed
topography ard the "str ength" of secondary currents, or "helix strength",
were determined at these discharges, ard also at a discharge of 10 1/sec.
Finally shear stress and "helix strength" measurements were made in a 35
1/ sec flow over a concrete bed molded to the form of the bed developed by the
same discharge over sand. Results of these measurements are presented in
contour maps in Figs. 10 through 13. Details of the channel design and mea
surement techniques follow.

3.1 CHANNEL GEOMETRY

The centerline geometry of the flume was based on the sine-generated curve
of Langbein and Leopold (1966),

" S. 2 TT mjO = W In M (1)

because empirically this curve closely resembles the geometry of natural
meaIrlers, ard because it provides a more gradual transition from straight
reach to bend than do geometries consisting of a constant-radius circular arc
and tangent to the arc. In this equation, 9f is the angle which the channel
centerline makes with respect to the down-valley direction at a point a dis
tance m from the origin measured along the channel centerline, wis the angle
which the centerline makes with the valley axis at the origin (Fig. 1), ard M
is the length of the channel centerline over one meander wavelength. The geo
metry of the charmeI centerline, including the wavelength, À, is thus complete
ly specified by M ard w.

Channel width was determined from the well-known empirical relationship
between width ard wavelength,

À= a wh (2)

where a ranges from 7 to 11 and b =1 (Leopold and Wolman, 1960).
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Table 1 8ummary of experimental data.

c Meanbed Mean slope Bed friction Mean bed Total
Mean Froude Width/depth Shear stres sedimentDischarge, Meandepth, hydraulic velocity, of energy factorRun Q, I/sec d, cm radius number 8 grbS/V2 ratio 1: = pgrbS dischar",cm/sec grade Hne

rb' cm dynes/cm2 Qs' cm /sec

10 10 5.2 5.1 19.2 0.27 0.00213 0.23 19 11 0.19

20 20 7.3 7.1 27.5 0.33 0.00207 0.15 14 14 2.0

35 35 9.5 9.2 36.8 0.38 0.00221 0.12 11 20 8.0

358 35 9.2 8.5 38.0 0.40 0.00101 0.047

I
11 8 0

50 50.5 12.8 12.2 39.4 0.35 0.00223 0.14 8 27 20.1

T '<)

It was fourd that a channel with w = 550, M= 13.2 m, and W = 1.0 m would fit
conveniently in the space available. With these values of Mand w, À = 10.33 m.
For comparison, the Yens' (1965, 1970) channel was designed with w = 450,
À = 30.2 m, and W = 2.34 m; Ippen and Drinker's (1962)flume had a single
bend with w = 300; and the mean of 45 values of tv measured from Friedkin's
(1945)maps of channels developed in non-cohesive sands was 570•

A number of factors were considered in selecting depth, velocity and slope for
the various runs. First, it was desired to keep the width-depth ratio, WId, wtth
in the range of values commonly observed in nature. Schumm (1960)measured
width-depth ratios in nearly 50 channels and found values ranging from less than
3 to over 300. Width-depth ratios between 7 ard 10 and between 20 and 50 were
most common. To facilitate measurement in the laboratory channel, relatively
largedepths were desireable, so width-depth ratios between 8 and 20 were used
(Tabie 1).

To make the model dynamically similar to natural meandering rivers, Froude
similarly was used. Froude numbers of over 100 rivers at mean-annual discharge
were calculated from data presented by Leopold and Maddock (1953). Values
ranged from essentially zero to about 0.5. The median was 0.2. In the present
experiment, Froude numbers ranged from 0.27 to 0.40 (Tabie 1).

The channel was constructed of cement blocks ard lined with concrete. Walls
were vertical at the top, and generally met the bed at right angles. However
on the outsides of the three bends, a rounded corner with radius of about 10 cm
was molded between bed and banks. The bed of the flume was covered with
several centimeters of well-sorted sand with a geometrie mean diameter of
0.30 mm (Fig. 2). At higher discharges the rounded corner of the concrete
bed was exposed on the outsides of .the bends, and the flat bed was occasionally
exposed in troughs between dunes.

DurIng initial tests it was found that to obtain the desired range of width-depth
ratios and Froude numbers in flows over this sard , an energy-gradeline slope
of about 0.002 was required. It was therefore decided to run all experiments at
approximately this slope, thus simulating a natural river with seasonal changes
in discharge at a -station.
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3.2 DISCHARGE,DEPTH, ANDSLOPEMEASUREMENTS

Discharge was controlled by varying pump speed andwas measured with the use
of a "top contraction meter" in the 15-cm diameter return line (Fig. 1). The
meter was calibrated1) by discharging water through it into a basin above a V
notchweir whichhad been calibrated previously. Water flowedover the weir
into the flume inlet, thus completing the closed system. All sand was removed
from the flume during calibration.

In the test reach (middlebend of Fig. 1), water-surface and bed elevation mea
surements were made with the use of a point gage mountedon a carriage which
traveled on rails paralleling the sides of the flume. At the upstream and down
stream control sections similar measurements were made with a point gage
whichmovedon a rail crossing the channel.

Initially (Run20)2)water-surface slope was determined by measuring water-

1) The discharge coefficient obtained (Rouse, 1950, p. 204, eqn. 4) was 0.9285
for flows above25 I/sec. At lower discharges a slightly lower coefficient should
be used. A value of 0.91 is appropriate at 17 l/sec. The final calibration equa
tion was Q = 6. 654..Jhwhere h is in cm ofwater head andQ is in I/sec.

2) For convenience, runs are assigned numbers numerically equal to the discharge
in liters/second. This does not imply that 20 runs were made, nor that this was
the 20th run in the series. In fact it was the first complete run.
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surface elevations at the two control sections. Later, statie tubes were placed
in identical locations in each of the three bends. These tubes were connected
to pots mountednext to the rail at Station O.OM(Fig. 1), andwater elevations
in the pots were read with the use of a point gagewhichrode on the rail. A
pressure transducer was placed betweenthe pots connected to statie tubes in
the two control sections, and the head difference betweenthese twopots was
recorded continuouslyduring all runs except Run20. Randomvariations in
water surface elevation in the pots could thus be recognized, and the mean
water surface slope estimated .

Slopeincreased with time due to loss ofwater from the system through eva
poration. This loss averaged about 2 mm per day, thus resulting in a decrease
in depth of about 2%, and a consequent increase in water surface slope of about
6%. Because runs commonlylasted 15to 20 days, it was important to deter -
mine such losses and correct for them daily. This could be done best by stopping
the floward measuring the elevation of the quiet water surface . However stopping
ard restarting the flowcaused undesireable disturbance of the bed, so this was
done frequently only at higher discharges where higher sediment transport rates
quickly eliminated these disturbances.At lower discharges, the amount of water
to be addedwas estimated from the relation (di/df)3 = Sf/Si where §. and 9. are
slope and depth re spectively, and the subscripts i and !..refer to the situation
before water was added and after re spectively. Sf= O.002.

At the end of a run, water surface elevations were measured at three points at
each of the 14 stations ard two control sections (Fig. 1). The flowwas then
stopped ard local bed forms were smoothedbefore measuring bed elevations.
In smoothing, the object was to displace sand from dune crests into adjacent
troughs. Thus bed elevations measured were averages over an area roughly
two dunewavelengths in diameter. Meanwater depths at each section were cal
culated, as was the total head, H= ~s + V2/2g, where ~s is the mean eleva
tion of the water surface above some arbitrary datum, and V is the mean velo
city in the section. The mean slope.of the energy grade line (Table 1)was deter
mined by a least - squares procedure. This is considered to be areasonabIe
estimate of the mean slope during a run.

Energy grade lines are plotted in Fig. 3. Lines drawn through the points were
adjusted so that water surface slopes were equal at points M/2 apart, as re
quired by symmetry. As expected (e.g. Ippenand Drinker,'1962j B. Yen,
1965, p. 63), the energy loss is higher in the bends than in the straight reaches.
This effect is more pronounced at higher discharges (depths), as observed by
Onishi et. al. (1972).
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Fig. 3 Energy grade lines for various discharge. Datumvaries between runs.
Vertical scale for Run 358 (stabilized bed) is .00221/.00101 = 2.2
times that for other runs to facilitate comparison with Run 35.

3.3 EQUILIBRIUM

Equilibriumwas assumed to exist when: (1)the meanwater-surface slope bet
ween the two control sections remained close to 0.002 for a number of hours;
(2)the difference betweenthe meanwater-surface slope in the upstream half
of the flume (betweenthe upstream control sectton ard station O.OM(Fig. 1))
and that in the downstream half was less than about 10%of the mean; and,
(3)gross bed geometry did not changethrough time. In Run 20 the flowwas
run for approximately 150hours before beginningmeasurements. In subsequent
runs the initial running time was only about 50 hours. This was thoughtto be
sufficient because slope was not changedbetweenruns, and no major longitudinal
redistribution of bed material was necessary.

It is not easy to demonstrate that a given flow in a movable-bed flume is uni
form because local depth fluctuates with time due to movementof bed forms.
Furthermore, in a meandering flume, depth is a functionof position, m, in the
bend, so onlymeasurements whichare taken a distance M/2 apart can be
compared. In the present experiments there were five such pairs of depth mea
surements. From these a uniformity Index, 6 d, was calculated as follows:

where dm is the mean depth a distance m from the upstream control section,
and dm+M/2 was the mean depth one half wavelengthfurther downstream. The
results are given in Table 2. Minusvalues indicate that depths tended to increase
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downstream (dm+M/2 > dm) ard conversely. In the high discharge movable bed
runs IId is large enoughto raise some question about the uniformity of the flow.
Howeverthe number of observations, n, is small and during these two runs sand
waves, with amplitudes of 6 to 10cm ard wavelengthsof up to a meter moved
along the down-valleybanks in the straight reaches. Thus substantial transient
variations in IId are likely.

3.4 SEDIMENTDISCHARGEMEASUREMENTS

DuringRun 10, the total sediment discharge, Qs' was determined by placing
a trough across the outlet of the flume. This trough caught virtually all sedi
ment in motion. Sedimentwas removed from the trough by siphoningandwas
returned to the system after measuring. Measurements were made four times
during the run.

During runs at higher discharge the trap did not catch all of the sediment in
motion. Therefore it was removed, andQs was measured at the point where
the return pipe discharged vertically upward into the inlet. A5 mm diameter
sampling tube was used, and 25 one-liter samples were taken from an array
of samplingpoints. Each sampling point subtendedan area of 7.06 cm2 in the
pipe mouth. Velocity in the sampling tube was adjusted to equal valoojty in the
pipe at the appropriate distance from the pipe wall. Twocomplete Hts of
samples were taken during each run, and the sediment discharge was calculated
separately for each set (Fig. 4). The mean sediment discharge per unit width,
qs, was calculated by assuming a grain density of 2.7 g/cm3 and 35%void space.

Aprimary objective of this studywas to determine the planimetr-iedistribution
of qs (Fig. 12). Twomethods of measuring qs were used. The first involved
measurement of migration rates of ripples and dunes (Simonset. al., 1965).A
circular , flat-bottomed, clear plastic dish, 10cm in diameter and 2.3 cm high,
was fastened to the instrument carriage and lowered until it touched the water
surface. A scale graduated in millimeters was scribed on the bottom of the dish.
A similar scale graduated in centimeters was scribed on a plastic plate and laid
on top of the dtsh, Adunewas selected for measurement and the instrument
carriage and dish were positioned over the dune so that one of the lines scribed
on the top plate was in line with one on the bottom of the dish ard with the dune
crest. The velocity of the dune crest was determined by timing it with a stop
watch as it passed beneath the lower scale. The upper scale was used to preserve
proper alignment of the eye with the lower scale and the dune crest. The length,Ó,

Table 2 Flowuniformity.

Run 10 20 35 35S 50

lld, cm -0.03 -0.06 +0.8 +0.03 -1.1

100 lld/(i o/c -0.6 -0.8 +8.4 +0.3 -8.6
, 0
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of the horizontal projection of the dune slip face par alle 1 tot he eh a nne 1
een ter 1in e was measured with the lower seale at both the beginning and the
end of the timing period. The angle, e, that the dune crest made with a per
pendicular to the channel centerline was also measured with a protractor seale
on the upper plate. qs was then calculated from:

62 - 61
D+_~_

1 2qs = 2' -------=t'----- Tan aCos3a2

where a is the angle of repose of the dune slip face, here taken to be 3So, and
D is the distance moved in time t. To D is added one-half the change in length
of the dune slip face, (~ - 61 )/2, where the subscripts 1 ard 2 refer to the
initial ard final measurements of 6 respectively. The distanee moved, D, and
mean length of slip face, §. 1Ö:z are miltiplied by Cos & to obtain the sedi
ment discharge perpendicular to the dune crest. The result is multiplied by
Cos a a third time to obtain the sediment discharge parallel to the channel
center line. The result is divided by 2 because the transport rate is zero in
dune troughs and rises to a maximum at the dune crest where it is measured
(Simonset. al., 1965).

Dunemigration rates were not noticeably affected by having the plastic dish in
contact with the water surface. Even at shallowdepths, any error due to the
presence of the dish appearedto he small compared with normal stochastic
variations in transport rate.

At discharges of 35 and 50 I/sec an appreciable fraction of the sediment moving
over a dune crest was not trapped on the slip face, but instead continued on to
the next dune downstream. Muchof this material was not actually in suspension;

(3)
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REMOVA8lE
O.3mm MESH
SCREENING OF
VARIA8lE HEIGHT

TU81NG
TO SIPHON

ADDITIONAl -- 3mm HOLES
IN BOTH SIDES OF BOTH TUBES

Fig. 5 Sediment trap for measuring qs at higher velocities. Trap constructed
of galvinized sheet metal with brass tubing.

rather 1twas swept laterally off the slip face and carried awayby water pass
ing around the sides of the dunes. Thus dune-migration measurements system
atically underestimated qs' and a sediment trap had to he used.

The trap, shownin Fig. 5, was pressed downinto the bed so that the upstream
bottom edge was always buried. Dunesmigrated into the trap as shown, and
mater1al slumpingdownthe slip face was removed by the siphons. W1thproper
al1gnment, disturbances at the trap entrance were minimized. The part of a
dune crest inside the trap remained in line with that outside until the former
reached the first siphon. The removable screen at the back of the trap permitted
some flexibility whenworkingin relatively shallow areas, but in general was not
really necessary. Similarly the 3 mm diameter holes near the downstream ends
of the siphonswere probably unnecessary, as sand rarely got this far back in the
traps. Between90 and 100 percent of the sand was removed by the lower siphon.

Visually it appeared that a small amount of suspended sediment might he passing
through the trap over the screening. Therefore a third siphonwith a rectangular
opening2 mmwide am 20 mm highwas inserted immediately above the screen
during a few tests. Itwas foundthat more than 97%of the material was being
caught by the two primary siphons. Therefore use of this suspended load sampler
was dtsconttnaed.

The discharge from the lower siphonwas fed into a l-liter graduate in which
most of the sand was trapped. Water overflowedfrom the graduate into a bucket
and then into a tank, whence it was pumpedback into the flume. Sandwhichdid
not settle out in the graduate was trapped in the bucket. Whena graduate contained
between 500 and 1000 cm3 of sand, it was replaced. The full graduate was tapped
until no further settling of the sand occurred. Then sand volume and sampling time
were recorded, and a short-term sediment discharge rate was calculated. These
short-term rates are shownby horizontallines on the vertical bars representing
trap measurements inFigures 6B and 6C. Flowfrom the upper siphonwas simply
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fed into the bucket. At the end of a test, sand in the bucket was added to that
coUected by the graduates and the mean sediment discharge was calculated.

In a few tests the discharge from both siphons was fed into a bucket during
most or all of the sampling per iod , so fewer short-term sediment-discharge
rates were obtained. These are referred to as bucket samples.

Initiallya sampling time of 45 to 60 minutes was used for each trap measure
ment. However transport rates proved to be r emarkably var iable (Fig. 6), so
the standard sampling time was increased to 2 hours. Generally two traps
were operated simultaneously at the same station.

At each station somewhere between 25 and 60 dune migration measurements
and, at' the higher discharges , 2 to 8 trap measurements were made (Figs. 6).
Using these measurements as a guide, a line was drawn such that fqsdx = Qs
as required by continuity. In Run 20 (Fig. 6A) the lower parts of these curves
are fairly weU defined by the dune migration measurements (see station 0.19M
for example). It is more difficult to draw areasonable line through the higher
points, but with the area under the line specified, the curve here is also fairly
closely controUed. The greatest uncertainty arises close to the walIon the high
transport-rate side of the channel, as it is difficult to determine how abruptly
the rate decreases to zero. Comparable uncertainty ar ises at some stations in
the bend (e. g. Station O.OM, Fig. 6A)where the low transport-rate side of the
curve is no longer low enough to be well defined by the dune migration measure
ments.

In the higher discharge runs, the lower part s of some curves are reasonably
defined by dune migration measurements (e.g. Sta-0.23M, Fig. 6B), but this
is by no means always true (viz. Sta-0.19M,Fig. 6C). Furthermore, it is
clear that the upper parts of these curves are inadequately controlled (e. g.
Sta O.OM, Fig. 6C). With a few trap measurements, however, areasonable
curve usually can be drawn (e. g. Sta O.OM, Fig. 6C).

The curves in Figs. 6B and 6C were drawn according to the foUowing rules:
al Dune migration rates were used to define the lower parts of the curves

in the absence of trap measurements.
bi The curve was initially drawn through the mean values of the trap measure

ments.
cl Where the curved base of the channel wall was exposed (see p. 9 above),

qs was assumed to be zero (e. g. near outside bank between stations +0. 05M
and +0.14M in both Figs. 6B and 6C).

dl The curves were assumed to be smooth and continuous, and to have only
one maximum unless there was compelling evidence to the contrary (e. g.
Sta O.OM, Figs. 6B and 6C).

el Where the sediment-discharge continuity condition f qsdx ::r.:: Qs' was not
satisfied, the mean transport rate from each trap measurement was multi
plied by a constant factor, thus increasing or decreasing the height of the
curves by a constant percentage of the mean (viz. Sta+0.27M, Fig. 6C).

fl FinaIly, extenuating factors were considered. For example on the right
side of Sta-Oe05M, Fig. 6B, it was felt that the trap measurement might
be high because sard appeared to be slumping down the slope of the point bar
into the tr ap mouth.
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In general curves for Run 50 (Fig. 6C) could be drawn close to the means of
the trap measurements without violating the sediment-discharge continuity
condition. This was oot true for Run 35 (viz. Sta O.OM, Fig. 6B), apparently
because this run was in the transitional flow regime. The transitional regime
is one in which the combination of discharge, mean depth, and bed-material
size imposed on the system does not lead to a unique stabie flow condition
(Vanoni and Brooks, 1957). Different flow conditions exist simultaneously in
different parts of the channel.

Discharge and bed-material size cannot vary with (longitudinal) position in the
flume but depth can. Consequently if a particular combination of these indepen
dent variables is unstable, a sand wave forms. Over the sand wave the depth is
lower than average for the flume, and the velocity and sediment discharge are
higher. Thus the sand wave migrates continuously through the system. In
straight flumes the bed is flat over thé sand wave and dune-covered elsewhere
(Brooks, 1958). Thus the sand wave is clearly defined, and its progress through
the flume can be followed visually. In a meandering channel, however, secondary
currents prevent development of the flat-bed regime. Consequently sand waves
are more difficult to identify; the existence of the present one was suggested by
the variability in sediment discharge rates obtained from trap measurements.
Subsequently its front was identified entering the upstream end of the test sec
tion (sta-0.23M). The average depth just downstream from the front(sta's
-0.19M and -0. 14M)was 11. 05 cm, while at the comparable positions one-half
wavelength downstream it was 9.45 cm. The wave may have been quite long.

Ideally one would like to consider only those measurements made on top of the
wave, or conversely. However no consistent interpretation of the data is possible
from this point of view because, although most trap measurements fall close to
curves in Fig. 6B, there are some that fall well above (stations -0.23M, O.OM,
and +0. lOM)and others weU below (Stations +0.23M and +0.27M). Thus the
curves shown in Fig. 6B. the shear-stress curves which follow, and the data
listed in Table 1 for Run 35. are averages obtained from measurements on two
flows with slightly different regimes. A flow regime with these characteristics
does not,in facto exist as a stabie regime in this flume.

3.5 MOVABLE-BEDSHEARSTRESS MEASUREMENTS

Bed shear stress is a very elusive quantity to measure. Most recent studies
have employed the Preston Tube (Ippen and Drinker, 1962; B. Yen, 1965; C.
Yen. 1970). but have failed to consider the fact that the von Kármán "constant".
K, may not be constant in the presence of appreciable suspended sediment
(Vanoni and Nomicos, 1959) or in curved channels (Rozovskii, 1957. p. 113-4
and 176-187). The von Kármán constant enters into the relationship between
the pressure difference measured by the Preston Tube, 6.P, and the shear
stress. T. as follows:

6.P C
~::; K2 (4)
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C depends on tube geometry , on boundary roughness, and, in hydraulically
smooth or transitional flow regimes, on boundary Reynolds number (Creager
et. al., 1969i Hwangand Laursen, 1963). The boundaryReynoldsnumber is
U*ks ~
-v- where U, is the shear velocity,v-is- ' ks is the equivalent sard grain
roughness, and v is the kinematic viscosity. Because Kis squared in equation
(4), variations in K are important to consider. Wewill return to this problem
in Section 5.

For the movablebed studies a 2 mm O.D. Preston Tubewas positioned over
a dune crest. The tube was viewedthrough a plastic dish set in contact with
the water surface, andwas lowered to the pointwhere further loweringwould
have produced scour of the dune. It was maintained in this position, about 2mm
above the crest, by movingthe instrument carriage with the advancingdune.
The pressure difference, IIP, was determined with the use of a water mano
meter inclined at 100• The reading on the manometer at IIPl:O was checked
frequently during the measurements.

In essence, the quantitymeasured was the velocity, Udc' just abovethe dune
crest. It was then assumed that the shear stress was proportional to this velo
city squared, as indeed it is if the logarithmic velocity law holds, the von
Kármán constant is constant, and all measurements are made the same
distance abovethe bed.

Between25 ard 75measurements were made at each station, and plotted as
shownin Figs.7. Lines were drawn through the points and initially adjusted to
makefTdx :0:: Const. Then relative shear stress values were read from the
curves at 10evenly spaeed points in each cross section. Sedimentdischarge
rates, qs' were obtained at the same points from the curves in Fig. 6. Shear
stress was then plotted against sediment transport rate, as shownin Fig. 8,
and a curve of the form

was fitted to the points by eye. 't'c is the critical shear stress for initiation
of motion. Finally the curves through the points in Figs.7 were readjusted to
satisfy the sediment-discharge continuitycondition, nowexpressed as

(5)

The curves shownin Figs. 7 satisfy this condition. Different values of the
constants a ard b were used for each run, but Tc was assumed to be constant
betweenruns. Replottingof the Tvs, qs curves using the new Tvalues indi
cated that no further adjustment of the values of a and b was necessary.

lnitially all calculations were carried out with the use of relative shear stress
values. Howeverin order to compare the equations relating qs and 't' for the
various runs, it was necessary to convert the Tscale to dynes/cm2 (Fig. 8).
This was done with the use of the relation

(6)
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where PEt /~ . The value of T is that given in Table 1, and ijde is the
velocity correspo~ling to the mean ~P. This mean ~p was determined from
the areas urder the curves in Fig. 7, not from the actual measurements. The
values of p for Runs 20, 35, ard 50were 0.0245, 0.0219, and 0.0239 g/cm.
The agreement is remarkable, considering the number of factors which contri
bute to p andwhichmight be expected to changebetweenruns, such as the
mean height of the Preston Tube above the dune ard the ratio of mean bed shear
stress to maximum shear stress over the dune crests.

3.6 BANKSHEARSTRESSMEASUREMENTS

Shear stresses on the vertical channel banks were measured with the use of
the 2 mm O.D. Preston Tubementioned above. The static tube was separated
from the total head tube andwas fixed about 5 cm from the wall and 2 to 4 cm
belowthe water surface. Measurements were made at depths of 1, 3, 5, 7...
cm on both banks at the stations shownin Fig. 1. DuringRun 20, additional
measurements were made on the concave bankmidwaybetweenthese stations
from sta -0.19M to sta +0.23M. Repeated measurements at the same station
and depth showedconsiderable variation due to migration of dunes on the bed,
particularly in regions of higher shear stress and at higher discharges. To
obtain reasonabie average values, therefore, up to 8 measurements were
made at each station and depth.

DuringRun 50the Preston Tubewas connected to the inclined manometer
mentioned above. In Runs 10and 35 the tube was connected to a differential
pressure transducer and ~p was recorded on a chart recorder. During Run 20
both methods were used. The chart record was calibrated at the beginningand
end of each day"swork, ard occasionally more frequently, by applyinga
differential pressure equivalent to 6 mm of water head in steps of 1mmo The
calibration remained constant within about 2%. Readings at zero differential
pressure were made frequently during the measurements.

3.7 ''HELIXSTRENGTH"MEASUREMENTS

The orientation of the velocity vector with respect to the channel centerline
was determined near the water surface ard near the bedwith the use of a
thread on the end of a needle. As before, a plastic dish set in contact with
the water surface was used to facilitate observation. Aprotractor graduated
in degrees was fixed on the dish. Measurements were recorded to the nearest
degree or half degree. Accuracy varied from '!:1°to '!:5°deperdtng on the
intensity of macroturbulence. The angular difference betweenthe orientation
of the thread at the water surface ard at the bed is considered to he a measure
of the "strength" of the helical flow.
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3.8 PREPARATION OF THE STABILIZED BED

For comparison with the movable-bed studies, shear-stress ard helix-strength
measurements were made in a 351/sec flow over a stabilized (cement)bed
withoutdunes. The topography of the stabilized bedwas determined from the
bed elevation measurements at the end of Run 35. Cross-channel geometries
at stations one half wavelengthapart were averaged, so consecutive bends were
mirror images of one another. The mean slope of the bedwas reduced to
O. 00075to accommodatethe reduction in friction factor due to elimination of
the dunes. Measurements subsequently indicated that the slope shouldhave been
about 0.00092to produce uniform flowwith the depth ard discharge used in Run
35. Dueto urrletected evaporation, the actual energy-gradeline slope during Run
35Swas 0.00101. The difference betweenthis slope ard the bed slope is equiva
lent to a decrease in depth of about 2 mm or 2% through the test reach.

3.9 SHEAR-STRESSMEASUREMENTSONTHESTABlLIZEDBED

Shear stress measurements on the stabUized bedwere made with the use of
the 2 mm O.D. Preston Tube mentionedearlier, and with a 6 mm O.D. tube.
All measurements were made with the use of the differential-pressure trans
ducer and chart-recorder system already described. Initially measurements
were made at ten evenly-spaced points in each cross section with the large
tube, and at 9 intermediate points in each cross section with the small tube
(Fig. 9).

For a given shear stress, the differential pressure recorded by the small
tube is less than that recorded by the large tube because the former lies closer
to the bed and hence "sees" a lower mean velocity• Thus ~ P measurements
made with the use of the small tube were multiplied by 1.4 and plotted with the
large-tube measurements (Fig. 9) before converting the ordinate to relative
shear stress, -rft'. The factor 1.4 was obtained by evaluating Hwangard
Laur-sens (1963)equation (20)for the two different tube sizes. From measured

. velocity profiles it was estimated that U; kswas between 7 and 20, so the con
stant D in the logarithmic velocity distribution equation,

(7)

was taken as 9.6, and appropriate changes in the constants in Hwangand
Laursen's equationwere made. In this equationU is the velocity at a height
y above the zero velocity datum, and other quantities are as defined previous
ly.

Measurements made with the different tubes generally agreed very well (Fig. 9).



-O.23M

-O.19M

'....
~

~ ...............-...............
•

-O.14M

...
>

'l-...

~I-~-

~ -O.lOM

~,
'"t-........_..,.....___

-O.OSM..

---~
°O~------------~soL-------------~l00cm

O.OM § " •

~

.... "
~ ~x.~ . -~0.

+O.OSM

_ _JA('-'--..._/~- .
+O.lOM

•

+O.14M

~..- .._..:J--" •

,,/

/
o 50 100

OISTANCE FROM INSIOE BANK. cm

50

+O.19M

.~.----'
/./0'

->:
".v·

../
d"

+O.31M
~,r""

.:
INTlAL MEASUREMENTS WITH 6mm O.O. PRESTON TUBE

" MEASUREMENTS WITH 2 mmO.O. PRESTON TUBE
o FINAL MEASUREMENTS WITH 6mm O.O. PRESTON TUBE AT STATION 0.0 M

w~

100

RELATIVE SHEAR STRESS ON STABILIZED BED,351/sec.

Fig. 9 Relative shear stress, -rit, on stabUized bed.



35

ReproducibUity was checked by periodically returning to points which had been
measured sometime previously, and in most cases also proved to be excellent.
Only at Station O.OMwas agreement particularly bad. To investigate thts, a
second set of 27 measurements was made at this station with the 6 mm tube.
These proved to be somewhat more consistent and reproducible (Fig. 9).
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4 RE8ULT8

Results of these various measurements are presented in Figs. 10through 14.
Bed elevation contours are shownin Fig. 10; in the lower twodiagrams on
Fig. lOB, the 0, +4, and -10 cm contours for each run are superimposed to
facilitate comparison. Anincrease in discharge and depth results in an in
crease in the height ard size of the point bar, an increase in depth of the
deep on the outside of the bend, ard perhaps a slight inward displacement of
the 0 cm (or mean bed elevation) contour.

Contourmaps in Fig. 11 showthat ''helix strength" increases markedly with
discharge. Furthermore, the helix was stronger, further from the outside
bank, and considerably broader in Run 358 (Fig. 11B)than in Run 35. This
is probably because secordary currents were not dampedas rapidly on the
dune-free stabilized bed.

8ediment-distribution and shear-stress maps are presented in Figs. 12and 13
respectively. These maps were prepared from the diagrams in Figs. 6, 7 and
9 by determining positions of the contours at each station and plotting these
positions on a map of the channeI. Wheredata from two cross sections one
half wavelengthapart indicated twopossible positions for a contour, both post
tions were plotted at both sections. Contourswere sketched through the points
and were smoothedto remove irregularities whichwere feIt to be products of
r-andomerror. Patterns were adjusted to satisfy the requirement of symmetry
at sections M/2 apart.

The reliability of the maps can be estimated from the deviations of the smooth
ed contours from the plotted contour positions. The estimated stardard error
in the maps for Run20 is ~1/4 of a contour interval, for Runs 35 ard 50, ±1/2
of a contour interval, and for Run 358, ±1contour interval. The lower relia
bility of the shear stress map for Run 358is due to two factors:
1/ The curves in Fig. 9were not adjusted to satisfy the sediment-discharge

continuitycondition, and
2/ It appeared that relatively small discrepancies betweenthe geometry of the

cement bed ard that of the average sand bed resulted in substantial changes
in shear stress. For example, the bed was probably about 1 cm too high at
Sta +0. lOMin Run 358; this is apparently the reason for the high shear
stresses measured here (Fig. 9).

With increasing discharge (or depth)the zone of high shear stress and high
sediment discharge terds to move toward the convexbank and crosses the
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Fig. 10 Bedtopographyat different discharges. Depressions near sta +0.27M
in Run 50 are due to high, long-wave-lengthdunes whichwere nat
completely eliminated during smoathing. 8light differences between
Runs 35 ard 358are due to smoothingard to fact that latter is based
on average cross-channel geometries at stations M/2 apart. Fig. lOA
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Fig. H Contours of "helix strength". Velocityvector at surface was outward
toward outer bank, whUethat at bed was inward toward point bar.
Measurements in Fig. HA by Brian B. Dahlin. Fig. HA
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Fig. 11B

channel further downstream. This shift is presumably due to the increase in
helix strength (Fig. 11). A simtlar inward shift of the zone of maximum shear
stress apparently occurs with increasing discharge in natural rivers (Matthes,
1941), and may be responsible for the formation of chutes ard chute cut offs
(Matthes, 1951)•

.At higher discharges secondary maxima in both 't'and qs appear near the con
cave bank at about Sta-0.05M. These maxima are also thought to be a conse
quence of the helical flow, whichbrings higher velocity water downfrom the
surface alongthe concave bank. Onishi et.al. (1972, p. 129)founda similar
doublemaximum in the suspended sediment discharge • In their experiment the
Froude number was 0.48' and W/d - 18. This suggests that the absence of such
a pattern in Run20was due to the relatively lowvelocity (Froude IIlJDber), not
to the highwidth-depth ratio.

The shear stress distribution measured on the stabilized bed (Run358) is bast
cally similar to that measured in Run 35 (Fig. 13). InRun 358the maxima are
closer to the convexbank, and the outer maximum is less prominent. The
former difference is á;tributed to the greater strength of secondary flow in Run
358 (Fig. 11). The latter may be due to improper molding af. the cement bed.
.At the end of Run 358, several kilograms af. aam were added at the inlet to
see where deposition wouldoccur. Longltudinalbars formed downstream from
the point bars in each berd, These bars diverged from the up-valley bank, and
at Sta O.OMODe coincidedwith the position of the outer maximum in -r . As
noted earlier, (p. 5), such deposition is likely to cause an increase in shear
stress. Thus had the cement bed been somewhathigher in this area, as appar
ently it shouldhave been, the shear stress probably wouldhave been higher also,



42

I

o lm

I CONTOURS OF qs/ q 5
Contour interval 0.5
with supplementary contour at 0.25

Fig. 12 Distributionof sedimentdischarge per unit width, qs' at various
discharges. StaIXiarderror approximately±1/4 contour interval at
201/sec ard ±1/2 contour interval at 35 and 50 l/sec.
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Fig. 13 Shear stress distribution at various discharges. Standard error
approximately ±1/4 contour interval in Run20, ±1/2 contour inter
val in Runs 35 ard 50, ard ±1contour interval in Run 35S.



44
~~----... .........

o lm

- - - 10 I/sec.
20

Fig. 14 Meanof bank shear stress measurements at depth of 1, 3, and 5 cm.

SHEAR STRESS DISTRIBUTION ON OUTSIDE BANK
Crelative units) CONTOUR INTERVAL 0.5

Fig. 15 Relative shear stress distribution on outside bankduring Run 358.

Maps showingthe distribution of bank shear stress are preseDted in Figs. 14
and 15. Duringthe movablebed experiments, the maximumbank shear stress
generally occurred within 5 cm of the water surface . Furthermore, shear stress
measurements at greater depths were rather erratic due to passage of dunes on
the bed. Therefore for these runs only the mean shear stress on the upper 5 cm
of the bank is preseDted (Fig. 14). DuringRun 358the maximumbank shear
stress occurred at a greater depth, presumably due to the absence of dunes on
the bed, andmeasurements were muchmore reprcx:lucible;the shear stress
distribution over the entire bank is thus shown(Fig. 15).

In general shear stress on the outside bank increases to a maximumat about
Sta +0.05M. It then declines slightly before rising to a secondmaximumnear
Sta +0.19M.This doublemaximumpattern occurred in all runs, and positions
of the maxima did not appear to vary systematically with discharge . The upstream
maximum occurs where high velocity water near the center of the channel upstream
from the bend impinges against the concave bankdownstream from the bend.
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5 RELIABILITY OF BED SHEAR STRESS MEASUREMENTS

The reliability of the bed shear stress maps (Fig. 13)is affected by both ran
dom and systematic errors. In the movablebed runs the random error in any
onemeasurement may be substantial. Howeverby makingmanymeasurements
at each cross section, by adjusting the curve through the measurements to
satisfy the sediment-discharge contirruitycondition, by superimposingmeasure
ments from stations M/2 apart, ard finally by smoothingthe contoeratoeliminate
local irregularities, the effect of these rardom errors on the final maps has been
minimized. In the stabilized bed run the main sourees of random error are prob
ably differences betweenthe stabilized bed geometry and the average or ideal
geometry for a discharge of 35 I/sec. As in the movable-bed runs, these errors
also have been minimized by superimposingmeasurements from stations M/2
apart ard by smoothingcontours to eliminate local irregularities.

Systematic errors are more difficult to identify and evaluate. Four possible
sourees of systematic error will be dtscussed. Firstly, in the movablebed
measurements the height of the Preston Tube abovedune crests may have
varied. The tube was lowered to the point where scour of the crest was immi
nent. It is reasonabie to suppose that the tube might have been systematically
lower in zones of low shear stress. This, then, wouldhave artificially accent
uated the change in shear stress across the channel at stations in the straighter
reaches (e. g. Stations +0.19Mthrough +0.31M, Figs. 7). If, for example, the
tube center was 1.5 mm abovethe crest near the inside bank ard 3 mm near the
outside bank, the relative shear stress, -rIT, wouldhave been underestimated
by 15to 20 percent near the inside bank and overestimated by about 10percent
near the outside bank.

A second souree of systematic error in the movablebed measurements is
change in dune geometrywith position in the channel. Because all measure
ments were made ondune crests, the shear stress estimated was the maxi
mumfor any givenposition. To the extent that the mean is a constant percent
age of the maximum, this wouldnot affect the maps. Howeverover the point
bar at Station O.OMthe bed was often nearly flat, ard the mean and maximum
may have been nearly equal, Suchan error wouldhave resulted in underesti
mating the shear stress on the inside of the bend and overestimating it on the
outside. Thus the zone of high shear stress at Sta O.OMmay actually lie some
what further downstream than shown. This could account for part of the differ
ence betweenthe maps for Runs 35 and 35S. The position of the secordary maxi
mum near the outside bank at Sta O.OMprobablywouldnot be affected, though
its magnitudewouldbe slightly.
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Athird souree of systematic error in the movable-bedmeasurements is the
decrease in the von Kármánconstant, K, with increasing sediment concentra
tion (Vanoniand Nomicos, 1959). Somerough calculations based on Fig. 11
of Vanoniand Nomicos"paper suggest that in the present experiments,1(t'
mig ht be overestimated by 5 to 10percent in regions of high shear stress
andunderestimated by a similar amount in regions of low shear stress. How
ever comparison of the shear-stress distribution on the stabilized bedwith
that on the movablebed at the same discharge suggests that if anythingthe
reverse is true. This argument is weakthough, because we cannot say
a pr i or i that the shear stress distribution shouldbe the same in stabilized
bed andmovable-bedruns at the same discharge.

The final souree of systematic error is variation in the vonKármán constant
due to factors other than the concentration of suspendedsediment. Rozovskii
(1957), for example, showedtheoretically that under certain conditions K
may increase substantially through a bend, UnfortunatelyK is not easy to
determine. Rewriting equation (7) in the form

Ue U*in,L +U D
K k *s

(7')

we see that ~ and U*Dcan be determined from a velocity profile measured
near the bed if y andks are accurately known. (y is often not knownprecisely
because the level at whichU= 0 is some small distance, a ks say, belowthe
tops of roughness elements onthe bed.) Then if D is knownfrom, for example,
graphsofDvs. boundaryReynoldsnumber, U, and Kcan be determined. Both
a and ks may vary slightlywith position on the bed, andDmay not be known
accurately (see, for example, Melandand Norrman, 1966).

Duringthe stabilized-bed experiments velocity profiles were measured at
Stations -0.025M, +0.lOM, and +0.27M. Measurementswere made 35 cmfrom
the concavebank. Eachprofile consisted of 10velocity measurements, 7 of
whichwere within 10mm of the bed. All three profiles obeyeda logarithmic
velocity destribution lawwithin 9mm of the bed. Withks = 0.3 mm, D = 9. 6~
and a = 0.5, Kwas 0.79, 0.50, and 0.56 and U*2 was 6.0, 8.2, and 6.7 cm
per sec2 at the three stations respectively. Increasing ks to 0.5 mm or de
creasing a to 0.3 resulted in an increase in Kof 0.02 at all three stations, so
Kis fortunately not too sensitive to the exact values of a and ks used, The
observed variations in Kbear no systematic relation to helix strength (Fig.
11B), orientation of the velocity vector at the bed, or longitudinalposition in
the channeI.

Withoutadditionalmeasurements of Kt further analysis of this effect is not
possible. Howevervariations in K in a longitudinaldirection will have a rela
tively smalI effect onthe contourpatterns in Fig. 13because contours have
been smoothed, and because, in the movablebed runs, the shear-stress
distribution at each section satisfies the sediment-discharge continuitycondi
tion. Cross-channel variations in Kwouldhave a more serious effect.
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In conclusion, systematic errors probablycontribute only slightly to the un
certainty inthe contour maps in Fig. 13. The bulk of the uncertainty arises
from random error. Until better measuring techniques are developedit will
be diff'ioultto reduce this error appreciably, and also difficult to evaluate
more precisely the contributionof various sourees of systematic error.
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6 COMPARISON OF SHEAR-STRESS AND SEDIMENT
DISCHARGE DISTRIBUTIONS

It was suggested above that bed geometry is adjusted to provide, at each point
on the bed, precisely the shear stress required to transport the sediment load
supplied. The shear-stress ani sediment-discharge maps (Figs. 12 ani 13)
support this hypothesis qualitatively. In an attempt to compare the measure
ments quantitatively, the quantity G = (qs b - qs al )/ewas calculated at 10o sec
points in each cross section. Contour maps of Gare shown in Fig. 16. qScalc=
= a(T' - "t' c)b where a, b, ani Tc were determined from Fig. 8. QSobs andT
were read from the curves in Figs. 6 ani 7~e is the uncertainty in
(qsobs - qScalc)' and is calculated by assuming a stardard error in measure
ment of 25%in Tani 33%in qSobs over most of the channel , This uncertainty
was increased to 100%at low values of"'t ani qSobs' These uncertainties are
high because small uncertainties in the lateral positions of the curves in Figs.
6 ani 7 may result in substantial errors in the estimated shear stress or sedi
ment discharge at a particular point. Because a, b, ani 1"cwere not deter
mined indeperdently, the analysis is somewhat circular and the discussion
which follows must be viewed accordingly.

If the standard errors in 't'and qs have been properly estimated, we expect
that IGI >1 over 1/3rd of the channel , That is, the actual error in Tand qs
should be less than the standard error approximately 2/3rds of the time.
Furthermore the areas where IGI>1 should be distributed more or less r an
domly over the charmel.

In Runs 20 ani 35 the areas of high IGI are distributed more or less r ardomly
over the charmel, but the total area enclosed by the IGI = 1 contours is sub
stantially less than a third of the bed area. Thus it would appear that the
standard error was overestimated by perhaps factor of two for these runs. In
Run 50, approximately a third of the bed area is enclosed by the 101 ,., 1 contours,
ani the areas are not rardomly distributed. Such systematically high values of
101 could reflect errors in T, in qs' or in the original hypothesis.

In the case of the large area of "expected deposition" in Run 50, qs was probably
overestimated. In Fig. 6C lines were generally drawn above the points represent
ing dune-migration measurements because these measurements clearly under
estimated qs in the areas of higher sediment discharge; it was assumed, perhaps
incorrectly, that this was also the case in areas of low sediment discharge . In
contrast, the long zone of "expected erosion" on the outside of the bend is realo
The cement bed of the flume was exposed frequently in this zone, so it represents
an area where the bed geometry was not adjusted to provide as much sediment as
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the flow could transport. This was primarily because the relatively strong
secondary currents raking diagonally downward on the channel bank moved the
sand away from the base of the bank. A similar area of "expected erosion"was
present in Run 35. This zone obviously exterd s up the bank to the water surface
as bank shear stresses are relatively high here (Fig. 14) and qs is negligible.

In natural streams a similar zone of potential erosion exists along the outside
bank downstream from the bende Matthes (1941) ard Parsons (1960), among
other s, have observed that this is where maximum bank erosion takes place ,
and it is this erosion that gives rise to an orderly down-valley migration of
meanders (Matthes , 1941; Friedkin, 1945, PI. 25). We thus conclude that al
though there appears to be a balance between l'and qs over most of the bed,
such a balance does not exist along the outside bank downstream from the top
of the bend. In nature, of course, the problem is complicated by the fact that
bank materials are generally more cohesive and resistant to erosion than bed
materials. Furthermore, it is not clear that an increase in qs will reduce the
potential for erosion, or cause deposition, on the banks, as it does on the bed.
On steep banks where material cannot be deposited, sediment in transport may
in fact increase erosion through abrasion.
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7 DISCUSSION

The results of this study suggest three modifications of current thinking on
meanders. Firstly, the importance of secondary currents in determining bed
geometry is often overstated. At higher velocities the helical flow appears to
be responsible for a secondary maximum in the shear stress distribution near
the outside bank upstream from the bend, and for an inward shift of the primary
maximum in the berd. Downstream from the bend, secondary currents are also
responsible for bringing sediment free water with high erosive potential to the
bed (Fig. 16) (see also Onishi et i al , 1972, p. 142). However contrary to the
conclusions of C. Yen (1970, p. 72) and Onishi et i al , (1972, p. 134) it is the
sediment distribution, not secondary currents, which are primarily responsible
for development of the point bar. Due to the momentum of the sediment and
flowingwater, and in spite of the secondary flow, most ofthe sedi
ment in transport crosses the channel centerline in the bend (Fig. 13). Down
stream from the bend this sediment is carried along the outside bank. The
diffusion coefficient is apparently too low for appreciable lateral spreading of
the sediment in the distance between bends. The sediment thus enters the next
bend along its convex bank.

To provide the shear stress necessary to move this sediment, there is a gradual
decrease in depth along the outside bank from the deep in one bend to the point
bar in the next. This decrease in depth results in a conttnuous acceleration of
the flow ard hence in shear stresses which are cónsistently above average (Fig.
13). Downstream from the point bar along the inside bank there is a zone in
which relatively little sediment movement occurs. Here depth increases down
stream, ard the consequent divergence of the flow results in shear stresses
which are below average .

The conclusion that secordary currents are not responsible for the existance
of the point bar is reinforced by Leopold ard Wolman"s (1960) observation that
no single parcel of water completely crosses the channel in the bende Thus we
cannot say that secondary currents scour sediment from the deep on the outside
of the bend and pile it up on the point bar on the inside. Friedkin (1945), in fact,
observed that most sediment scoured from the outside of a bend ended up on the
inside of the next bend downstream.

On the other ham anyone who has observed sediment movement in a laboratory
meaoder will have seen sediment moving diagonally upward on the outer slope
of the point bar. Thus while the existence of the point bar cannot be attributed
to the secondary currents, the detailed geometry of the bar is at least partIy
controlled by them. For example , the stronger the secondary currents, the
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Fig. 16 Comparison of observed sediment discharge and sediment discharge
calculated from shear stress distribution. "''here G >1deposition is
"expected", and conver sely .
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steeper is the transverse slope of the outer part of the point bar (compare
Figs. lOAand 11). The angle of repose of the bed material limits this effect
at higher discharges .

The second modification of current thought concerns a redefinition of ''the
meander problem" in terms of system equilibrium. Suppose a gentle sand
wave develops in the bed of an otherwise straight channel of uniform depth.
If the straight, uniform-depth geometry of the channel represented a condi
tion of stable equilibrium the sand wave would be eliminated and the channel
would remain straight. However Engelund and Skovgaard (1973)have shown,
by means of a stability analysis, that such an irregularity is likely to grow
larger to form a bar. Furthermore, their analysis indicates that growth of
one such bar on one side of a straight charmeI will promote growth of another
bar a short distance downstream on the opposite side of the charmeI, and so on.
This is in excellent agreement with the experimental observation of Ackers and
Charlton (1970), among others, that alternating bars develop more or less si
multaneously along the charmel, and that such bars precede meander formation.
As the bars increase in height, they deflect the flow against the opposite banks,
which eventually begin to erode to form berd s ,

Thus theoretical analysis, model studies, and the commonly-observed geo-
metry of natural streams all suggest that for a large variety of flow conditions
found in nature, straight channels represent, at best, a condition of unstable
equilibrium, such that a departure from this equilibrium conditton sets up forces
which cause the system to change still further away from the straight condition.
Eventually the system achieves a new geometry with a series of bends. The wave
length of these bends is about 10 times the channel width and 4 to 5 times the radius
of curvature (Leopold and Wolman, 1960).

This new geometry is dynamic because erosion continues along the down-valley
bank aOOdeposition on the up-valley bank. If the rate of erosion par all el t 0
the valley a x i s is equal at all points on the down-valley bank, the meanders
will migrate uniformly down valley without changing shape (Fig. 17). If, in addt
tion, small departures from this shape result in forces, presumably shear stress
es on the bank, which tend to reestablish it , the system is, by definition, in
stabIe equilibrium. Such departures should be expected to occur frequently and
more-or-Iess at random in nature due to local inhomogeneities in bank materials,
vegetation, aOOso forth (Langbein ard Leopold, 1966, p. 45; ::M.atthes,1941, p.
635; Friedkin, 1945, pp. 15-16). Thus natural meander trains should not he ex
pected to be perfectly symmetrical, but if a stabie equilibrium geometry exists,
they will constantly tem toward this ideal.

The "meander problem" can thus he rephrased as follows: Under a large variety
of flow conditdons fourd in nature, straight channels are apparently unstable. Is
the commonly-observed meander geometry a stabIe geometry, and if so why?

Some published observations bear on this problem. Firstly, measurements made
during the present study suggest that, as a first approximation, changes in dis
charge change only the magnitude, aOOnot the distribution of mean bank shear
stress (Fig. 14). This is consistent with Schumm"'s (1967)finding that a meander
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of a given geometry can carry a higher discharge if the banks are composed
of more cohesive materials.

Secondly, Onishi et. al. (1972)conductedmovable-bed experiments in a channel
with a wavelength width ratio of 13, and in a channelwith the same wavelength
but only half as wide. Thus in the latter the wavelength/widthratio was double
or triple that commonlyfoundin nature. They fourd that the velocity distribu
tion across the channelwas muchmore uniform in the narrower channel. Thus
shear stresses on the up-valley bankwouIdbe higher in the narrower channel.
This is consistent with Bagnold's (1960)observation that the ratio R/W appar
ently determines when separation will occur along the convexbankdownstream
from a berd. R is the radius of curvature cf the centerline of the berd , Separa
tion generally-occurs whenR/W is between2 ard 3. This is true both in open
channels ard in pipes, and thus reflects some fundamentalproperty of flow in
a bend. In the present channel R/Wwas about 2.4, ard separation occurred or
was incipient in all runs. As a resuIt, shear stresses were very low on the up
valley bank (Fig. 14).

By combiningresuIts of the present studywith the observations of Bagnold (1960),
Schumm(1967), ard Onishi et.al. (1972),we can offer a partial explanation for
the apparent stability of the eommonly observed meaoder geometry. Weconsider
~, ~, ard sediment characteristics to be trdeperdent variables, ard assume the
river slope is adjusted to carry ~ with the available Q. Wefurther assume that
width is determined by Q and by the cohesiveness of the bank materials (Schumm,
1960)~Thus once the river starts to mearrler, we need not be concerned by
possible changes in}Y. Finally we will discuss only the bank labeled A-A'-A"in
Figure 17, and assume that the width remains constant through appropriate adjust
ments of the other bank.

For uniform down-valleymigration of a meander, bank erosion must be zero at
points A, A ~ard A" (Fig. 17). Furthermore the amount of erosion at any point
betweenA and A' must equal the amount of deposition at the corresponding point
betweenA ' and A". Weassume that erosion is occurring continuouslyand that it
is necessary only to balance this erosion with an equal amount of deposition be
tween A' ard A". It is reasonabIe to assume that deposition will occur whenR/W
has a value close to that at which separation occurs. If R is too large, Onishi
et. al. (1972)experiments suggest thatTwtll be too high{or deposition between
A' and A" so the bankA-A' will movedownvalley faster than bank A' -A", thus
decreastng R and R/W until separation is imminent or actually occurs. Converse
ly, if!! is too small, a wide zone of separated flowwill occur and deposition on
bank A' -A" will exceed erosion on bank A-A' , thus imreasing!! and R/W.

WithR andWthus specified, we need to knowthe angle LV ard the length, S, of the
straight reach1) (Fig. 17)to completely determine meander geometry. lt is intui-

1) It will be noted that four variables are required here, whereas in the sine-gene
rated geometry (eqn 1) there are only three (}Y, LV, ard M). The sine-generated geo
metry is thus more restrictive. Empirically it provides a goodapproximation to the
geometry of natural meanders because S~ in nature.
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tively reasonable to expect that varying wand S will vary the distribution of
shear stress on the down-vallev bank ard hence the pattern of erosion there.
We may thus ask whether some particular combination of wand S will lead to
the pattern of erosion sketched in Figure 17, and why , Measurements of bank
shear stress on movable-bed fixed-bank channels with a variety of geometries
would probably answer the first part of this question. The pattern of bank shear
stress is probably controlled by secoIXlary currents ard bed geometry. Thus to
answer the secord part of the question these should be determined also.

There remains, of course, the possibility that there is no combination ofwand
S which will result in uniform down-valley migration of meanders. For example,
the pattern of bank eros ion might be such that w and S increase continually until
a cutoff occurs and the channel returns, at least locally, to a straight geometry.
Such acyclic pattern is not, however, consistent with the laboratory observa
tions of Friedkin (1945) and Ackers and Charlton (1970). These observations
suggest that a stabie geometry, in which meander-s migrate continuously down
valley, is indeed attained. Nor is a cyclic change in geometry consistent wtth
the seemingly weIl-defined correlation between wavelength ard width in natural
meaIXlers. Caution should be exercised here, however, because wand S could
vary with time in such a way that À/Wremained nearly constant over a sub
stantial percentage of the time required for the cycle.

The third modification of current thought concerns the argument that meander
ing is the "most probable" geometry for a river (Langbein ard Leopold, 1966;
Yang, 1971). The analogy with statistical thermodynamics which is used in this
argument is incomplete because the random variabie has not been identified. In
statistical thermodynamics one rarrlom variabie is the movement of a molecule.
Because there are such a vast number of molecules of air in a room, for examp
Ie, we cannot knowwhere every molecule is as a function of time. However be
cause there are so many molecules, and because they inter act so frequmtly, we
can represent certain gross characteristics of the system by means of the ideal
gas law. On the other hand, if the walls of our room were composed of a patch
work of materials . all of which were very flexible and elastic , we could not
determine the shape of the room unless we knew the elastic constants of each
of the materials and the location of that material in the wall. Furthermore if
we heated one part of the room and cooled another part, the shape of the room
would depend not only on the behavior of the air as described by the ideal gas
law, but also on the rate at which energy was put into the system by the heater
ard removed by the cooler, and on the relative positions of the heater ard cool
er in the room. Similarly, certain characteristics of the behavior of water in
an open channel can be described statistically. An excellent example is the
suspended load distribution equation (Vanoni and others, 1963)which is based
on the interaction between a large number of turbulent eddies and a large num
ber of grains of sediment in suspension. However the distribution of turbulence
ard velocity in the flow, and the distribution of shear-stress on the banks are
not random. Perturbations of the bed may weIl be stochastic, but the growth of
some perturbations to form alternate bars is not (Engelund and Skovgaard, 1973);
if it were, the bars would not have a weU defined spacing along the channel .
As suggested above that the irregularity of meander trains may be treated
stochastically, as it could result from random variations in the erodibility of
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Fig. 17 Requirements for uniform down-valleymigration of meander bends,

Floodplainmaterials encounteredby the down-valleymigrating bends. How
ever to try to explain the shape of the average bend, or even the tendency to
ward benddevelopment, by application of the laws of statistical thermodyna
mics wouldappear to be as fruitless as trying to determine the shape of our
elastic room by applyingonlythe ideal gas law. Until the random variabIe is
properly identified anddiscussed, such attempts, althoughphilosophically
intriguing, must be viewedwith considerable skepticisme
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