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1 ABSTRACT

A one-meter wide, meandering flume with movable sand bed was utilized
in these experiments. Uniform flow was established at discharges of 20, 35,
and 50 1/sec. Velocities near the bed, the distribution of sediment in
transport, bed geometry, and strength of secondary flow were 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 1/sec flow over a dune-free stabilized
bed. The stabilized bed was molded to the geometry produced by the same
flow over sand.

The zone of maximum bed shear stress, T, and maximum sediment
discharge, qg, 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-valley bank to the next point bar downstream.
With increasing discharge, secondary currents increase in strength.
Consequently the zone of maximum T and qg remains closer to the inside
bank across the point bar, and crosses the channel centerline somewhat lower
in the bend. Secondary currents were also stronger in the 35 1/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 stable. To understand why this meander
geometry is stable, we consider how displacements from the stable geometry
set up forces tending to restore that geometry. From work done to date, it is
hypothesized that channel width, 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 when R/W 22,5, Measurements of bank shear
stress in movable-bed channels with different meander geometries are needed
next.
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2 INTRODUCTION

Leopold and Wolman (1960, p. 788) concluded a review paper on river meanders
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 bars 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. Yen’s
(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 undertaken with a somewhat different view in mind. I

is well 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 bend are not sufficient to transport all of the 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 indicated by C. Yen’s 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. Simultaneously the sediment load supplied to this
area of the bed may decrease if some of the sediment is deflected outward by
the growing point bar. Eventually a balance or equilibrium is reached in which
the shear stress over the point bar can move the sediment load supplied.

On the outside of the bend, conversely, shear stresses are initially low but
little or no sediment is moved to 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 bend becomes deeper, the shear stress decreases (C.Yen,
1970) and the lateral slope off the point bar increases, thus increasing the sedi-
ment supply to this area of the bed. In due course, equilibrium is reached.

This model is similar to Mackin’s (1948) model of a graded river. Paraphrased,
Mackin said that a river at grade (equilibrium) was one which, over a period of
years, was delicately adjusted to carry the sediment load supplied with the
available discharge. Mackin emphasized adjustment of slope; if the river can-
not carry the sediment load supplied, deposition will occur, thus increasing slope
(and hence 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 deposition will 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 which the amount of sediment brought into an area equals
that which can 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 stable, in that any small departure from it will set up
forces tending to restore it. Through application of these principles, the rela-
tionship between process and land form may often be clarified. Mackin applied
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, meandering flume (Fig. 1). Bed
topography and the "strength' of secondary currents, or "helix strength",
were determined at these discharges, and 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),

2 Tm
M (1)

% = wSin

because empirically this curve closely resembles the geometry of natural
meanders, and 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, ¢ 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, w is the angle
which the centerline makes with the valley axis at the origin (Fig. 1), and M

is the length of the channel centerline over one meander wavelength, The geo-
metry of the channel centerline, including the wavelength, A , is thus complete-
ly specified by M and w .

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

A= a WP @)

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

Mean bed Mean bed Total
Discharge, | Mean depth, | hydraulic M‘;“l Froude :J;e::e:lope ‘tcz::lction Width/depth | Shear stres | sediment
Bien Q, 1/sec d, cm radius | '° <;c 5| number ade lig!‘:e 8 gr.8/ ratio T =pery,S | dischar
rp, cm | M/8€C g By dynes/cm? | Qg, 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 1 it
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 11 8 0
50 50.5 12.8 12.2 39.4 0.35 | 0.00223 0.14 8 27 20.1

_ —— —

It was found that a channel withw = 550, M=13.2 m, and W= 1, 0 m would fit
conveniently in the space available. With these values of M and w, A = 10.33 m.
For comparison, the Yens” (1965, 1970) channel was designed with w = 459,

A =30.2 m, and W =2,34 m; Ippen and Drinker“s (1962) flume had a single
bend with w = 30°; and the mean of 45 values of w measured from Friedkin’s
(1945) maps of channels developed in non-cohesive sands was 57°.

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, W/d, with-
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 and 10 and between 20 and 50 were
most common. To facilitate measurement in the laboratory channel, relatively
large depths were desireable, so width-depth ratios between 8 and 20 were used
(Table 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 (Table 1).

The channel was constructed of cement blocks and 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 geometric 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 sand, 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, AND SLOPE MEASURE MENTS

Discharge was controlled by varying pump speed and was measured with the use
of a "top contraction meter'" in the 15~cm diameter return line (Fig. 1). The
meter was calibratedl) by discharging water through it into a basin above a V-
notch weir which had been calibrated previously. Water flowed over the weir
into the flume inlet, thus completing the closed system. All sand was removed

from the flume during calibration,

In the test reach (middle bend of Fig. 1), water-surface and bed elevation mea-
surements were made with the use of a point gage mounted on 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
which moved on a rail crossing the channel.

Initially (Run 20)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 above 25 1/sec. At lower discharges a slightly lower coefficient should
be used. A value of 0.91 is appropriate at 17 1/sec. The final calibration equa-
tion was Q = 6.654 \/there h is in cm of water head and Q is in 1/sec.

£) 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, static tubes were placed
in identical locations in each of the three bends. These tubes were connected
to pots mounted next to the rail at Station 0.0M (Fig. 1), and water elevations
in the pots were read with the use of a point gage which rode on the rail. A
pressure transducer was placed between the pots connected to static tubes in
the two control sections, and the head difference between these two pots was
recorded continuously during all runs except Run 20. Random variations in
water surface elevation in the pots could thus be recognized, and the mean
water surface slope estimated.

Slope increased with time due to loss of water 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 commonly lasted 15 to 20 days, it was important to deter-
mine such losses and correct for them daily. This could be done best by stopping
the flow and measuring the elevation of the quiet water surface. However stopping
and restarting the flow caused 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 d1scha.rges the amount of water
to be added was estimated from the relation (d;/d ) = 8;¢/8; where S and d are
slope and depth respectively, and the subscrlpts i and f refer to the situation
before water was added and after respectively. Sf =0.002.

At the end of a run, water surface elevations were measured at three points at
each of the 14 stations and two control sections (Fig. 1). The flow was then
stopped and local bed forms were smoothed before 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 dune wavelengths in diameter. Mean wai;er depths at each section were cal-
culated, as was the total head, H = hW + V2 /2g, where hws is the mean eleva-
tion of the water surface above some arbltrary 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 a reasonable
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. Ippen and Drinker, 1962; 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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times that for other runs to facilitate comparison with Run 35.

3.3 EQUILIBRIUM

Equilibrium was assumed to exist when: (1) the mean water-surface slope bet-
ween the two control sections remained close to 0.002 for a number of hours;

(2) the difference between the mean water-surface slope in the upstream half

of the flume (between the upstream control section and station 0.0M (Fig. 1))

and that in the downstream half was less than about 10% of the mean; and,

(3) gross bed geometry did not change through time. In Run 20 the flow was

run for approximately 150 hours before beginning measurements. In subsequent
runs the initial running time was only about 50 hours. This was thought to be
sufficient because slope was not changed between runs, 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 movement of bed forms.
Furthermore, in a meandering flume, depth is a function of position, m, in the
bend, so only measurements which are 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, A d, was calculated as follows:

- 1
Ad =& 2.4, - dpm+m/2)

where d - is the mean depth a distance m from the upstream control section,
and d +M/2 Was the mean depth one half wavelength further downstream. The
resultI:Is‘ are given in Table 2. Minus values indicate that depths tended to increase
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downstream (dIn +M/2 > d,,) and conversely. In the high discharge movable bed
runs Ad is large enough to raise some question about the uniformity of the flow.

However the number of observations, n, is small and during these two runs sand
waves, with amplitudes of 6 to 10 cm and wavelengths of up to a meter moved

along the dowqjalley banks in the straight reaches. Thus substantial transient
variations in Ad are likely.

3.4 SEDIMENT DISCHARGE MEASURE MENTS

During Run 10, the total sediment discharge, Q g» was determined by placing
a trough across the outlet of the flume. This trough caught virtually all sedi-
ment in motion. Sediment was removed from the trough by siphoning and was
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, and Qg was measured at the point where

the return pipe discharged vertically upward into the inlet. A 5 mm diameter
sampling tube was used, and 25 one-liter samples were taken from an array

of sampling points. Each sampling point subtended an area of 7.06 cm? in the
pipe mouth. Velocity in the sampling tube was adjusted to equal velocity in the
pipe at the appropriate distance from the pipe wall. Two complete sets of v,
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,
qg, was calculated by assuming a grain density of 2.7 g/cm3 and 35% void space.

A primary objective of this study was to determine the planimetric distribution

of q4 (Fig. 12). Two methods of measuring qg were used. The first involved
measurement of migration rates of ripples and dunes (Simons et.al., 1965). A
circular, flat-bottomed, clear plastic dish, 10 cm 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 dish. A dune was 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 and 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, 8,

Table 2 Flow uniformity.

Run 10 20 35 358 50
Ad, cm -0.03|-0.06 | +0.8 | +0.03 | -1.1
100 Ad/= -0.6 | -0.8 +8.4 | +0.3 -8.6
d, %
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Fig. 4 Mean sediment discharge per unit width, qg. Error bars show range
of measured rates (see text).

of the horizontal projection of the dune slip face parallel to the channel
centerline was measured with the lower scale at both the beginning and the
end of the timing period. The angle, 6, that the dune crest made with a per-
pendicular to the channel centerline was also measured with a protractor scale
on the upper plate. qg was then calculated from:

8o - &
2
g = % t 2 Tan a Cos®°0 3)

where a is the angle of repose of the dune slip face, here taken to be 38°, and
D is the distance moved in time t. To D is added one-half the change in length
of the dune slip face, (5, - §, )/2, where the subscripts 1 and 2 refer to the
initial and final measurements of & respectively. The distance moved, D, and
mean length of slip face, —5-1—-2& are miltiplied by Cos @ to obtain the sedi-
ment discharge perpendicular to the dune crest. The result is multiplied by
Cos 0 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
(Simons et.al., 1965).

Dune migration rates were not noticeably affected by having the plastic dish in
contact with the water surface. Even at shallow depths, any error due to the
presence of the dish appeared to be small compared with normal stochastic
variations in transport rate.

At discharges of 35 and 50 1/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. Much of this material was not actually in suspension;



21

BRASS ROD CLAMPED

ABOVE WATER SURFACE 2.4
REMOVABLE

30¢m

0.3mm MESH
SCREENING OF
VARIABLE HEIGHT

10cm—

FLOW .
S ADDITIONAL ~ 3mm HOLES
Q© IN BOTH SIDES OF BOTH TUBES
o

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

rather it was swept laterally off the slip face and carried away by water pass-
ing around the sides of the dunes. Thus dune-migration measurements system-
atically underestimated qg, and a sediment trap had to be used.

The trap, shown in Fig. 5, was pressed down into the bed so that the upstream
bottom edge was always buried. Dunes migrated into the trap as shown, and
material slumping down the slip face was removed by the siphons. With proper
alignment, 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 when working in relatively shallow areas, but in general was not
really necessary. Similarly the 3 mm diameter holes near the downstream ends
of the siphons were probably unnecessary, as sand rarely got this far back in the
traps. Between 90 and 100 percent of the sand was removed by the lower siphon.

Visually it appeared that a small amount of suspended sediment might be passing
through the trap over the screening. Therefore a third siphon with a rectangular
opening 2 mm wide and 20 mm high was inserted immediately above the screen
during a few tests. It was found that more than 97% of the material was being
caught by the two primary siphons. Therefore use of this suspended load sampler
was discontimed.

The discharge from the lower siphon was fed into a ¥«liter graduate in which

most of the sand was trapped. Water overflowed from the graduate into a bucket
and then into a tank, whence it was pumped back into the flume. Sand which did

not settle out in the graduate was trapped in the bucket. When a 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 shown by horizontal lines on the vertical bars representing
trap measurements in Figures 6B and 6C. Flow from the upper siphon was simply
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fed into the bucket. At the end of a test, sand in the bucket was added to that
collected 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 period, so fewer short-term sediment-discharge
rates were obtained. These are referred to as bucket samples.

Initially a sampling time of 45 to 60 minutes was used for each trap measure-
ment, However transport rates proved to be remarkably variable (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 qudx =Qg
as required by continuity. In Run 20 (Fig. 6A) the lower parts of these curves
are fairly well defined by the dune migration measurements (see station0.19M
for example). It is more difficult to draw a reasonable line through the higher
points, but with the area under the line specified, the curve here is also fairly
closely controlled. The greatest uncertainty arises close to the wall on the high
transport-rate side of the channel , as it is difficult to determine how abruptly
the rate decreases to zero, Comparable uncertainty arises at some stations in
the bend (e.g. Station 0.0M, 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 parts 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 0.0M, Fig. 6C). With a few trap measurements, however, a reasonable
curve usually can be drawn (e.g. Sta 0.0M, Fig. 6C).

The curves in Figs. 6B and 6C were drawn according to the following rules:

a/ Dune migration rates were used to define the lower parts of the curves
in the absence of trap measurements.

b/ The curve was initially drawn through the mean values of the trap measure-
ments,

¢/ Where the curved base of the channel wall was exposed (see p. 9 above),
qg was assumed to be zero (e.g. near outside bank between stations +0,05M
and +0.14M in both Figs. 6B and 6C).

d/ 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 0.0M, Figs. 6B and 6C).

e/ Where the sediment-discharge continuity condition f qgdy = Qg, 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).

f/ TFinally, extenuating factors were considered. For example on the right
side of Sta-0,05M, Fig. 6B, it was felt that the trap measurement might
be high because sand appeared to be slumping down the slope of the point bar
into the trap 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 not true for Run 35 (viz. Sta 0.0M, 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 stable 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 the 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, 0.0M,
and +0.10M) and others well 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 fact, exist as a stable regime in this flume.

3.5 MOVABLE-BED SHEAR STRESS MEASURE MENTS

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 Kdrmé4n '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 Kdrmén constant enters into the relationship between
the pressure difference measured by the Preston Tube, AP, and the shear
stress, T, as follows:

AP C
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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., 1969; Hwang and Laursen, 1963). The boundary Reynolds number is
U ks Ny

v where U, is the shear velocity, P kS is the equivalent sand grain
roughness, and v is the kinematic viscosity. Because K is squared in equation
(4), variations in K are important to consider. We will return to this problem
in Section 5,

For the movable bed studies a 2 mm O,D. Preston Tube was positioned over

a dune crest. The tube was viewed through a plastic dish set in contact with

the water surface, and was lowered to the point where further lowering would
have produced scour of the dune. It was maintained in this position, about 2 mm
above the crest, by moving the instrument carriage with the advancing dune.
The pressure difference, A P, was determined with the use of a water mano-
meter inclined at 10°. The reading on the manometer at AP = 0 was checked
frequently during the measurements,

In essence, the quantity measured was the velocity, Uge» just above the 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
Kirmén constant is constant, and all measurements are made the same
distance above the bed.

Between 25 and 75 measurements were made at each station, and plotted as
shown in Figs.7. Lines were drawn through the points and initially adjusted to
make f Tdy = Const. Then relative shear stress values were read from the
curves at 10 evenly spaced points in each cross section. Sediment discharge
rates, qg, were obtained at the same points from the curves in Fig. 6. Shear
stress was then plotted against sediment transport rate, as shown in Fig. 8,
and a curve of the form

qg=4a (T—Tc)b

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 continuity condition, now expressed as

fa<T-Tc>b dx = Qg (5)

The curves shown in Figs. 7 satisfy this condition, Different values of the
constants a and b were used for each run, but T, was assumed to be constant
between runs. Replotting of the Tvs. qg curves using the new T'values indi-
cated that no further adjustment of the values of a and b was necessary.

Initially all calculations were carried out with the use of relative shear stress
values. However in order to compare the equations relating qg and T for the
various runs, it was necessary to convert the T scale to dynes/cm2 (Fig. 8).
This was done with the use of the relation

T=p U3, (6)
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where B = T/Uzc The value of T is that given in Table 1, and T o is the
velocity corresponding to the mean AP. This mean AP was determined from
the areas under the curves in Fig. 7, not from the actual measurements. The
values of B for Runs 20, 35, and 50 were 0.0245, 0.0219, and 0.0239 g/cm.
The agreement is remarkable, considering the number of factors which contri-
bute to B and which might be expected to change between runs, such as the
mean height of the Preston Tube above the dune and the ratio of mean bed shear
stress to maximum shear stress over the dune crests.

3.6 BANK SHEAR STRESS MEASUREMENTS

Shear stresses on the vertical channel banks were measured with the use of
the 2 mm O.D. Preston Tube mentioned above. The static tube was separated
from the total head tube and was fixed about 5 cm from the wall and 2 to 4 cm
below the water surface. Measurements were made at depths of 1, 3, 5, 7...
cm on both banks at the stations shown in Fig. 1. During Run 20, additional
measurements were made on the concave bank midway between these stations
from Sta -0.19M to Sta +0.23M. Repeated measurements at the same station
and depth showed considerable variation due to migration of dunes on the bed,
particularly in regions of higher shear stress and at higher discharges. To
obtain reasonable average values, therefore, up to 8 measurements were
made at each station and depth.

During Run 50 the Preston Tube was connected to the inclined manometer
mentioned above. In Runs 10 and 35 the tube was connected to a differential
pressure transducer and AP was recorded on a chart recorder. During Run 20
both methods were used. The chart record was calibrated at the beginning and
end of each day’s work, and occasionally more frequently, by applying a
differential pressure equivalent to 6 mm of water head in steps of 1 mm. The
calibration remained constant within about 2%. Readings at zero differential
pressure were made frequently during the measurements.

3.7 "HELIX STRENGTH'" MEASURE MENTS

The orientation of the velocity vector with respect to the channel centerline
was determined near the water surface and near the bed with 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. A protractor graduated
in degrees was fixed on the dish. Measurements were recorded to the nearest
degree or half degree. Accuracy varied from ¥1° to *5° depending on the
intensity of macroturbulence. The angular difference between the orientation
of the thread at the water surface and at the bed is considered to be 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 and helix-strength
measurements were made in a 35 1/sec flow over a stabilized (cement) bed
without dunes. The topography of the stabilized bed was determined from the
bed elevation measurements at the end of Run 35. Cross-channel geometries

at stations one half wavelength apart were averaged, so consecutive bends were
mirror images of one another. The mean slope of the bed was reduced to
0.00075 to accommodate the reduction in friction factor due to elimination of
the dunes. Measurements subsequently indicated that the slope should have been
about 0.00092 to produce uniform flow with the depth and discharge used in Run
35. Due to undetected evaporation, the actual energy-gradeline slope during Run
35S was 0.00101. The difference between this slope and the bed slope is equiva-
lent to a decrease in depth of about 2 mm or 2% through the test reach.

3.9 SHEAR-STRESS MEASUREMENTS ON THE STABILIZED BED

Shear stress measurements on the stabilized bed were made with the use of
the 2 mm O.D. Preston Tube mentioned earlier, 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 AP 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, T/ . The factor 1.4 was obtained by evaluating Hwang and
Laursen’s (1963) equation (20) for the two different tube sizes. From measured
- velocity profiles it was estimated that H!vﬁ&was between 7 and 20, so the con-
stant D in the logarithmic velocity distribution equation,

vu_140Y
0 Kl«ks+D )

was taken as 9,6, and appropriate changes in the constants in Hwang and
Laursen’s equation were made. In this equation U 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).
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Reproducibility 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 0.0M was agreement particularly bad. To investigate this, 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 RESULTS

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

Contour maps in Fig. 11 show that 'helix strength' increases markedly with
discharge. Furthermore, the helix was stronger, further from the outside
bank, and considerably broader in Run 35S (Fig. 11B) than in Run 35. This
is probably because secondary currents were not damped as rapidly on the
dune-free stabilized bed.

Sediment-distribution and shear-stress maps are presented in Figs. 12 and 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 channel. Where data from two cross sections one-
half wavelength apart indicated two possible positions for a contour, both posi-
tions were plotted at both sections. Contours were sketched through the points
and were smoothed to remove irregularities which were felt to be products of
random error. 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 standard error

in the maps for Run 20 is - 1/4 of a contour interval, for Runs 35 and 50, —1/2

of a contour interval, and for Run 35S, 1 contour 1nterval The lower relia-

bility of the shear stress map for Run 35S is due to two factors:

1/ The curves in Fig. 9 were not adjusted to satisfy the sediment-discharge
continuity condition, and

2/ It appeared that relatively small discrepancies between the geometry of the
cement bed and 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 +0,10M in 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 tends to move toward the convex bank and crosses the
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channel further downstream. This shift is presumably due to the increase in
helix strength (Fig. 11). A similar 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 and chute cut offs
(Matthes, 1951).

At higher discharges secondary maxima in both T and qg 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, which brings higher velocity water down from the
surface along the concave bank. Onishi et.al. (1972, p. 129) found a similar
double maximum in the suspended sediment discharge. In their experiment the
Froude mumber was 0.48 and W/d = 18, This suggests that the absence of such
a pattern in Run 20 was due to the relatively low velocity (Froude mumber), not
to the high width-depth ratio.

The shear stress distribution measured on the stabilized bed (Run 358) is basi-
cally similar to that measured in Run 35 (Fig. 13). In Run 358 the maxima are
closer to the convex bank, and the outer maximum is less prominent, The
former difference is attributed to the greater strength of secondary flow in Run
35S (Fig. 11). The latter may be due to improper molding of the cement bed.
At the end of Run 358, several kilograms of sand were added at the inlet to

see where deposition would occur. Longitudinal bars formed downstream from
the point bars in each bend. These bars diverged from the up-valley bank, and
at Sta 0.0M one coincided with the position of the outer maximum in ‘T . As
noted earlier, (p. 5), such deposition is likely to cause an increase in shear
stress. Thus had the cement bed been somewhat higher in this area, as appar-
ently it should have been, the shear stress probably would have been higher also.
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Contour interval 0.5
with supplementary contourat 0.25

Fig. 12 Distribution of sediment discharge per unit width, qg, at various
discharges. Standard error approximately ¥1/4 contour interval at
20 1/sec and ¥1/2 contour interval at 35 and 50 1/sec.
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Fig. 13 Shear stress distribution at various discharges. Standard error
approximately ¥1/4 contour interval in Run 20, 1/2 contour inter-
val in Runs 35 and 50, and *1 contour interval in Run 35S.
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Fig. 15 Relative shear stress distribution on outside bank during Run 35S.

Maps showing the distribution of bank shear stress are presented in Figs. 14
and 15. During the movable bed experiments, the maximum bank 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 presented (Fig. 14), During Run 35S the maximum bank shear
stress occurred at a greater depth, presumably due to the absence of dunes on
the bed, and measurements were much more reproducible; the shear stress
distribution over the entire bank is thus shown (Fig. 15).

In general shear stress on the outside bank increases to a maximum at about

Sta +0.05M. It then declines slightly before rising to a second maximum near

Sta +0,19M. This double maximum pattern 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 bank downstream 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 movable bed runs the random error in any
one measurement may be substantial, However by making many measurements
at each cross section, by adjusting the curve through the measurements to
satisfy the sediment-discharge continuity condition, by superimposing measure-
ments from stations M/2 apart, and finally by smoothing the contoursto eliminate
local irregularities, the effect of these random errors on the final maps has been
minimized. In the stabilized bed run the main sources of random error are prob-
ably differences between the stabilized bed geometry and the average or ideal
geometry for a discharge of 35 1/sec. As in the movable-bed runs, these errors
also have been minimized by superimposing measurements from stations M/2
apart and by smoothing contours to eliminate local irregularities.

Systematic errors are more difficult to identify and evaluate. Four possible
sources of systematic error will be discussed. Firstly, in the movable bed
measurements the height of the Preston Tube above dune crests may have
varied, The tube was lowered to the point where scour of the crest was immi-
nent. It is reasonable to suppose that the tube might have been systematically
lower in zones of low shear stress. This, then, would have artificially accent-
uated the change in shear stress across the channel at stations in the straighter
reaches (e.g. Stations +0.19M through +0.31M, Figs. 7). If, for example, the
tube center was 1,5 mm above the crest near the inside bank and 3 mm near the
outside bank, the relative shear stress, ‘L'/"f , would have been underestimated
by 15 to 20 percent near the inside bank and overestimated by about 10 percent
near the outside bank,

A second source of systematic error in the movable bed measurements is
change in dune geometry with position in the channel. Because all measure-
ments were made on dune crests, the shear stress estimated was the maxi-
mum for any given position. To the extent that the mean is a constant percent-
age of the maximum, this would not affect the maps. However over the point
bar at Station 0.0M the bed was often nearly flat, and the mean and maximum
may have been nearly equal. Such an error would have 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 0.0M may actually lie some-
what further downstream than shown. This could account for part of the differ-
ence between the maps for Runs 35 and 35S. The position of the secondary maxi-
mum near the outside bank at Sta 0.0M probably would not be affected, though
its magnitude would be slightly.
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A third source of systematic error in the movable-bed measurements is the
decrease in the von Kirmén constant, K, with increasing sediment concentra-
tion (Vanoni and Nomicos, 1959). Some rough calculations based on Fig, 11
of Vanoni and Nomicos” paper suggest that in the present experiments,
might be overestimated by 5 to 10 percent in regions of high shear stress
and underestimated by a similar amount in regions of low shear stress. How-
ever comparison of the shear-stress distribution on the stabilized bed with
that on the movable bed at the same discharge suggests that if anything the
reverse is true. This argument is weak though, because we cannot say

a priori that the shear stress distribution should be the same in stabilized-
bed and movable-bed runs at the same discharge.

The final source of systematic error is variation in the von Kdrmén constant
due to factors other than the concentration of suspended sediment. Rozovskii
(1957), for example, showed theoretically that under certain conditions K
may increase substantially through a bend. Unfortunately K is not easy to
determine. Rewriting equation (7) in the form

U=—*£n-lf; +U, D (7"

we see that—% and U, D can be determined from a velocity profile measured
near the bed if y and kg are accurately known. (y is often not known precisely
because the level at which U = 0 is some small distance, akg say, below the
tops of roughness elements on the bed.) Then if D is known from, for example,
graphsof D vs, boundary Reynolds number, U, and K can be determined. Both
e and kg may vary slightly with position on the bed, and D may not be known
accurately (see, for example, Meland and Norrman, 1966).

During the stabilized-bed experiments velocity profiles were measured at
Stations -0,025M, +0.10M, and +0.27M. Measurements were made 35 cmfrom
the concave bank. Each profile consisted of 10 velocity measurements, 7 of
which were within 10 mm of the bed. All three profiles obeyed a logarithmic
velocity destribution law within 9 mm of the bed. Wlth k =0.3mm, D=9.6
and a= 0.5, Kwas 0.79, 0.50, and 0. 56andU,. was6 0, 8.2, and6 7cmé
per sec? at the three stations respectively. Increasing k g to 0.5 mm or de-
creasing a to 0.3 resulted in an increase in K of 0,02 at all three stations, so
K is fortunately not too sensitive to the exact values of a and kg used. The
observed variations in K bear no systematic relation to helix strength (Fig.
11B), orientation of the velocity vector at the bed, or longitudinal position in
the channel,

Without additional measurements of K, further analysis of this effect is not
possible. However variations in K in a longitudinal direction will have a rela-
tively small effect on the contour patterns in Fig. 13 because contours have
been smoothed, and because, in the movable bed runs, the shear-stress
distribution at each section satisfies the sediment-discharge continuity condi-
tion, Cross-channel variations in K would have a more serious effect,
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In conclusion, systematic errors probably contribute only slightly to the un-
certainty in the contour maps in Fig, 13. The bulk of the uncertainty arises
from random error. Until better measuring techniques are developed it will
be difficult to reduce this error appreciably, and also difficult to evaluate
more precisely the contribution of various sources 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 and sediment-discharge maps (Figs. 12 and 13)
support this hypothesis qualitatively. In an attempt to compare the measure-
ments quantitatively, the quantity G = (Asgpg ~ ds, a.lc)/e was calculated at 10
points in each cross section. Contour maps of G are shown in Fig. 16, Ascale™
= a(T- T c)P where a, b, and T, were determined from Fig. 8. ds c and T
were read from the curves in Figs. 6 and 7. e is the uncertainty in

(qsobs = dggpa1c)s and is calculated by assuming a standard error in measure-
ment of 25% in T and 33% in 484}, OVEr most of the channel. This uncertainty
was increased to 100% at low values of T and dsohg+ Lhese uncertainties are
high because small uncertainties in the lateral positions of the curves in Figs.
6 and 7 may result in substantial errors in the estimated shear stress or sedi-
ment discharge at a particular point. Because a, b, and Tc were not deter-
mined independently, the analysis is somewhat circular and the discussion
which follows must be viewed accordingly.

If the standard errors in T and qg have been properly estimated, we expect
that |Gl >1 over 1/3rd of the channel, That is, the actual error in T and q S
should be less than the standard error approximately 2/3rds of the time.
Furthermore the areas where |Gl >1 should be distributed more or less ran-
domly over the channel.

In Runs 20 and 35 the areas of high |G| are distributed more or less randomly
over the channel, but the total area enclosed by the |Gl = 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 |Gl = 1 contours,
and the areas are not randomly distributed. Such systematically high values of

IG| could reflect errors in ‘T, inqg, or in the original hypothesis.

In the case of the large area of "expected deposition' in Run 50, qg was probably
overestimated. In Fig. 6C lines were generally drawn above the points represent-
ing dune-migration measurements because these measurements clearly under-
estimated qg 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 real.
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 extends up the bank to the water surface
as bank shear stresses are relatively high here (Fig. 14) and qg is negligible.

In natural streams a similar zone of potential erosion exists along the outside
bank downstream from the bend, Matthes (1941) and Parsons (1960), among
others, 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, Pl. 25), We thus conclude that al-
though there appears to be a balance between T and qg 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 qg 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 bend. 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,al, 1972, p. 142). However contrary to the
conclusions of C, Yen (1970, p. 72) and Onishi et.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
flowing water, and in spite of the secondary flow, most of the 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 continuous acceleration of
the flow and hence in shear stresses which are consistently 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, and the consequent divergence of the flow results in shear stresses
which are below average.

The conclusion that secondary currents are not responsible for the existance

of the point bar is reinforced by Leopold and Wolman“s (1960) observation that
no single parcel of water completely crosses the channel in the bend, 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 hand anyone who has observed sediment movement in a laboratory
meander 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 partly
controlled by them, For example, the stronger the secondary currents, the
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calculated from shear stress distribution. Where G >1 deposition is
"expected', and conversely.
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steeper is the transverse slope of the outer part of the point bar (compare
Figs. 10A and 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 channel will promote growth of another
bar a short distance downstream on the opposite side of the channel, 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 channel, 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 bends.

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 condition 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 and deposition on the up-valley bank. If the rate of erosion parallel to
the valley axis is equal at all points on the down-valley bank, the meanders
will migrate uniformly down valley without changing shape (Fig. 17). If, in addi-
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
stable equilibrium, Such departures should be expected to occur frequently and
more-or-less at random in nature due to local inhomogeneities in bank materials,
vegetation, and so forth (Langbein and Leopold, 1966, p. 45; Matthes, 1941, p.
635; Friedkin, 1945, pp. 15- ). Thus natural meander trains should not be ex-
pected to be perfectly symmetrical, but if a stable equilibrium geometry exists,
they will constantly tend toward this ideal.

The "meander problem'' can thus be rephrased as follows: Under a large variety
of flow conditions found in nature, straight channels are apparently unstable. Is
the commonly-observed meander geometry a stable 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, and not 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) conducted movable-bed experiments in a channel
with a wavelength width ratio of 13, and in a channel with the same wavelength
but only half as wide. Thus in the latter the wavelength/width ratio was double
or triple that commonly found in nature. They found that the velocity distribu-
tion across the channel was much more uniform in the narrower channel. Thus
shear stresses on the up-valley bank would be 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 convex bank downstream
from a bend. R is the radius of curvature o the centerline of the bend. Separa-
tion generally occurs when R/W is between 2 and 3. This is true both in open
channels and in pipes, and thus reflects some fundamental property of flow in
a bend. In the present channel R/W was about 2.4, and separation occurred or
was incipient in all runs. As a result, shear stresses were very low on the up
valley bank (Fig. 14).

By combining results of the present study with the observations of Bagnold (1960),
Schumm (1967), and Onishi et.al. (1972), we can offer a partial explanation for
the apparent stability of the commonly- observed meander geometry. We consider
Q, Qg, and sediment characteristics to be independent variables, and assume the
river slope is adjusted to carry Qg with the available Q. We further assume that
width is determined by Q and by the cohesiveness of the bank materials (Schumm,
1960). Thus once the river starts to meander, we need not be concerned by
possible changes in W. 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-valley migration of a meander, bank erosion must be zero at
points A, A 'and A" (Fig. 17). Furthermore the amount of erosion at any point
between A and A' must equal the amount of deposition at the corresponding point
between A 'and A'. We assume that erosion is occurring continuously and that it
is necessary only to balance this erosion with an equal amount of deposition be-
tween A' and A", It is reasonable to assume that deposition will occur when R/W
has a value close to that at which separation occurs. If R is too large, Onishi
et.al, (1972) experiments suggest that T will be too high for deposition between
A' and A" so the bank A-A' will move down valley faster than bank A'-A", thus
decreasing R and R/W until separation is imminent or actually occurs. Converse-
ly, if R is too small, a wide zone of separated flow will occur and deposition on
bank A'-A'" will exceed erosion on bank A-A', thus increasing R and R/W.

With R and W thus specified, we need to know the angle w and the length, S, of the
straight rea.chl) (Fig. 17) to completely determine meander geometry. It is intui-

Dy will be noted that four variables are required here, whereas in the sine-gene-
rated geometry (eqn 1) there are only three (W, w, and M). The sine-generated geo-
metry is thus more restrictive. Empirically it provides a good approximation to the
geometry of natural meanders because S —O in nature,
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tively reasonable to expect that varying w and S will vary the distribution of
shear stress on the down-valley bank and hence the pattern of erosion there.
We may thus ask whether some particular combination of w and 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 secondary currents and bed geometry. Thus to
answer the second part of the question these should be determined also.

There remains, of course, the possibility that there is no combination of wand
S which will result in uniform down: valley migration of meanders. For example,
the pattern of bank erosion 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 a cyclic pattern is not, however, consistent with the laboratory observa-
tions of Friedkin (1945) and Ackers and Charlton (1970). These observations
suggest that a stable geometry, in which meanders migrate continuously down
valley, is indeed attained. Nor is a cyclic change in geometry consistent with
the seemingly well-defined correlation between wavelength and width in natural
meanders. Caution should be exercised here, however, because w and S could
vary with time in such a way that A/W remained 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 and Leopold, 1966;
Yang, 1971). The analogy with statistical thermodynamics which is used in this
argument is incomplete because the random variable has not been identified. In
statistical thermodynamics one random variable is the movement of a molecule.
Because there are such a vast number of molecules of air in a room, for examp-
le, we cannot know where every molecule is as a function of time. However be-
cause there are so many molecules, and because they interact so frequently, 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
and removed by the cooler, and on the relative positions of the heater and 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
and velocity in the flow, and the distribution of shear-stress on the banks are
not random. Perturbations of the bed may well 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 well 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-valley migration of meander beﬁds.

Floodplain materials encountered by the down-valley migrating bends. How-
ever to try to explain the shape of the average bend, or even the tendency to-
ward bend development, by application of the laws of statistical thermodyna-
mics would appear to be as fruitless as trying to determine the shape of our
elastic room by applying only the ideal gas law. Until the random variable is
properly identified and discussed, such attempts, although philosophically
intriguing, must be viewed with considerable skepticism.
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