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FIGTJRE 2.-Sketch map of the study reach. 
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Velocities at points in the verticals were measured 
with a Price current meter, and water discharge was 
computed. 'Vater-surface slopes were determined by 
staff gages at sections A, B, and C, referred to the datum 
of mean sea level. Bed material WlIS sampled with a 
BM- 54 bed-material sampler, which collects material 
from the top 1 or 2 inches of the bed. Suspended sedi
ment was sampled with a US P-46 point-integrating 
sampler Or with a modified US DH-48 hand sampler. 
These samplers collect material to within about 0.3 to 
0.5 foot from the streambed. 

Suspended-sediment samples were collected at several 
points in one or more verticals in the cross section to 
define verti cal sediment concentration distributions. 
Depth-integrated samples collected at equal centroids 
of flo\\' or depth-integrated samples collected at a series 
of equally spaced verticals of the cross section were 
analyzed to determine average concentrations and 
particle-size distributions of the suspe11ded sediment in 
the sampled zone. 

Palticle-size distributions of bed material and of sus
pended sediments were detel'mi ned by the pipette 
method for sizes smaller than 0.062 millimeter (Kilmer 
and Alexander, 1949) and by the visual-accumulation 
method for sand sizes (U.S. Inter-Agency Committee 
on Water Resources, 1957a). 

Basic data for the hydraulic characteristics of the 
reach for the several observations in 1961 are given in 
table l. Tables 2 and 3 show point velocity measure
ments and concentration distributions for variolls size 
classes of the point sediment samples, respectively, in 

1961. All observations were at section B, and the sta
tions shown in tables 2 and 3 correspond to the station
ing of the permanent cable. Table 4 gives the average 
particle-size distributions for samples of suspended 
sediment and of bed material. 

'Vater discharges and mean daily conc'entrations for 
July through September 1961 are shown in figure 4. 
Typically, the flow rose rapidly over the dry bed from 
runoff of short duration that resulted from high-inten
sity storms occurring upstt'eam from the study reach. 
Discharge measurements and samples we,'e difficult t.o 
obtain on rising stages because of the debris carried by 
the flow. Observations and sampling for the data in 
tables 1 through 4 were conducted during periods of 
receding flow. 

A 

B 

FIGURE 3.-The study reach, July 1001. A, View upstream from section B; B. view 
downstream trom section B. 















































































































































































































































































































































































































SUMMARY OF ALLUVIAL CHANNEL DATA FROM FLUME EXPERIMENTS, 1956-6\ 

}-' IOUR£ 5.- Representative sand particles of bed materials used for the 10 sets of experiments. The number in the lower right comer of each 
photograph is the median diameter of the sand, in millimeters. The scale also Is in millimeters. See table 1 for further description of 
r-ach sand. 

15 SUMMARY OF ALLUVIAL CHANNEL DATA FROM FLUME EXPERIMENTS, 1956- 61 

}o' IOURE 5.- Representative sand particles of bed materials used lor the 10 sets of e::r;:periments. The number in the lower right comer of each 
phowgraph is the median diameter of the saDd, in millimeters. Tbe scale also is in millimeters. See table 1 for further description of 
l'BCh sand. 
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16 SEDIMENT TRANSPORT IN ALLUVIAL CHANNELS 

ably different from those in the initial condition. For 
some tuns depth was kept constant either by adjusting 
the tailgate slope or discharge. For some other runs 
slope was kept constant either by adjusting the tailgate 
or the discharge, or both. 

For runs having a relatively high rate of sediment 
discharge and requiring a short time to reach equilib
rium (slopes greater than 0.006 ft per ft), the slope 
was preset by adjusting the tailgate and allowing the 
bed to adjust itself by scour and fill. For runs with 
Froude numbers greater than 1, the tailgate was often 
completely removed. For runs having a low rate of 
transport (slopes less than 0.006 foot per foot), the 
desired preset slope was established by planing or 
screeding the bed and then adjusting the tailgate to 
make the slope of the water surface parallel to the bed. 

The nonequilibrium flow caused by change of bed 
roughness was eliminated by continuing the rim until 
the average bed slope and the average slope of the 
water surface became parallel by natural adjustment 
of the sand bed. Equilibrium flow was considered as 
established, and collection of the data started, when 
(1) the bed configuration was consistent in the full 
length of the flume, excluding the sections influenced 
by entrance or exit conditions, and (2) the average 
water- and bed-surface slopes remained constant and 
parallel with respect to time. The time required to 
establish equilibrium conditions varied with the slope 
and the discharge. Some runs on flat slopes required 
3 or 4 days to achieve equilibrium, whereas runs on 
steeper slopes established equilibrium within 2 or 3 
hours. In each run, the flume was operated continu
ously until equilibrium had been reached and the neces
sary data collected. To insure the achievement of equi
librium conditions, most runs were continued longer 
than the required time as indicated by observations of 
variables likely to change prior to equilibrium. 

The general procedure was different for the 0.47-, 
0.54- and 0.32-mm sands. After equilibrium had been 
established and the data collected for a given run, 
the run was continued and, for the 0.47- and O.54-mm 
sands, bentonite was either added or extracted from 
the flow, or, for the 0.32-mm sand, the temperature 
was changed. The new run was then continued until 
equilibrium was again established, and the necessary 
data collected. This procedure of adding or extract · 
ing bentonite or changing the temperature without 
stopping the flow was continued for a series of runs. 

DESCRIPTION OF EXPERIMENTAL 
VARIABLES AND PARAMETERS 

Following the operating procedure discussed led to 
the establishment of equilibrium conditions for a 
given run. Two or more measurements of slope made 

some time apart were required prior to the data-collec-
. tion phase to insure that equilibrium had been estab
lished. In this investigation, slope observations were 
not started until visual inspection showed that a rela
tively systematic bed configuration and, consequently, 
a uniform resistance to flow had been established the 
full length of the test section. 

When the rough movable boundary occurred in the 
flume, flow and transport values varied considerably 
during a given run. As a result, representative aver
age values for all the basic variables had to be obtained 
by making successive observations during a relatively 
long period of time. The frequency and the time pe
riod over which the observations were made depended 
mainly on the bed form. For example, a few slope ob
servations over a short time were sufficient to give a 
reliable average for the rippled condition; but many 
observations over a long time were required for the 
dune condition. 

The following kinds of data were collected and are 
reported in tables 2-11 ("Basic Data" section) : 
1. Water surface slope. 
2. Depth of flow. 
3. Water discharge. 
4. Water temperature. 
5. Suspended-sediment concentration. 
6. Concentration of total bed-material discharge. 
7. Size graduation of sediment. 
8. Bed configuration. 

Several of these measured variables C8n be used to 
compute other variables and parameters useful for 
evaluating flow and transport characteristics in the 
flume channpJ. These variables include: 
1. Mean velocity. 
2. Velocity profile. 
3. Shear velocity. 
4. Sediment discharge. 
5. Kinematic viscosity. 
6. Shear at bed. 
7. Reynolds number. 
8. Froud. number. 
9. Resistance factors. 

The inherent errors of each computation are propor
tional to tbe errors in' the observation data. More 
specifically, tbe composite error (AX) of the computed 
variable or parameter will be 

AX m,X'± m,~ . . . +m.X., 

where X, to X. is the error of specific observation 
data, m, to m. is the exponent of the respective X's, and 
11 is tbe number of X's. 
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surface after careful draining of !be flume at the end 
of the run. 

Notes and corresponding photographs, if any, for 
each run are headed by the respective run number. 
These make up the set of runs for a specific sand and 
flume size. The run numbers an., the order of presen
tation (usually by increasing slope) correspond to the 
run numbers and order given in tables 2-11. 

RUNS USING O.19-MM SAND IN 8-FOOT-WIDE FLUME 

The sand used in this set of runs was the finest 
used during the investigation. The runs were made be
tween November 3, 1959, and January 21, 1960. The 
experimental variables and parameters are given in 
table 2, and the velocity-profile data in table 12. 

Run i!14.-The data are an average from two runs 
during which slope, discharge, depth, and temperature 
remained nearly the same. Beginning of motion or 
transport occurred at a low slope (8 = 0.00006) be
cause of the fine sand and the 0.94-foot depth of flow. 
The error in the mean slope measurement was in the 
order of 10- 20 percent. The problem of determining 
when beginning of motion occurred (Rubey, 1937) was 
further complicated by the effect of small local irregu
larities on the bed. Particle movement on the bed 
nearly ceased as very small ripples became established. 
The ripples, in turn, increased roughness and depth, 
and decreased velocity. Equilibrium was thus estab
lished. 

Run i!1i!1A.-The bed material was carefully screened 
to a plane, and then flow was established to a deptb of 
0.6 foot. Slope was increased and deptb decreased by 
opening the tailgate in small increments until begin
ning of sand particle motion was observed. With Q = 
2.99, T = 17.5, S = 0.00010, and D = 0.48, there was 
some movement of lightweight particles. The coarse 
light-weight particles (0.5-1 mm) which moved on the 
bed surface were sand grains cemented with a clay 
material. This coarser material collected along with 
the fine material into isolated ridges about 0.005 foot 
high. 

Run i!1.-The conditions for this ripple run were 
similar to those for run 1 (page I 12) except that depth 
and discharge \vere doubled and slope was reduced. 
Movement of the bed material in the form of very 
slowly moving ripples occurred throughout the flume. 
No armor plating developed, as it did in runs using 
coarser sands. The ripple waves seemed very fluid and 
soft in comparison to the troughs. Dep!b measure
ments may have been too great, owing to the ease with 
which the probe penetrated !be surface of the sand 
waves. The average concentration from eight samples 
was used to determine bed-material discharge. Longi-

tudinal and transverse views of the ripples are shown 
in figures 7 and 8. The photograpbs were taken after 
the water was slowly drained from the flume, without 
disturbing the ripples_ The troughs between many 
ripples appeared flat owing to water standing in the 
depressions_ 

Run i!1i!1S.-This run was established from 22A by 
increasing the slope to 0.00016 and, thereby, decreasing 
the depth to 0-43 fooL All the particles moved oc
casionally, and then, very slowly as the slope was in
creased. Careful observation was required to detect 
such small amounts of movement_ Slight indentations, 

FJQURI. S.-Transverse view of ripple formation at end of run 2. l'he direction of 
flow was from left to right. 
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similar to those described by Bagnold (1956), formed 
on the bed as primary features (the beginning of ripple 
forms). Ripples that formed upstream from station 15 
were caused by entrance effects and should not affect 
data relative to beginning of particle motion. 

Run 1!6.-Some particle movement occurred over the 
entire flume bed. Large particles moved farther than 
smaller particles. These larger particles (0.2-0.3 mm) 
collected together and formed very small ridges spaced 
about the same as those ordinarily formed by ripples. 
It may be concluded that this segregation was respon
sible for the formation of ripples, except that other 
investigators (Brooks, 1958; Liu, 1957) reported such 
ridges and ripples when using a more uniform sand. 

Run I!S.-The conditions for this run were the same 
as for run 24 except that the slope was steeper. The 
bed was completely covered with very small ripples 
while the water surface was very tranquil. Ripples be
gan to form wherever there was a slight bed irregu
larity, such as a large particle, and, motion having 
begnn, continued to form progressively downstream 
and laterally from this point. A few coarse clay par
ticles rolled freely on the sand surface until stopped 
by a depression or another large stationary particle. 
The ripple waves were fluidlike or soft to the probe. 
Figure 9 shows the smaller size of ripples formed in 
this run, in contrast with those formed in run 2. Note 
the absence of a plane with respect to the troughs of 
the ripples. 

Run I!I!O.-This run was a continuation of runs 22A 
and 22B, but at a slightly increased slope and de
creased depth. Movement of sediment was general over 

FIGURB 9.-Upstream view of ripples fonned during run 25. Ripples are smaller and 
more completely developed than those fonnoo In nul 2 (flgs. 7. 8). 

the entire bed, and thus ripples formed over most of 
the bed within about four hours after starting the run. 
Beginning of motion was best represented in run 22B. 
The rate of transport was very low; therefore, sedi
ment samples were not taken. 

Run 30.-The bed was screeded prior to starting the 
run, and the slope of the bed was set parallel to an 
assumed water surface slope which would insure uni
form flow over ripples at the desired depth of about 
1 foot. The ripples formed a more irregnlar pattern 
than did those of runs with less shear. The water sur
face was tranquil or mirrorlike. The individual ripples 
changed shape with time and moved very slowly. The 
bed-material discharge, determined from nine samples, 
ranged from 3.1 to 4.3 ppm (parts per million), and 
the suspended-sediment concentration of four samples 
was composited and equals 7.0 ppm. 

Run I .-This run was started with the bed screeded 
level. Small ripples 0.3-0.4 foot long and 0.02 foot 
high covered the entire bed immediately after the run 
began. The ripples gradually increased in length and 
height to about 0.6 foot and 0.05 foot, respectively. 
Ripple crests were very soft and fluidlike in compari
son with the intervening troughs. The transport rate 
was very low; so that the velocity of the ripples was 
extremely slow. The run had been in progress for 
about 40 hours before data were taken. The bed-ma
terial discharge, determined from eight samples, 
ranged from near 0 to 3 ppm. Suspended-sediment 
concentration was not measured. 

Run 31.-Ripples formed under the flow conditions 
of this run were larger and had more irregnlar pat
terns than those formed at lower slope and depth. 
The velocity was snch that sand was eroded at the 
headbox and moved downstream as a wave. This wave 
affected the water-surface slope downstream to station 
45. The ripple waves in the test section seemed to be 
much softer than the nnderlying, nonmoving material. 
A transverse view through the flowing water (fig. 10) 
shows the more triangnlar shape of the ripples, in 
contrast with those shown in figure 8. The seven bed
material discharge samples ranged from 25.0 to 34.9 
ppm, and the four suspended-sediment samples was 
composited and equals 42 ppm. 

Run 1!7.-The shifting part of the bed was very 
fluid, but the underlying part was firm because of 
screeding. The seven bed-material discharge samples 
ranged from 3.1 to 5.1 ppm. Suspended-sediment 
movement was negligible; therefore, samples were not 
taken. The measured bed-material discharge was less 
than was expected for the given hydraulic conditions. 

The pattern of ripple development for all runs sug
gested that flow conditions can easily be set up which 
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FIGURE lO.-Transverse view, through the flowing water, of ripples fonned during 
ruo 31. The direction of How is from left to right. 

will form very uniform ripples of small amplitude that 
are nearly continuous across the flume. Then, slightly 
increasing shear stress by increasing depth or slope will 
cause larger more irregular ripples to form which are 
distinctly discontinuous across ti,e flume. 

Run 5.-Run 4 was not completed because of a sand 
wave in the flume. The bed form of run 5 was large 
ripples. The bed was very soft, particularly on the 
crest of the ripples. The large ripples and consequent 
transverse currents caused very small boils, which 
could be seen by careful observation of the water sur
faee. Flow tended to meander through the flume and 
cause somewhat uneven depth of flow across the flume 
at a particular across section. The seven bed-material 
discharge samples ranged from 110 to 144 ppm, and 
the four suspended sediment samples ranged from 95 
to 119 ppm. 

Run 938.-After runs 22A-C, the bed was raked cross
wise to create artificial roughness. Ripples formed 
overnight on the entire bed. Seemingly, the run was 
not in perfect equilibrium; that is, minor slope, rough
ness, and depth adjustments were occurring which 
caused nonuniform flow. The water surfaee was very 
placid, although not as smooth as before begiuning of 
motion. The seven bed-material discharge samples 
ranged from 1.8 to 2.8 ppm. As indicated for run 27, 
the measured sediment transport rate was much less 
than expected when the hydraulic factors were com
pared with those for runs of similar hydraulic con
ditions. Figure 11 shows the ripple pattern which 
formed during run 23. 

}'10URE n.-Upstream view {)I ripple pattern on flume bed at end o f run 23. 

Run 893.-Bed roughness appeared to be small dunes 
with superposed ripples. The bed material to a depth 
of 0.1"'{).2 foot was moved. Depth observations were 
very difficult to make because the rapidly moving ma
terial was very soft. Ripples changed shape rapidly: 
old ones vanished and new ones formed. Data on the 
length and height of ripples, from observations 
through the side windows, may be misleading because 
of the wall effect. The sonic recorder was used to de
termine the dimensions and velocity of the sand waves. 
The character of the bed configurations is indicated in 
figure 12. 

Run B.-Bed roughness consisted of ripples super
posed on dunes. The bed was soft as with dunes, 

FtmJRE 12.-Upstream view of bed configurations at the end ()f run 32. Light spots 
are reflection of lights on water left from incomplete drainage in ripple troughs. 
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particularly on the shifting parts. Boils associated 
wit.h t.he d,mes appeared on the water surface, but 
they were not very violent. Figure 13 is an upstream 
view of the bell form for this rilll. The upstream side 
of the dunes had no ripples where the depth was 
shallowest and the shear was greatest. 

Run !'a8.- Conditions for this run were similar to 
those for run 27 except that the slope was greater. 
The suspended-sediment discharge was still very small. 
The water surface was relatively smooth, but a brick
worklike pattern of ripples formed on the bed. The 
bed was very soft in the zone of movement. Seven 
samples of bed-material discharge ranged from 28.4 to 
42.4 ppm. 

Run 33.- The bed configuration for this nm was 
very large widely spaced d,mes. Large strong eddies 
carried sand from the bed to the water surface just 
downstream of the d,me crests. These eddies resulted 
in boils or local crowns at the water surface, from 
which moved small horizontal components of flmv. 
The backs of most dunes, according to feel wi th a foot 
plate, were covered with ripples. The velocity of flow 
over the crest of a few very high dunes 'was sufficient 
to plane away all roughness on the crest. Slope and 
depth observations were difficult to make because of the 
rapid change in position and shape of the dunes. 
Small dunes were continually forming and moving on
to the crest of the large dunes, thus changing the 
amplitude ruld rate of travel of the large dunes. Bed
material discharge, determined from nine samples of 
flow, ranged from 606 to 1,152 ppm; four suspended
sediment concentration samples ranged from 652 to 
1,460 ppm. 

FIGURE 13 ........ Upstrerull view of ripple-dune pattern ntend 01 ron 8 

Run !'a9.-The discharge was less than one-third, the 
depth was less than one-half, and the slope was nearly 
the same as that of nm 33. The result was an increase 
in rouglmess, a decrease in veloci ty, and about one 
twenty-fourth as much sediment discharge. This effect 
of depth on the flow ruld bed-material discharge was 
found t.o be comparable to that. shown by Colby 
(1961). The ripples moved fast.el· ruld there was 
more sediment in suspension than in ot.her ripple runs. 
The ripples, which were soft and fluid in their moving 
parts, formed a brickworklike pattern. The water sur
face was rather smooth, as in the preCeding ri pple 
nms. The eight samples of bed-material discharge 
ranged from 45.2 to 68.6 ppm. The four samples of 
suspended-sediment concentration were composited for 
a mean concentration of 30.6 ppm. 

Run 3.- The ripples were somewhat. la rger in runpli
tude and more widely spaced than those in rnns 1 and 
2. The considerably increased sediment discharge 
caused ti,e ripples to move fast.er and with greater 
irregularity of pattern. The in-egular ripple pattern 
is shown in a photograph of the bed taken through th" 
flow (fig. 14). The seven samples of bed-material di,.. 
charge ranged from 61 to 120 ppm. 

Run 11.-At the beginning of the run, the bed was 
nearly plane; during the rtm large regular dunes 
formed, which in turn caused the slope to increase. 
This was the first nm using t.he fine sand for which 
the form, the individual element, and bed roughness 
as a whole, was similar to thflt observed in nms using 
coarser sands. The amplitude of the d,Ules was about 
0.5 foot. Some ripples formed in the dlUle troughs 

FIGURE It.- Downstream view through How shoWing rippled-bed (lOnfiguration 
during run 3. 
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FIGURE 15.-Upstream view 01 bed configurat.ion Blend ofrun 11. The small surface 
ripples formed during shutdown of the run. Note the scour hole to the floor of the 
flume in the foreground. 

adjacent to the walls. The bed was very firm on the 
back of the dunes, where the surface was planelike; 
and it was very soft in the trough area, where the 
velocity was less and the sand was being deposited. 
When the flow was stopped and the flume drained, 
more ripples were seen on the dunes than were ap
parent when the run was in progress. (See fig. 15). 
Four observations of dune velocity were made through 
the window to show the range of velocity of the more 
prominent dunes. The results were 0.085, 0.181, 0.182, 
and 0.480 fpm (feet per minute). The eight bed-ma
terial discharge samples ranged from 1,140 to 1,560 
ppm, and the four suspended sediment samples ranged 
from 766 to 856 ppm. 

Run 13.-Discharge was about the same as in run 12, 
but the tailgate was slightly opened. The resultant in
creased slope and decreased depth caused the down
stream dunes to be partly planed out and, thus, caused 
decreased resistance to flow. The upstream dunes near 
the f1mne entrance were fully developed, but decreased 
in amplitude downstream until, at station 100, plane
bed conditions prevailed. (See fig. 16.) A few small 
dunes, however, remained below station 100. The water 
surface was very smooth over the plane-bed area. Con
siderable sediment was carried into suspension by 
eddies in the dlme area. Low, more streamlined, dunes 
offered less resistance to flow and, hence, caused less 
suspension of sediment than did the regularly shaped 
dunes at the upper end of the flume. Eight observa
tions of bed-material discharge ranged from 1,180 to 
1,385 ppm, and four observations of suspended-sediment 
concent.rntion ranged from 695 to 852 ppm. 

FIOURE 16.-Typlcal bed conditions at end of run 13. The small surface waves were 
caused by slow flow at the time of shutdown. 

Run 14.-The shear stress was increased from that in 
run 13 by increasing slope. More of the bed was plane 

. for this run than for run 13, and the dunes at the 
upper end of the flume were reduced to long flat sand 
waves about 0.1 foot high. (See fig. 17.) The result
ing decreased resistance caused a decrease in depth 
from that observed for run 13. When core samples of 
the bed were taken, a crusty surface was noted. This 
indicated that the sand particles were more densely 
packed at the surface than at the lower levels. On the 
whole, the bed was much firmer than that for the 
ripple-and-dlme runs. The variation in concentration 
of bed-material discharge was nearly the same as for 
run 13. The differential-bubbler-gage record of slope 
showed considerable variation. However, this varying 
of slope was not as great as that for a dlme-bed con
figuration because it was caused by changes in water
surface e1evation as dunes moved downstream. 

FIGURE 17.-Upstream view 01 bed conditions at the end olmn 14. The small sur· 
face ripples formed during shutdown. 
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Run 15.-Slope was greater and depth was less than 
in runs 13 and 14. The bed was plane throughout the 
flume except for very minor long flat sand waves. The 
bed was very firm and had a crustlike surface. The 
water surface was very plane and showed neither boil 
activity nor standing waves. Thus, data were easy to 
collect for this kind of flow condition. Through the 
side window, small chunks of sandstone were visible 
only 0.1-0.2 foot below the sand surface. This was 
the maximum depth at which the sand moved in this 
bed. 

Run 84--The bed configuration for this run com
prised small dunes with large ripples superposed, which 
caused considerable roughness of the water surface. A 
smoother surface would probably have resulted if 
depth had been greater under these conditions of 
roughness. Figure 18 is an upstream view of the water 
surface. Bed-material discharge ranged from 464 to 
543 ppm for eight samples and the suspended-sediment 
ranged from 342 to 467 ppm for four samples. 

Run 111.-The conditions for this run were very 
similar to those for run 11 except that both the slope 
and velocity were increased. Large dunes, spaced 15-
30 feet apart, formed on the bed. The back of the 
dunes was very firm, the intervening troughs, soft. 
Some dunes had a rather flat avalanche face; con
sequently, upstream circulation over the bed in the 
trough was weak. This condition resulted in a lower 
roughness value for this run than for run 11, and a 
filmer bed in the trough area. Figures 19 and 20 show 
the water surface and the bed, respectively. Nine con
centmtion measurements of bed-material discharge 
ranged from 1,180 to 1,540 ppm, and six concentration 
measurements of suspended sediment ranged from 887 
to 1,040 ppm. 

FIGURE I8.-Upstream view of water surface durmg run 34.. 
FIGultl: 21.-Upstream view of ripples on low dunes characteristic of run 6. The 

pools of water remained after incomplete drainage at the end of the run. 
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Run 15.-Slope was greater and depth was less than 
in runs 13 and 14. The bed was plane throughout the 
flume except for very minor long flat sand waves. The 
bed was very firm and had a crustlike surface. The 
water surface was very plane and showed neither boil 
activity nor standing waves. Thus, data were easy to 
collect for this kind of flow condition. Through the 
side window, small chunks of sandstone were visible 
only 0.1-0.2 foot below the sand surface. This was 
the maximum depth at which the sand moved in this 
bed. 

Run 34.-The bed configuration for this run com
prised small dunes with large ripples superposed, which 
caused considerable roughness of the water surface. A 
smoother surface would probably have resulted if 
depth had been greater under these conditions of 
rouglmess. Figure 18 is nIl upstream view of the water 
surface. Bed-material discharge ranged from 464 to 
543 ppm for eight samples and the suspended-sediment 
ranged from 342 to 46'7 ppm for four samples. 

Run l~.-The conditions for this nm were very 
similar to those for run 11 except that both the slope 
and velocity were increased. Large dunes, spaced 15-
30 feet apart, formed on the bed. The back of the 
dunes was very firm, the interveruJ1g troughs, soft. 
Some dunes had a rather flat avalanche face; con
sequently, upstrenm circulation over the bed in the 
t rough was weak. This condition resulted in a lower 
roughness value for this run than for run 11, and a 
firmer bed in the trough area. Figures 19 and 20 show 
the water surface and the bed, respectively. Nine con
centmtioll measurements of bed-material discharge 
ranged from 1,180 to 1,540 ppm, and six concentration 
measurements of suspended sedimen t ranged from 88'7 
to 1,040 ppm. 

FlOURE IS.-Upstream view of water surface during run 34. 
FIGURE 21.-Upstream view (It ripples on low dunE:t'l cllanurt.eristic of run 6. The 

pools of water remainod after incomplete drainage at the end of the run. 
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Run 6.-AB is shown in figure 21, the bed roughness 
elements for this run consisted of ripples and irregu
larly spaced dunes about 6 feet long. The ripples had 
an irregular shape which changed rapidly. Some 
ripples had tJ,e usual triangular shape; others were 
rounded and symmetrical. The water-surface slope 
also varied considerably between the measurement 
points. Several slope measurements were averaged to 
get a value for the representative slope of this run. 
An upstream view of the water surface is shown in fig
ure 22. 

Run 7.-The principal bed configuration was dunes, 
although ripples formed in the deeper and lower veloc
ity parts, as is indicated in figure 23. Turbulence at the 
water surface seemed to be less than in run 6, although 
many boils were seen which carried sand to the sur
face. Once durillg the run, a dune crest was seen. 
Downstream from the dune crest, at the zone of separa
t.ion, ripples were orientated in the upstream direction. 

Run 35.- The conditions for this run were similar 
to those for run 34 except that slope and mean velocity 
were increased. The bed roughness elements were dUlles 
with ripples superposed, but the dunes were larger 
than those in run 34. The water surface was not as 
rippled as in run 34, but much stronger eddies carried 
clouds of sand from the bed to the water surface. 
Transverse flow apparently formed long sand ridges 
parallel to the direction of flow. Sediment streaming 
off t.hese ridges indicated greater than average sedi
ment transport. The bed was very soft near the dune 
crests. A plane-bed condition with very intense sedi
ment movement near the bed, existed on the upper 
part of the dunes, where the water was shallowest. 
Sediment transport differed widely, both from point 
t" point on the bed and in suspension. The shapes of 
the dunes and ripples were very irregular and changed 

FIGURE 22.- Upstre&.m view of water surlaoo during run 6. 

FlOURJ: 23.-Upstream view of bed oonllguration at the end of run 7. 

quickly. Thus, tracking dunes either visually through 
the window or ,vith the sonic sounder was difficult. 
Tlus sand was much more f1uidlike and more sensitive 
to probing forces than were the coarser sands. 

Run 16.- The slope was steeper, the velocity greater, 
and the depth less than in runs 13, 14, and 15. Up
stream from station 110 the bed and water surface 
were essentially plane; downstream from this point, 
standing waves were inphase with bed waves. Figure 
24 shows these water-surface characteristics. The 
waves in the lower end of the flume had an amplitude 
of less than 0.1 foot and were about 3-4 feet apart. 

Run JO.- This was essentially a plane-bed run. Very 
long and low sand waves moved down the flume. A 
few ripples persisted at the walls of the flume down
stream from the crests of these waves. The presence 

FIOURa: 24,.- Upstream view during run 16, taken from station ItO . . Standing waves 
can be seen in the part of the ftume downstream from station 110, and plane oon 
dltlons, upstream from station 110. 
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of the sand waves was also shown by the cycling of 
the bubbler gage. The bed was firm and plane ex
cept near the ends of flume. 

Run 9.-The dunes formed in this run were very 
long and rather low but not as rOlmded as a sand 
wave. On the basis of observations though the window, 
some ripples apparently formed in the troughs. The 
back of the dunes (upstream from the crest) was very 
firm and plane; over which, the velocity was greater 
than in the deeper trough areas where the bed was 
irregular and very soft. Such variation in velocity 
caused considerable variation in elevation of the water 
surface at a point where the dunes passed. The water 
surface showed strong boils over the trough area. 
Nine sample measurements of bed-material discharge 
made in an 8-hour period ranged from 967 to 1,640 
ppm. Suspended-sediment concentration in six sam
ples ranged from 497 to 1,070 ppm- three samples 
taken from the back of the dune (plane a rea) averaged 
600 ppm, and three from the trough area averaged 
948 ppm. 

Run 17.-The slope was increased by opening the 
tailgate after mn 16 without stopping the flow. Veloc
ity increased from 3.84 to 4.14 fps (feet per second), 
and depth decreased from 0.72 to 0.67 foot. In the 
first 60-70 feet the flume had a plane bed. Down
stream the bed condition became one of small standing 
waves and then, with an increase in wave size, anti
dunes in the vicinity of stations 90-100. The most con
sistent and greatest antidune acti vity was downstream 
from station 110. The bed was very firm in the plane
bed areas and got softer with increasing wave activity 
in the downstream direction. See description of mns 
18 and 19 for photographs showing these flow condi
tions. 

Run l8.--S10pe was increased from that for nrn 17· 
by further opening the tailgate. This resulted in a 
velocity increase from 4.14 to 4.33 fps and caused 
waves and antidunes to form from station 30 down
stream to the end of the flume. Very symmetrical 
waves formed upstream from station 80 and extended 
all the way across the flume but did not break. Be
low station 80, waves were accented on one side of the 
flume or the other or extended the full width of the 
flume. The condition downstream from station 100 
(fig. 25) was the same as that below station 80 except 
that interfering waves caused a choppy water surface. 
In the .lower part of the flume, the water surface at 
It specific location went through the cycle of choppy, 
smooth, increasing wave, and breaking wave. 'Vhen 
the waves broke, the flow in the area nearly stopped . 
The antidunes formed at a much lower slope than they 
did in runs using the coarser sands. 

FIGURE 2.5.-Upstream view of the wawr surface in the area of antiduno activity 
during run 18. 

Run 19.- The slope was increased from 0.00300 (fo~ 
run 18) to 0.00350, but the mean velocity remained un · 
changed. The antidunes traveled upstream faster than 
did those in runs using the 0.45-mm sand. Not more 
than three or four waves broke, and then, very gently. 
Sometimes waves built up and then subsided without 
breaking. Occasionally, at a section, wave interference 
from breaking waves upstream mused the water sur
face to be very choppy. As in the previous nm, this 
choppy water surface smoothed and then waves de
veloped again. Figure 26 shows the flow and bed 
characteristics during this run. View A shows a con
dition at near minimum depth (about 0.45 tt) and 
maximum velocity, and view B shows an area of 
deceleration where depth increases to about 0.75 fool. 
Both views A and B show that the stream bed re
mained relatively plane and uniform from scour 
despite the very large amount of sand being swept 
along near the bed. View 0 shows a breaking wave 
carrying a large amount of sand in suspension. The 
sand obscures the bed in the right part of the picture. 
The depth of the breaking wave is slightly less than 
twice the depth of tJ,e trough. 

Run 39.-Conditions for this run were similar to 
those for run 19 except that slope and velocity were in
creased. Antidunes formed throughout the entire 
width and length of the flume. The average length of 
waves D.·om crest to crest was 4.8 feet for 12 observa
t.ions. The average depth was 0.50 foot in the trough 
(21 observations) and 0.88 foot at the crest (27 ob
servations) . 

Run lIO.-The intensity of turbulence due to anti
dune activity was nearly uniform through the flume. 
Most waves built up and broke, but a few waves built 
up and died dO"~l without breaking. Almost all waves 
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A 

B 

F IGURE :ro.- Flow and bed charnctcristics of antidune conditions during run 19, 
photographed through window in side of the flume. A , The t rough of 6 water 
wave. B, The upstreo.m side, or deceleration area, of a wave. C, A breaking 
wave, showing heavy concentration of suspended sand. 

moved gradually upstream. The amount of sediment 
being moved, including both that in contact with the 
bed and that in suspension increased considerably. 
The amount of sediment in suspension was sometimes 
so great that the position of the bed was practically 
impossible to distinguish through the window. In the 
trough the bed was firm; but where the water surface 
was choppy in the areas of breaking waves, the bed 
was soft. 

Run i81.- For this run, the tailgate setting was left 
the same as for run 20, but the discharge was reduced 
from about 22 cfs to 16 cfs. Decreasiug discharge 
caused the slope of the energy grade line and the aUu
vial bed to increase considerably. The antidune waves, 
shown in figure 27, formed both single trains occupy
ing the full width of the flume and some double trains. 
A choppy water surface occasionally resulted from in
terference of upstream antidwle waves or, when the 
waves were not quite at right angles to the flow and 
reflected off the sides of the flume, from criss-cross 
waves. Figure 28 shows a breaking wave. The bed 
surface is more irregular than it was in run 19 (fig. 
260). In comparison to run 19, the depth of flow in 
the breaking waves was more than twice the depth of 
flow in the trough. 

Run 38.-The flow conditions for this run were near
ly the same . as for run 21 even though discharge, 
depth, velocity, and slope were increased. Antidune 
activity was apparent throughout the flume, and a 
pool and small chute formed. (See description for runs 
36 and 37.) The pool, possibly the result of antidunes 
breaking, was only about 5 feet long, and the chute 
was indistinct. 

Run 36.- Chute-and-pool activity was very pro
nounced in this run. (See fig. 29.) As UUlny as four 

FIGURE Zl -Upstream view of antidune wave pattern during run 21 
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FIOURB 28.-8100 view of breaking antidune during run 21. 

c 

FlOURE 29.-Upstream view of chute.fl.od-pool flow conditions during run 36. Note 
the air bubbles on the water surface downstream from the hydraulic lump in the 
foreground of the picture. 

D 

FIGURE ao.-Side views of chute-and-pool flow conditions during run 37. A, The chute. B, Tho hydraulic jump. C, The pool. D, The oooelellLUoo of flow toward the 
next chute. Photographs were taken through the window In the side of the flume. 
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FIOURB 28.-Side view of breaking antidune during run 21. 

c 

FIGURE 29.-Upstream view of chute-and-pool flow conditions during run 36. Note 
the air bubbles on the water surface downstream from the hydraulic )ump in ,he 
foreground of the picture. 

n 

FIGURE ao.-Side views of clmte-and-pool flow conditions during run 37. A, The chute. B, Tho hydraulic jump. C, The pooL D, The BOOOleratloo of now toward the 
nen chute. Photographs were taken through the w1ndow In the side of the Hume. 
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chutes and four pools formed in the flume at one time. 
The gradient into the pools was very steep. The stor
age of water in and the release of water from the pools 
caused the discharge of the pump to vary. The flow 
in the pool sections, which were as much as 30 feet 
long, was 0.5-0.8 foot deep and was tranquil (Froude 
No. less than 1) ; whereas, the flow in the shorter, chute 
sections was 0.2-0.3 foot deep and was rapid (Froude 
No. more than 1). The bed elevation changed about 
0.4 foot with time, but at no time was the floor of 
the flume IlXposed. 

Run 37.-A chute began to form at station 50, near 
the lower end of the flume, and moved upstream. 
When it reached station 100, another chute began to 
form at station 50; thus, the chutes were about 50 feet 
apart. The chutes and pools moved upstream at a rate 
of about 8 feet per minute. Figure 30 shows the flow 
conditions during run 37. The slope of the water sur
face was nearly 40 percent on the steepest part of the 
chute. 

RUNS USING O.27-MM SAND IN 8-FOOT-WmE FLUME 

The 0.27 -mm sand was obtained by wet screening the 
0.28-mm sand and removing the fraction coarser than 
2.0 mm (table 1). These experiments were conducted 
during the period March-April 1959. The experi
mental variables and parameters are given in table 3, 
and the velocity-profile data, in table 13. 

Run 50A.-During this run the bed material was 
very close to beginning of motion. The bed was planed 
prior to starting flow and then once again after the 
water was flowing by moving the planer from up
stream to downstream. Ripples formed on 3-4 percent 
of the bed. The formation of ripples may have been 
due to vibration of the flume. Vibrations of the flume 

F'Ioun 31.-Upstresm view ofrippieson the bed oftbeJlumeat the end of run OOD. 

caused by very small water-surface waves to form, 
which made precise measurement of slope difficult. 

Run 5OD.-The slope was increased to 0.00018, com
pared with 0.00007 for run 50A, and ripples formed. 
The mean velocity increased only a small amount (0.79 
to 0.84 fps) in consideration of the large increase in 
slope because of the increase in bed roughness from the 
plane bed in run 50A to the ripples formed in this 
run. The rippled bed was very soft. The sand in the 
trough between ripples felt and looked coarser than 
the sand in the back and the crest of the ripples. Ap
parently, only the finer sand moved up the incline to 
form the ripple. The coarse fraction tended to armor
plate the trough and inhibit further growth of the 
ripples. This sorting, shown in figure 31, is opposite 
that indicated by Baghold (1941) for blown sand, in 
which the coarsest material collects at the crest and 
the finest in the trough. 

Run 51.-The amplitude and spacing of ripples were 
greater than in run 50D. The coarser particles moved, 
and the sand felt as if it were about the same diameter 
in both the trough and the crest of the ripples. Fig
ure 32 shows that the ripples were more fully devel
oped than those in run 50D (fig. 31) and that the 
coarse material was deposited at the base of the ripple 
face rather than being a residual in the trough of the 
ripple. The concentration of bed-material discharge 
ranged from 10 to 15 ppm for seven samples, and the 
suspended-sediment concentration averaged 9.0 ppm 
for four samples. 

Run 5:2.-The ripples formed were slightly larger 
than those formed in run 51, more sand was moving, 
the slope was steeper, and the velocity was greater. 
The bed seemed very f1uidlike, and all sizes of particles 

FIGURE 32.-Upst:ream view of ripples on the bed at end olruo 51. Note that the 
ripples are better developed than those shown In figure 31. 
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were in motion sometime during the run. The rate of 
ripple movement was difficult to determine because of 
the rapid change of ripple shape. Some lateral shifting 
occurred as the ripples moved downstream. Figure 33 
shows the shape of the ripples formed under the flow 
conditions for run 52. 

These ripples were more irregular in size and shape 
than those formed during l1ln 51 (fig. 32). The sand 
movement over the bed was typical of ripples. It 
moved by sliding and bounding up the back side of 
the ripple and then sliding or leaping until it came 
to rest ou the foreplane of the ripple. Some fine saud 
went into suspension at the ripple crest. The bed
material discharge ranged from 72 to 121 ppm for 
eight samples, and the suspended-sediment concentra
tion ranged from 46 to 62 ppm for four samples. 

Run 54.-The bed form was one of dunes with 
ripples superposed. The ripples and dunes were ir
regular in form and changed shape rapidly as they 
moved past the observation window. The bed was soft, 
and particles of different size were well mixed, even 
in the troughs. The bed was firmest on the hlick of 
the larger dunes. Bed-material discharge ranged from 
163 to 287 ppm for eight samples and suspended-sedi
ment concentrations ranged from 102 to 197 ppm for 
four samples. 

Run 53.- The back of some of the large dunes was 
plane where the depth was shallow and the shear was 
great. Most dunes were covered with small ripples or 
with sand waves nearly equivalent to ripples. The 
flow conditions were such that a slight increase in 
shear would cause the bed form to change to the non
rippled dune. The bed was much softer than in runs 
where only ripples formed. The dunes constantly 
changed shape and speed as small ones caught up with 
the larger ones. Some lateral shifting of dunes and 

F'TOUftE 33.-Upstroom view of ripples on the bed at the cnd of run 52. 

FIOURE 34.- Upstream view of the bed configuration at the end of run 53. 

formation on longitudinal ridges or fins parallel to the 
flow also occurred. Large amounts of sediment from 
those fins went into suspension. The characteristic 
shape of the dunes, ripples, and fins is shown in figure 
34. 

Run 57.-The shallow depth of flow caused the bed 
to revert to a rippled condition even though the slope 
had been increased from the previous run. The ripples 
were fully developed and soft, particularly near the 
crest. The bed was firmest just downstream from the 
ripple troughs. The bed looked very similar to that of 
run 51 (fig. 32). Bed-material discharge ranged from 
69 to 110 ppm for eight samples. 

Run 56.-The slope was the same for this run as for 
run 57, but discharge, depth, and velocity were greater. 
The bed form changed to dunes with superposed rip
ples. Again, no ripples fonned on the back of the 
larger dunes, where depth of flow was shallow, the 
velocity high, and the bed very firm. The "plane" flow 
condition on the back of the dunes caused a rather 
compact crust, possibly as much as one-half inch thick, 
to fOl1ll on the dune. At places where sand was being 
carried into suspension, the bed was very f1uidJike or 
soft. Figure 35 shows the irregularity of the dune 
and ripple pattern of run 56. The variation of con
centration among sediment samples was very high. 
Bed-material discharge ranged from 355 to 829 ppm, 
and suspended-sediment discharge ranged from 252 to 
852 ppm. 

Run 55.-The slope of the flume for this run was 
not changed from that for runs 56 and 57; but as the 
discharge, depth, and velocity were increased, the slope 
increased from 0.00126 to 0.00130 as equilibrium was 



SUMMARY OF ALLUVIAL CHANNEL DATA FROM FLUME EXPERIMENTS, I 9 5 6-61 123 

FIGURe M.-Upstream view 01 bed configuration at the end o f run 56. 

established. The dunes formed were rather large, 
and caused some troughs to extend to the floor of the 
flume. (See fig. 36.) The top layer of sand on the back 
of large dunes was firm, but it was very easily broken 
to expose the softer body of the dune. The bed was 
soft both at the crest and in the trough of the dunes. 
The condition of the water surface varied greatly with 
distance and time. It was very smooth and sloped 
downward where the velocity increased up the back 
side of the dune. A series of eddies and the reverse 
flow in the trough downstream from the dune caused a 
rapid increase in elevation of the water surface at the 
crest of the dune. Water·surface elevation varied 

FIOURE 36.-Up6tream view of bed conflgumtion at the end or run M. Note the 
large dual fins in the left foreground. 

0.035 foot within a 5·feet distance along the flume. The 
reverse flow in the troughs of the dunes was further 
substantiated by reverse-orientated ripples in these 
troughs. 

Run 45.-The bed was firm and felt plane except 
near scattered very low dunes or depressions. No ed· 
dies reached the surface from these depressions. Small 
symmetrical surface waves were seen near the headbox 
and occasionally near the tailbox. 

Run #S.-The dunes formed in this run were very 
large. The bed was firm and very smooth on the back 
of dunes, and soft at the crest and through the trough 
of dunes. The reverse circulation in the trough of the 
large regularly-shaped dunes was very strong. The 
largest dune observed through the window, was 0.75 
foot high (fig. 37). This dune probably would have 
been even larger if the depth of the sand bed had 
been greater. Some segregation of coarse and fine sand 
was noted, but it was not as noticeable as in runs 
using the 0.28-mm sand, which contained more coarse 
material. Again, reverse-orientated ripples frequently 
formed in the dune trough. Bed·material discharge 
ranged !-rom 583 to 1,310 ppm for eight samples, and 
suspended-sediment discharge ranged from 505 to 684 
ppm for three samples. Ten observations of the slope 
of the avalanche faces of dunes ranged from 24° to 32° 
and averaged 30°. 

Run 44.-The dunes were longer, lower, and more 
irregularly shaped than those of run 43. The irregular 
shapes made measurement of dune velocity at the win
dow more difficult. The back of the typical dune was 
firm and smooth, and the trough was soft and rather 
rippled. The concentration of nine bed-material dis
charge samples ranged from 550 to 1,060 ppm, and of 
four suspended-sediment samples, from 501 to 843 
ppm. Concentrations of bed-material discharge were 

FIGURB 37.- Sliding face of the largest dune (0.75 It) ()becrved during run 43, viewed 
from window. Direction of flow is from left to right. Fores1ope of the dune 
is 3OD

• 
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considerably lower than normal for the given flow 
conditions. 

Run 42.-This was a dune run that was very similar 
to run 43. The bed-material discharge of eight sam
ples ranged from 629 to 809 ppm, and the suspended
sediment concentration of three samples ranged from 
378 to 481 ppm. 

Run 46.- The slope was the same as for run 42, but 
a substantial increase in discharge planed the bed. Low 
resistance to flow resulted in a 0.2-foot reduction in 
depth and an increase in velocity from 2.09 to 3.68 
fps. The increased tractive · force caused the average 
bed-material discharge to increase from 704 to 1,670 
ppm. The sand bed was firm and smooth, similar to 
the back of dunes mentioned in descriptions of previ
ous runs. Low (about 0.05 ft) standing waves formed 
on the water surface throughout the flume and then 
dissipated. The bed level at any point varied only 
about 0.03 foot. The concentration of eight bed
material discharge samples ranged from 1,400 to 1,880 
ppm, and the concentration of four suspended-sedi
ment samples ranged from 771 to 1,000 ppm. 

Run 58.- The depth of flow was shallow and prob
ably inhibited dune growth. Strong vortices in the 
flow affected the water surface, as is shown in figure 
38. The bed was firm except at the crest of the dunes. 
The troughs were much firmer than those in previous 
dune runs. The firmness in the troughs was probably 
caused by the shape of the trough and the height of 
the dune. Several minor roughness elements about the 
size of large ripples, but with greater length between 
crests were seen. After the water had been carefully 
drained from the flume at the end of the run, some 
longitudinal formations were noted. (See fig. 39.) The 

FIOURE 38.-UJ)6trcam view ofwaier surface during run ria 

FIGURE 39.-UJl6tream view of the bed configuration at the end of run.'\8. 

bed-material discharge ranged from 567 to 880 ppm 
for eight samples, and the suspended-sediment dis
charge ranged from 240 to 484 ppm for three samples. 

Run 47.-This was an antidune run. Wave activity 
was slow and weak, but waves broke throughout the 
flume. Some waves moved upstream while others rose 
and fell without much migration. The concentration 
of seven bed-material discharge samples ranged from 
4,080 to 5,900 ppm, and the concentration of four sus
pended-sediment samples ranged from 3,230 to 4,360 
ppm. 

Run 48.-Increasing the slope from 0.00280 (for run 
47) to 0.00493 caused more antidune activity to occur 
than was noted in run 47. Considerable water was 
stored in the flume when waves broke, thus the level in 
the tailbox dropped and discharge decreased slightly. 
Bed level was difficult to locate in the areas where the 
waves were breaking, because of the large amount of 
suspended load. Between the breaking waves, in the 
rapid-flow areas, the suspended-sediment discharge was 
small but the bed-material discharge was very large. 
The surface flow conditions are shown in figure 40. 

Run 39.-The antidune activity in this run was con
siderably more violent than that in run 48. Some 
chute-and-pool activity was noted. (See description of 
runs 36 and 37, for the 0.19-mm sand.) The discharge 
was nearly the same as that in run 48, but the slope 
was increased considerably, the depth was decreased 
from 0.59 to 0.55 foot, the mean velocity was increased 
from 4.60 to 4.93 fps, and the mean concentration of 
bed-material discharge was increased from 9,080 to 
28,700 ppm. 
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Run 41.-Discharge and depth were decreased and 
slope was increased after run 39. The result was a 
typical chute-and-pool type of flow. The velocity of 
flow in the pools just downstream from the breaking 
waves was essentially zero. Suspended sediment moved 
in all directions in the pools, but it mainly settled to 
the bed. The unstable conditions caused very large 
variations in instantaneous values of velocity, slope, 
depth, suspended load, and bed load at any point in 
the flume. Velocity profiles could not be obtained with 
the available equipment. The concentration of six 
samples of bed-material discharge ranged from 23,200 
to 46,500 ppm, and that of four samples of suspended 
sediment ranged from 37,400 to 51,800 ppm. 

Run 4fJ.-Increased flow and depth caused the flow 
conditions to be even more unstable than those of run 
41. During most of the run, three pools and three 
chutes could be seen. The rapid flow running into a 
large wave or pool looked exactly like a hydraulic 
jump. Air was entrained in the water as the waves 
broke, just as air is entrained in a hydraulic jump. 
Many waves were nearly 1 foot high just before they 
broke. Sedimen t movement in the area of the waves 
was so great that the boundary between the flow and 
the bed could not be located- in fact, it appeared that 
part of the bed was moving. Figure 41 is a photograph 
showing a breaking wave or hydraulic jump in the 
foreground and a variety of flow conditions farther 
downstream. 

RUNS USING O.28-Ml'd SAND IN 8-FOOT-WIDE FLUME 

These experiments were conducted during the pe
riod Nove,!,ber 1958-February 1959. The experimental 
variables and parameters are given in table 4, and the 
velocity-profile data, in table 14. 

FIOURE 40.- Downstream view of water-surface conditions during run 48. Note tbe 
breaking antidune near the center of the nume. 

791-5970-66---3 

FlOURE 1l.- Downstream viewofftowoonditions (chu~-and-pool flow) duringnm40. 

Run 7.-The bed was screeded in the direction of the 
water flow prior to the beginning of the run, so that 
the particles were arranged in a relatively stable pat
tern on the bed. A few small grains and an occasional 
large grain moved when the flow began. After 36 
hours, a few ripples had developed near the headbox 
because of the irregular flow conditions, but no sedi
ment movement was observed in the data-observation 
area of the flume. 

Run 8.-The run was very close to beginning of 
motion, because small ripples formed downstream to 
station 40, a few formed at station 90, and a few 
formed near the end of the flume. In all, ripples cov
ered about 15--20 percent of the flume bed. Ripples 
would probably have covered the entire bed if the run 
had been continued for several days. 

Run 9.-The bed was raked at the end of run 8. The 
discharge was unchanged from run 8. Ripples soon 
formed over the entire bed, and these caused resistance 
and slope to become greater than those of run 8. The 
ripples generally extended transversely across the 
flume, but not in a perfectly straight line. (See fig. 42.) 
The coarse material armored the troughs and gave the 
sand waves a starved appearance. The armored troughs 
were very firm, whereas the ripple waves were soft 
and thus were different from dunes, which have firm 
backs. 

Run lO.-Ripples formed which looked very much 
like those formed in run 9. The transverse pattern of 
the ripples, however, was more irregular, and the 
movement was more erratic. The stress on. the bed 
seemingly was somewhat greater than that in run 9; 
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FIGURE 42.-Transverse view of rippled bed pattern at the end of run 9. Note the 
annor plate of coarse mnterial in the ripple troughs and the rather regular trans
verse pattern of the ripples. 

yet the armor of coarse material on the bed did not 
move. The resulting starved ripples did not yield as 
much sediment to transport as would normally be ex· 
pected for this sediment, flow, depth, and slope. The 
run began about 44 hours prior to the beginning of 
data collection. 

Rwn 5.-The ripples formed in this rnn were more 
fully developed than those of the previous runs, but 
a thick layer of coarse particles was again noted in the 
troughs of the ripples. The sand was scoured out 
around the nonmoving coarse particles, and, as a reo 
suit, the particles were lowered to the zone of lowest 
sand movement. No suspended sediment was present, 
and the water surface was very smooth; consequently, 
the bed was clearly visible through the flow. Eight 
measurements of bed·material discharge ranged from 
5 to 16 ppm. 

Run I3.- An extensive study of the effect of time 
on equilibrium was done during this run. Data col· 
lected December 11, about 24 hours after the start of 
the run, was not significantly different from data col
lected on December 15. The bed roughness was made 
up of fully developed ripples, few of which had char
acteristics almost like those of dunes. These few large 
forms caused some disturbance of the water surface. 
Many ripples not only moved downstream, but also, 
moved laterally several tenths of a foot. The rapidly 
changing form of the ripples made measurement of 
their velocity difficult. Also, observations of the veloc
ity of specific ripples were ruined when the observed 

ripple either was overtaken by a faster moving ripple 
from upstream, was invaded by a ripple from the side, 
or overtook another ripple. The ripple velocity is af
fected by the size of the ripple and the flow and tmns
port conditions in the vicinity of the ripple. Bed
material discharge ranged from 58 to 88 ppm for 10 
observations. The sediment from four suspended
sediment samples was composited in the laboratory, so 
that a range cannot be given. 

Rwn 4.-This was a ripple run. Figure 43 is an up
stream view of the ripples after the water had been 
carefull.v drained from the Hume. The water surface 
had only a few minor surface disturban,<"s. Little or 
no suspended sediment was present. Coarse particles 
moved slowly and intermittently, while the finer sand 
moved from around the larger particles. 

Run 11.- The ripples were more irregular than those 
formed in previous runs, at flatter slopes. They were 
deeper and the distance was greater from crest to 
crest. The coarse material did not inHuence the shape 
of the ripples, and movement occurred in the same 
manner as in previous runs of this set. Again, the fmer 
sand was eroded away from the coarse particles, so 
that the rate of transport of the coarse particles was 
reduced. The bed-material discharge ranged from 18 
to 22 ppm for eight observations. There was no sus
pended sediment in the How. 

Run 33.-This run was designed to provide data to 
fill a gap in those for the dune range of bed roughness. 
Ripples formed on the dunes except on the back of the 
very largest dunes. The top of most dunes rose and 
fell as ripples caught up with the dune crest. The 
counter-circulation in the dune troughs was very weak. 
The angle of the avalanche face of the dunes ranged 
from 23° to 30°, depending on the form of the dune 

FIGURE 43.-Upstrcam view of the rippled bed form at the end of run 4. 
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and the amount of counter-circulation in the trough. 
The bed was very soft at all locations. Bed-material 
discharge ranged from 238 to 400 ppm for nine obser
vations, and suspended-sediment concentration ranged 
from 195 to 558 ppm for four observations. 

Run I.-The bed form consisted of relatively large 
dunes with a profuse pattern of ripples superposed. 
The ripple pattern was very hetrogeneous as a result 
of the irregular flow patterns around the dunes. Sus
pended-sediment concentration seemed very unifonn 
vertically, and the eddies (boils) of the water surface 
downstream from the dune crests were not particularly 
strong. The slope for this run was poorly defined. 

Run 12.-The run began about 16 hours prior to data 
collection. The general bed roughness was classed as 
ripples, but it contained a few elements which looked 
like poorly developed dunes. The coarse particles did 
not influence the roughness elements. These coarse 
particles either settled in the sand as the finer material 
was eroded away from them, rolled downstream to the 
next trough, or, occasionally, rolled upstream into a 
deeper part of the ripple trough. The upstream move
ment occurred only in the zone of reverse flow in the 
trough of a dunelike form. The bed was very soft. The 
water surface was rougher than that of most ripple 
runs, and some suspended sediment was present, indi
cating that the flow was approaching the dune condi
tion. The ripples rapidly changed fonn, size, and 
shape; thus, measurement of ripple velocity was very 
difficult. 

Run 14.-The run began December 15 and continued 
to December 17, when the final data were recorded. 
The mean ~lope at 0800 December 16, 1500 Dccem-

FIOURE 44.-Upstream view of the dune-bed configuratIon at the end 01 run 14. 

FIGURE <is.- Upstream view of the dune-bed conflgumtion at the end oirun 20. 

ber 16, 0800 December 17, and 1045 December 17 was 
0.00122, 0.00109, 0.00122, and 0.00118, respectively. The 
roughness on the bed was mainly ripples and a few 
larger elements resembling dunes. (See fig. 44.) Some 
sediment moved in suspension. The water surface was 
more turbulent than in the preceding ripple runs; but, 
despite the small quantity of suspended sediment, the 
streambed could still be seen through the flow. The bed 
was very soft. Accumulation of coarse material on the 
bed was not excessive. Small ripples moved over larger 
ones and seemed to consist of sand fmer than the aver
age in the bed. 

Run 20.-The bed condition for this run consisted 
of dunes, as is shown in figure 45. The bed was very 
Soft in the troughs but finn on the back of the dune 
upstream from the crest, where the depth was at a 
minimum and the velocity was at a maximum. The 
area in the trough and immediately downstream from 
the trough contained ripples. Some dune faces were 
very round, and the counter-circulation in such places 
was weak and intermittent. The dune face generally 
was of the normal type shown in figure 46. The angle 
of the dune face was generally between 25° and 27°, 
but occasionally as low as 20° or as much as 30°, de
pending upon the strength of the counter-circulation in 
the dune trough. The coarse particles rolled readily 
from the downstream part of the trough area up the 
back of the dune and then slid down the face of the 
dune until they came to rest. After coming to rest 
they were buried and were not. exposed again after 
passage of the dune. Such large particles were never 
seen in suspension. Twelve measurements of bed
material discharge ranged from 365 to 754 ppm, and 
3 measurements of suspended-sediment concentration 
ranged from 323 to 373 ppm. 

Run 2.-This run was very similar to run 20 except 
that the dunes formed were lower and longer. The 

SUMMARY OF ALLUVIAL CHANNEL DATA FROM FLUME EXPERIMENTS, 1956-61 127 

and the amount of counter-circulation in tbe trough. 
The bed was very soft at all locations. Bed-material 
discharge ranged from 238 to 400 ppm for nine obser
vations, and suspended-sediment concentration ranged 
from 195 to 558 ppm for four observations. 

Run 1.- The bed form consisted of relatively large 
dunes with a profuse pattern of ripples superposed. 
The ripple pattern was very hetrogeneous as a result 
of the irregular flow patterns around the dunes. Sus
pended-sediment concentration seemed very uniform 
vertically, and the eddies (boils) of the water surface 
downstream from the dune crests were not particularly 
strong. The slope for this run was poorly defined. 

Run 1!!1.-The run began about 16 hours prior to data 
collection. The general bed roughness was classed as 
ripples, but it contained a few elements which looked 
like poorly developed dunes. The coarse particles did 
not influence the roughness elements. These coarse 
particles either settled in the sand as the finer material 
was eroded away from them, rolled downstream to the 
next trough, or, occasionally, rolled upstream into a 
deeper part of I,he ripple trough. The upstream move
ment occurred only in tbe zone of reverse flow in the 
trough of a dunelike form. The bed was very soft. The 
water surface was rougher than that of most ripple 
rUl;s, and some suspended sediment was present, indi
catmg that the flow was approaching the dune condi
tion. The ripples rapidly changed form, size, and 
shape; thus, measurement of ripple velocity was very 
difficult. 

Run 1#.-The run began December 15 and continued 
to December 17, when the final data were recorded. 
The mean ~lope at 0800 December 16, 1500 Decem-

FIOURE 44.-Upstream view of the dune-bed COnfigu.ratlOll at tile end of nul 14-

FIGURE 4!i.-Upstronm view of the dune-bed configumtion at the end or run 20. 

ber 16, 0800 December 17, and 1045 December 17 was 
0.00122, 0.00109, 0.00122, and 0.00118, respectively. The 
roughness on the bed was mainly ripples and a few 
larger elements resembling dunes. (See fig. 44.) Some 
sediment moved in suspension. The water surface was 
more turbulent than in the preceding ripple runs; but, 
despite the small quantity of suspended sediment, the 
streambed could still be seen through the flow. The bed 
was very soft. Accumulation of coarse material on the 
bed was not excessive. Small ripples moved over larger 
ones and seemed to consist of sand fmer than the aver
age in the bed. 

Run !!IO.-The bed condition for tlus run consisted 
of dunes, as is shown in fignre 45. The bed was very 
Soft in the troughs but firm on the back of the dune 
upstream from the crest, where the depth was at a 
minimum and the velocity was at a maximum. The 
area in the trough and immediately downstream from 
the trough contained ripples. Some dune faces were 
very round, and the counter-circulation in such places 
was weak and intermittent. The dune face generally 
was of the normal type shown in figure 46. The angle 
of the dune face was generally between 25° and 27°, 
but occasionally as low as 20° or as much as 30°, de
pending upon the strength of the counter-circulation in 
the dune trough. The coarse particles rolled readily 
from the downstream part of the trough area up the 
back of the dune and then slid down the face of the 
dune until they came to rest. After coming to rest 
they were buried and were not. exposed again after 
passage of the dune. Such large particles were never 
seen in suspension. Twelve measurements of bed
material discharge ranged from 365 to 754 ppm, and 
3 measurements of suspended-sediment concentration 
ranged from 323 to 373 ppm. 

Run !!I.-This run was very similar to run 20 except 
that the dunes formed were lower and longer. The 
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FIGlJJu : 46.-A valanche rsee or a large dune formed during run 20. Direction or 
flow is from leU to right. 

flatness of the duneS, compared with those formed in 
run 20, was probably due to the shallower depth and 
somewhat greater slope during run 20. Again, the bed 
was firm and crusted on the back of the dunes and soft 
on the dnne crest and in the trough. Boils on the water 
surface marked the separation zone and large-scale 
eddies occurred downstream from th~ dune crest. The 
slope was poorly defined. 

Run fl.- Very few ripples were' associated with the 
d~e pattern for this run, As in runs 20 and 2, the 
distance between dunes was great, but the dune height 
was somewhat less than in runs 20 and 2. The water 
surface was relatively smooth over the back of the 
dunes; but it was very turbulent, because of large boils 
over the troughs and slightly downstream from the 
trou~hs. The water surface stood high over the trough, 
relative to that over the back of the dunes, because of 
the change of velocity head as the flow moved from 
one area to another. 

Run 19.-Except fo~ flow depth, which was shal
I?w~r, the flow conditions and bed forms were very 
sllmlar to those of runs 2 and 21. The shallower mean 
depth caused the eddies and turbulence to be stronger 
and the dunes smaller. 

R.un 16.- The large dunes moved faster than in pre
ceding runs. The rate of transport of sediment by the 
sand waves was very high, but the limited sand depth 
on the bed of the flume seemingly was not adequate to 
allow full-scale roughness to develop-8ome troughs 
extended to the floor of the flume. The dunes traveled 
through the flume at all elevations. Occasionally a 
dune crest formed just upstream from a short tro~gh 
tha~ extended below the average downstream bed ele
:vatlOn. The jet from the crest of such a low dune in 
Its effort to "normalize" the dune and the trough, im-

pinged on the downstream edge of the trough and 
caused very rapid erosion of the trough. Rate of dune 
movement for a given height of dune was not constant, 
because the main current was sometimes directed 
around an area by upstream forms, and because part 
of the sediment in transport was sometimes captured 
by a dune immediately upstream from the one being 
observed. The slope was poorly defined. 

Run f3.-This was a transitional run in which the 
bed forms oscillated between dunes and washed-out 
dunes. Dun"" generally existed when resistance was 
relatively great and slope was steep. Then the dun"" 
seemed to vanish, and r<'.'listance and slope decreased to 
the point where dunes again developed. The cycling 
between dunes and washed-out dunes probably resulted 
from the change in depth and slope that occurred when 
the resistance changed with a change in bed form. 
So~e cycling may have r<'.'lulted, however, from segre
gation of the bed material into different sizes for dif
ferent dunes bec.tuse it. wus observed that dunes of 
fine, coarse, and intermediate sized material passed by 
the observation window. Large boils resulting from 
eddies near the dune trough and t.he rapid flow over 
the irregular bed configurat.ion caused the water sur
face to be very turbulent. 

Run 17.- The slope was nearly the same as that of 
run 16, but the depth of flow had been reduced con
siderably. Dunes formed which rapidly changed shape 
and direction of motion. The wuter surface had an 
appearance typical to t,hat over It dune bed. More sur
face turbulence, in the form of small wav"", occurred 
than in runs with greater depth of flow. 

Run 3.-With dept.h increased (at t.he same slope) 
over that for nm 17, dune height and length increased. 
As in run 17, most dunes moved. Small dun"" moved 
faster than large ones, und small dunes in shallow fast 
water moved faster than small dunes in deep slow 
water. When a small dune approached a large dune 
and began taking sediment from it, the large dune 
stopped (or nearly stopped) until the small dune 
caught up. The result was a new dune. The bed was 
firm on the back of the dunes upstream from the crest 
and \Va.. very soft on the crest, on the avalanche face, 
and in the trough. The slope for this run was poorly 
defined. 

Run 18.- The bed condition for this run was a 
typical dune bed. Ripples formed in some of the 
deeper troughs. Large eddies fOlmed downstream from 
the dune Cr<'.'lts, or over the troughs, and carried much 
sand to the water surface; the suspended load was 
large in these areas. On the back of the dunes, up
stream from the Cr<'.'lt, particles moved mostly in con
tact with the bed. Suspended-sediment concentration 
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was small enough in this zone that both the bed and 
the "sheet" of moving sand could be seen. 

Run SO.- The flow was tranquil, and the bed was 
nearly plane. An occasional dune or bar less than 0.1 
foot high was seen moving through the flume. The bed 
was not soft, but neither was it as firm as during a 
plane-bed run with greater velocity. The run was 
classed as transitional between dunes and plane bed. 

Run S~.-The depth of flow was shallow, and the 
bed configuration was reduced almost to ripples. Fig
ure 47, a photograph taken after the water had been 
drained from the flume, shows ripples on the left and 
small dunes ,vith ripples on the right. The slope was 
steeper than for previous runs having fully developed 
dunes. The suspended load was negligible, and the 
total load was small for this slope. 

Run 'lJ'lJ.-A plane bed and little resistance to flow 
were the sigillficant characteristics of this run. The 
elevation of the bed varied no more than 0.01 foot 
about the mean. Most sediment transport was near 
the bed, and the coarse material rolled along at a 
rather uniform rate. Run 22 has nearly the same slope 
as run 34, but the rate of flow has been increased from 
5.5 to 14.9 cfs. The increased flow caused the depth to 
increase from 0.44 to 0.60 foot even though the resist
ance decreased from 0.021 to 0.013 (Manning n). The 
rate of energy input, Or in this case depth of flow, 
strongly affects other variables. 

Run 15.-Reducing discharge from that of run 22 
(14.92 to 12.87 cfs) caused the bed form to change to 
fully developed dunes. 'Vith this increased roughness, 
I·he mean depth increased from 0.60 to 0.75 foot and the 
mean velocity decreased from 3.11 to 2.14 fps. The 

}' IGUR£ ~7.-Upstream view of bed configuration at the end of run 34., 

dunes ranged from 0.3 to 0.5 foot in height and were 
as much as 30 feet apart. The wide spacing of the 
dunes resulted in a large variation in the amount of 
bed-material discharge at the tailbox. Twelve samples, 
collected there over a long period of time (0820-1155), 
had concentrations ranging from 674 to 998 ppm. Sus
pended sediment in four samples ranged from 358 to 
419 ppm. 

Run 'lJ40-The bed configuration was transitional be
tween dunes and plane bed. The dunes were very ir
regularly spaced and had an amplitude of 0.2 to 0.4 
foot. The avalanche angle of a typical dune in this 
run was small, and the flat trough inhibited counter
circulation. Occasionally a dune formed that had a 
more normal avalanche angle and a trough with some 
counter-circulation. The water surface was very 
choppy. The flow expanded, or decelerated, over the 
dune troughs and contracted, or accelerated, over the 
crests; hence, snrface waves formed. Eddies in the 
dune troughs did not reach the water surface. 

Run 'lJ5.-The bed of sand in the flume was firm and 
plane. It fluctuated vertically no more than 0.05 foot 
at the window. The water surface was smooth com
pared with that in the dune runs and transitional runs. 
A minor disturbance on the water surface was gen
erated downstream from station 50 by a wall rough
ness. Figure 48 shows the flow and bed conditions of 
this run. Much of the material that rolled along the 
bed was coarser than the average bed-material size. 
The windrow effect, or lines of coarse particles, may 
have been caused by secondary circulation. 

Run 'lJ8.- The flow variables and resulting plane-bed 
configuration were nearly the same as for run 25. Most 
sediment transport occurred close to the bed. 

Run 'lJ9.-For this plane-bed run, slope was increased 
from that for run 28. As a result, velocity increased 
from 3.57 to 3.77 fps and sediment transport increased 
from 2,760 to 3,120 ppm. The bed and water surfaces, 
as seen through the window, slowly varied about 0.1 
foot, approximating a standing-wave condition. 

Run 'lJ6.-The increased slope over that of run 29 
(from 0.00278 to 0.00328) resulted in a flow pattern of 
standing waves and an oocasional breaking wave. The 
standing waves built up near station.s 35-40 and 
traveled down the remainder of the flume to the tail
box. The largest waves formed near the tailbox. 
Waves extended the full width of the flume except 
when they were first forming. Some of the waves 
moved upstream; and, of these, some broke and some 
did not. 

RunS'lJ.-The flow conditions (antidunes) were simi
lar to t1lOse described for run 31, except that wave 
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FIGURE 4S.- Flow and bed conditions for run 25. A, Water surface during now. 
B. View througb the side window. C. Flume bed after draining tbe flume at the 
end of the run . 

activity was not as great and the total-sediment trans
port was much less. 

Run 27.- This was an antidune run. Much breaking
wave activity occurred, but seldom did more than three 
waves break at one time. Some waves moved upstream 
and subsided without breaking. The waves extended 
most of the way across the flume except when they 
first began to form. The coarse fraction of the bed 
material may be an important factor in causing the 
sand waves to move upstream, because much of the 
coarse material that eroded from the downstream part 
of the sand wave moved only to the upstream slope of 
the next sand wave. 

Run 31.-Violent antidune action occurred through
out the flume. The waves were large, and as many as 
six or none at all may have been breaking at a given 
instant. Figure 49 shows the flow conditions down
stream from near the middle of the flume. Near break
ing waves the mean velocity of the water was reduced 
to nearly zero, and sediment moving into this region 
was lifted into suspension. As the flow accelerated 
and smoothed out to a plane-bed condition, the zone of 
maximum transport shifted toward the bed. The plane
bed condition gradually evolved into a low-standing 
wave, and then into a higher wave that moved up
stream prior to breaking. Small rollers turned from 
the flow toward the bed on the upstream side of the 
sand waves as they broke. The bed was firm in the 
trough, firm on the downstream side of the waves, 
softer on the upstream side of the sand wave, and much 
softer on the crest or peak of the sand wave. 

Run 35.-Conditions for this run were similar to 
those for run 31 except that slope was increased from 

FIGURE 49.-Downstream view of Antidune now conditions during run 31. 
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0.00593 to 0.00815. This caused a greater number. of 
violent antidune waves of larger amplitude to form 
and caused the transport rate to be more than double 
that in run 31. The mean velocity and depth did not 
change appreciably from run 31, but resistance to flow 
increased. 

Run 37.-Discharge and depth were much less than 
in runs 35 and 31, and the size of the waves formed 
and the violence of the antidUlle activity were ac
cordingly less. Breaking waves were farther apart. 
Many waves built up to near the breaking elevation, 
and then the sand appeared to be pushed out from 
mlder tile water wave and the wave subsided without 
breaking. 

Run 38.-The discharge for this chute-and-pool run 
was intermediate between that of runs 37 and 36. Al
tilOugh the slope aud the tailgate setting were uot 
changed for the three runs, the slope and the flow con
ditions changed considerably as a result of the change 
of shear stress on the bed wit:h tile change in rate of 
discharge. The flow conditions wete very violent. A 
series of three or four chutes and pools formed in the 
length of the flume, each with rapids, large standing 
waves, breaking waves, and a pool, in downstream 
order. Figure 50 is a sketch of this phenomenon as 
seen through the window. The pool was like a small 
hydraulic jnmp or stilling basin, where sediment was 
brought into full suspension and then settied onto the 
bed at the lower end of the pool, at the head of the 
next sand wave and chute. The sediment-transport 
rate was higher for specific slope, depth, and bed ma
terial tilan was expected for the antidune roughness. 

Run 36.- This run was similar to run 38 except that 
the discharge was increased and the chute-and-pool 
activity was, therefore, more intense. 

RUNS USING O.45-l"dM SAND IN 8-FOOT-WIDE FLUME 

This was the first set of runs, completed for the 
project. The notes were not as complete as for other 
sets, and the data-collection system lacked some refine
ments which were developed later. The significant 
di /ferences in data-collection methods between this set 
and other sets are: 
1. For runs having antidune flow, depth was measured 

only in areas where the water surface was rela
tively smooth; t.hus, the measured depth is too 
shallow. 

2. Fewer bed-material discharge samples were taken 
over a shorter period of time, causing a greater 
error in the mean. 

3. Slope was determined by averaging the several 
readings taken at different times every 5 feet 
along the flume and then computing a least-

FIOURE 5O.-8ketch 01 chut,e..and-pool phenomenon as viewed through the window 
In the wall of the flume. The vertical acale Is exaggerated 3-6 times. Each chute
and-pool series Is 2O-3O.feet long. 

squares regression from these averages. The slope 
for other sets of runs was determined by plotting 
each and (or) the average of several slope meas
urements on graph paper and then visually draw
ing the mean slope line through these points. The 
water-surface elevation from which the slope was 
computed for antidune runs was only obtained 
when the water surface was relatively smooth. 
The water-surface elevation and depth for the 
other sets of runs were taken at random times at 
a given flume station. A system for taking good 
pictures was lacking for several runs in this set. 

These experiments were conducted during the period 
January-July 1957. The experimental variables and 
parameters are given in table 5, and the velocity
profile data, in table 15. 

Run 14.- The flow for this run was increased from 
1.84 cfs (run 13) to 3.94 cfs. The velocity increased 
from 0.65 to 0.81 fps, and the shear stress was below 
beginning of motion. 

Run 13.-The bed was planed to a slope of 0.00010 
prior to the begill1lning of the run. The bed material 
did not move under the given flow conditions. 

Run 17.-The flow for this run had sufficient shear 
stress to move particles into a configuration of ripples, 
which averaged 0.77 foot long and 0.04 foot high. All 
transport was on or very close to the bed. No sedi
ment was in suspension. 

Run 16.-The transport rate of 1.2 ppm for this run 
was in equilibrium with the low-ripple bed configura
tion. The ripple waves transported sand much finer 
than the sand remaining in the troughs. This made 
the ripples appear "starved," as in ripple runs with 
the 0.27- and 0.28-sands. 

Run 15.- The run began March 4, 1957. Several 
adjustments of the tailgate were made prior to 1700 
March 6, by which time ripples had formed over the 
full length of tile flume. At 0800 March 7 the slope, 
transport, and bed configuration were stabilized 
throughout the flume. The bed slope was 0.00021, and 
the water-surface slope was 0.00023; thus, flow con
ditions were nearly uniform. The concentration of 
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five bed-material-discharge samples taken March 8 
ranged from 0.26 to 1.38 ppm. This large range re
flected the uneven transport at the end of the flume 
caused by the transverse pattern of waves moving in 
the flume. 

Run 18.- The bed was not planed after run 17. The 
discharge was reduced from 6.22 to 3.62 cfs, and the 
slope was increased from 0.00020 to 0.00031. These 
changes did not alter the ripple-bed configuration ap
preciably from that of run 17. (See fig. 51.) The mean 
bed-material discharge was reduced from 0.7 to 0.4 
ppm. 

Run ~.-The bed was screeded to a slope of 0.00050 
before the run began. The mean bed-material dis
charge was 9.4 ppm, about 10 times greater than that 
for the previous nms. Ripples on the flmne bed had 
greater spacing and amplitude than those for the nms 
already described. The ripples were more random with 
respect to size, shape, and location on the bed. They 
no longer had a well-arranged transverse pattern, and 
sorting of the sand was no longer noticeable. 

Run S.- The flow conditions and ripples of this run 
were similar to those in run 2. The slope was increased 
and the velocity decreased because of increased re
sistance. The bed-material discharge was increased by 
less than 10 percent. 

Run B.- The discharge of this run was reduced from 
7.90 cfs (run 3) to 3.84 cfs. The result was a ripple 
run with little bed-material discharge. The concentra
tion of five bed-material discharge samples ranged 
from 0.8 to 1.8 ppm. 

FIGURE 31.- Trnnsverse vicw of the ripples formed during run IS. The now was 
from right to left, nnd the scale Is 1.3 feet long. The CTe5ts of the ripples contain 
finer sand than is found In the troUghs. 

Run i.-This nm was nearly the same as runs 2 
and 3, except that the slope was increased, and this 
caused a reduction in the resistance to flow. The re
duced resistance to flow may have been the result of 
the longer, relatively lower and more rounded ripples. 
Either the measured bed-material discharge was too 
high or the slope was too low compared with other 
runs of similar bed-material characteristics and energy 
of flow. 

Run 5.-The bed was screeded to a slope of 0.00050 
before the run began. The mean slope of the water 
surface was 0.00047 at the time of data collection. The 
flow and bed-material-discharge conditions were nearly 
the same as those of run 1, but the ripples were smaller. 

Run 11.-The slope was set at 0.00070 until ripples 
formed, and then it was reduced to 0.00050. The final 
slope was 0.00049. Discharge was reduced from 7.93 
cfs (run 5) to 1.95 cfs. The shear stress was sufficient
ly low that the bed-material discharge was less than 
20 percent of that of run 5. The ripple pattern was 
very uniform, and the pattern of ripple waves was 
mostly perpendicular to the direction of flow. 

Run 4.-The bed configuration was low dunes and 
ripples. The resistance to flow was less than for regu
lar ripple conditions and resulted in greater velocity 
and shallower depth than in previous runs of this set. 
Seventeen observations of bed-material discharge 
ranged from 67 to 140 ppm and had an 18-ppm stand
ard deviation from the 92-ppm mean. Either the sedi
ment concentration was too high, or the slope measure
ment was too flat in comparison with "normal" 
conditions found from similar runs. 

Run 8.":"'-Reducing the rate of flow from that of run 
4 resulted in reduced velocity, depth, and bed-material 
discharge. The bed configuration was ripples. 

Run 7.-Bed features formed were dunes 4-8 feet 
long. Many of the dune troughs were 0.4 foot deep. 
Small ripples were seen on the crest of the dunes. 
Ripple waves were spaced about 0.3 foot from crest to 
crest and ranged from 0.02 to 0.06 foot in height. The 
reported concentration of bed-material discharge was 
about double the normal value for these flow condi
tions. 

Run 10.-The shallow depth and low rate of flow re
duced the shear stress on the bed so that apparently, 
only ripples formed on the flume bed. The configura
tion was nearly that of a staggered pattern of indi
vidual ripples. 

Run 6.-The bed configuration was a transverse 
pattern of ripples across the flume. A diagonal pattern 
(about 45°) of slightly larger forms was also evident. 
The transverse bed waves were about 0.08 foot high 
and 0.7 foot apart. The diagonal waves were about 
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0.15 foot high and 2.5 foot from crest to crest. No 
sediment was in suspension. 

Run lB.-The shallow depth of this run caused a 
low bed-material discharge and a rippled bed configu
ration. The shallow depth also accentuated the effect 
of a backwater curve from the tailgate. This back
water curve reduced the bed-material discharge near 
the tailgate compared with the discharge near the 
central part of the flume. The total measured transport 
may be too low by a factor of 10-20. The other meas
urements of basic data probably were satisfactory. 

Run lB.-Dunes formed which were 3-8 feet long 
and ahnost completely covered with ripples. The dunes 
had a maximum height about equal to the mean flow 
depth. Many dune crests moving down the flume were 
normal to the flume walls, but some were 20-30° from 
the normal. The resistance to flow seemed to. be less 
than in runs in which fully developed dunes formed. 

Run Bl.-Flow was increased from 4.24 cfs (run 19) 
to 12.12 cfs. This increase in flow caused the depth of 
flow to more than double and caused the velocity to 
increase from 1.30 to 1.58 fps. The bed-material ·dis
charge also was nearly doubled. Figure 52 is a view 
of the dune-bed configuration in the flume after care
fully draining the flume at the end of the run. The 
fin or longitudinal dune in the foreground is evidence 
of transverse-flow components resUlting from either 
secondary circulation or flow diversion around the 
upstream dunes, or both. The spacing of the ripples 
on the dunes varied from close in the deep troughs to 
wide, and even obliteration, on the crest. 

Run BB.-The bed configuration and resistance to 
flow were nearly the same as for run 21. A small in
crease in flow rate caused the bed-material discharge 
.to increase. 

FlauJUl 52.- Upstream view of the dune·bed oonftguration at the end of run 21. 

FJOURIS 53.-Upstream view of tbe dune-bed configuration at the end of run 25. 

Run B5.-Low discharge and shallow depth caused 
the dune height to be less than in runs 21 and 22. Fig
me 53 shows that the dune pattern was more regular 
than in the previous runs. The avalanche faces were 
normal to the flow and averaged about 6 feet in width. 
The orientation of the ripples, although not continuous 
on the dunes, indicated the direction of flow over the 
dunes. 

Run 00.-The flow and transport conditions resulted 
in a dune-bed configmation and an overall resistance 
to flow transitional between those of runs 25 and 21. 
The bed-material discharge was nearly the same as that 
of run 21, which had the deeper flow, because of the 
much higher slope. 

Run B3.-The flow rate for this run was about the 
same as that for runs 21 and 22, but the slope was 
about double. The dunes had a more natural appear
ance than those of run 25. Compare figures 53 and 54. 
The dunes appeared to consist of slightly coarser ma
terial than that seen on the surface of the trough. The 
finer material in the trough settled out of suspension 
as a result of the lower velocity of flow over the trough 
area. 

Run B4.-The dunes that formed on the bed were 
similar to those formed in run 23, but somewhat 
smaller. The resistance to flow and the bed-material 
discharge were greater than for the previous run. 

Run 40.-The water surface was extremely turbulent, 
and the waves were neither symmetrical nor smooth
surfaced. Some disturbances on the surface could be 
correlated with points of maximum roughness on the 
bed. Slope measurement was difficult because of the 
rough water surface. The water surface in the area 
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FIGURE &I.-Upstream view of the dune-bed configurat ion f<lnDed during run 23. 
N ote that the dune wave and avalanche face consist of coarser materia] than is 
in the trough. 

of a boil stood several hundredths of a foot higher 
than in the surrounding area. Both horizontal and 
inclined bedding planes were observed through the 
window as the dunes moved by at different levels. The 
inclined bedding planes were on the avalanche face 
of the dunes and appeared to be formed of material 
somewhat coarser than the median diameter of the 
bed material. The horizontal layers were composed of 
suspended sediment deposited in the trough of some 
dunes and appeared to be somewhat finer than the 
median diameter of the bed material. 

Run 39.-Slope was 0.00364 and discharge was 2.58 
cfs per foot of width. All dune roughness was planed 
out. A train of well-rounded standing waves traveled 
from near the entrance of the flume to the exit. The 
water surface was much smoother and the bed was 
firmer than in the dune runs. A train of inphase sand 
waves formed under the water waves, the reverse of 
the phenomenon observed for the dune forms. The 
~lative variation of bed-material-discharge concentra
tIOn was much less than for the dune runs. 

Run £6.-This was a plane-bed run. The flow was 
essentially the same as described for run 39 except 
that no standing waves or undulations in the bed 
elevation occurred. 

Run £8.- The flow of this run was in a transition 
phase. One side of the flume had low washed-out 
dunes, where the water surface was out of phase with 
the sand waves; and the other side had low standing 
waves, where the surface was inphase with the bed 
waves. The amplitude of both kinds of sand waves 
was much smaller than that of the water waves. The 
proportion of the two kinds of flow changed con
siderably with time. 

Run £9.- Long flat dunes formed during this run, 
each with an avalanche face as much as 0.15 foot high. 
A typical observation showed smooth flow 0.25 foot 
deep on the back of the dune and, after the How 
passed a 0.10 foot high avalanche face, turbulent How 
0.42 foot deep in the trough area. The water surface 
was actually 0.07 foot higher over the dune trough 
than over the smooth back of the adjacent dune. 

Run 31.-The flow lines were relatively straight, and 
the w!);ter surface was relatively smooth, except for 
rounded standing waves which generally developed 
slowly into trains. Small ripples formed near the wall 
of the flume. They were probably due to the wall effect 
and did not extend into the flow more than 1 foot. 
Some water waves near the tailbox became steep and 
broke. 

Run £7.-The moving bed forms were low alternate 
bars, which caused the flow to meander. Some stand
ing waves formed in the flume, and occasionally a 
wave would break gently. The standing-wave con
dition seemed to alternate with the plane-bed condi
tion. (See fig. 55.) 

Run 36.- The low discharge (3.15 cfs) and shallow 
depth (0.19 ft) for this run accentuated formation of 
the alternate-bar type of flow mentioned for run 27. 
The bars were 0.1-0.2 foot high and generally occupied 
about half the flume width. Shallow flow over the bars 
moved sediment and deposited it at the downstream 
edge of the bar; thus, the bars slowly migrated down
stream. In the deeper How, which moved from side 
to side in the flume, around the bars, antidunes formed. 
Generally the antidunes were standing waves, but oc
casionally a wave broke. Figure 56 shows the water 
surface during this run and the bed condition at the 
end of the run, after the flume was drained. 

Run J,1.-A train of standing waves formed in the 
middle half of the flume. The standing waves were a 
train of sand waves under inphase water waves. The 
waves generally increased somewhat in height as they 
traveled along the flume. The waves occasionally mi
grated slowly upstream or downstream, but they gen
erally were nearly stationary. The height of the water 
waves varied 0.20-0.25 foot from trough to crest, 
whereas the height of the sand waves varied 0.12-0.16 
foot from trough to crest. The bed was very firm 
where the water surface was smooth, but it was either 
soft or firm under waves. 

Run 30.- The flow in this run was similar to that 
described for run 36. The thalweg wandered from side 
to side along the flume and contained an occasional 
small antidune. The water surface was more wavy 
over the entire flume than it was for run 36. These 
waves averaged about 0.2 foot high and 1.2 feet from 
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. 'IOURE 55.- Flumecondltloos for run 'n. A, Wa1ersurfaeedownstrerun fromstatlon 
100. B, Diagonal bars formed by flowupstrcamfrom station 100. 

crest to crest. The alternate bars were 0.2--0.3 foot high 
on the downstream or avalanche edge. Waves on the 
bed under water·surfare waves had a pattern similar to 
that of the surface waves, but they were less than half 
as high. 

Run 85.- This run was similar to run 30 except that 
the alternate bars which formed were not as prominent 
and the standing waves were more evenly spaced in the 
flume. Some standing waves occasionally moved up
stre.am, but they generally remained in one position, 
growing in amplitude and then gently receding. 

FIGURE 56.-Upstream views dwing and after run 36. A, The water swface. B. 
The bed after tho Oumo was drained. Note that the main thread ef streamflow Is 
en the lett !lide of the flume in the area 01 the sign and then moves downstream 
toward tbcrightsldo oltho 8ume toward the lower right corner of tho photograpbs. 

Run 84.-The slope, depth, and velocity were greater 
than those of run 35. A series of standing waves 
formed. 

Run 88.-The mean velocity was 4.60 fps compared 
with 2.80 fps for run 35. The standing-wave flow pat
tern occurred at varying rates of mean velocity for 
several runs. Occasionally a train of small antidunes 
formed and moved upstream without breaking (stand
ing waves). These waves grew in amplitude and then 
gently receded to a plane bed. The resistance to flow 
was very low. 
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Run 3B.-The flow was deeper than for run 33, and 
standing waves fonned from wall to wall across the 
flume at approximately right angles to the flow. More 
waves moved upstream than moved downstream. No 
waves broke. 

Run 37.-The flow conditions were very similar to 
those of run 38. The train of standing waves extended 
from wall to wall in the flume. The waves varied 
greatly in size, but never disappeared nor broke. The 
channel bed was very finn and, as seen through the 
window, appeared to be horizontally bedded. Clouds 
of suspended sediment extended up through about two
thirds of the flow depth. 

Run 3f.-The size of the water-surface waves in
creased with distance downstream in the flume. Dur
ing most of the run, a train of antidunes existed be
tween stations 40 and 95. These dunes continuously 
built up, broke, and then reformed. (See fig. 57..1.) 
From station 105 to the end of the flume, the dunes 
and resulting water waves extended the full width of 
the flume (See fig. 57B.) The antidunes did not move 
upstream very much during their buildup. The waves 
on the bed surface under the main train of water waves 
were inphase with the water waves and had an ampli
tude about one-fourth that of the water waves. Most 
sediment moved near the bed, but some suspended sand 
was seen in the top part of the larger waves. Wave 
activity at the side window was mild compared with 
that in midstream; small inphase waves migrated 
downstream, and the amplitude of the bed undulations 
under them was about one-fourth that of the water 
waves. The bed undulations were still apparent after 
the flume had been drained at the end of the run. They 
extended all the way across the flume, were genl'rally 
less than 0.1 foot high, and appeared to be parallel to 
each other and perpendicular to the flow direction. 

Run 45.- The water-surface condition varied widely, 
from plane, to antidune waves (either breaking or 
standing), to trains of waves extending nearly the full 
length of the flume. The sand bed was firm except 
where the anti dunes broke (see fig. 58). Very heavy 
concentrations of sediment moved, mostly near the bed. 
Analysis of data showed that the concentration was 
about double that ordinarily expected for the imposed 
hydraulic conditions. . 

Run -".- Antidune waves formed just to the left of 
the center line of the flume, generally in a single train, 
but occasionally in a double train. The waves moved 
slowly upstream until they broke. New waves that 
formed downstream from the breaking position con
tinued the process, so that net upstream movement 
was minor. The bed was firm except under the crest 
of a breaking wave. Mean flow depth for this run was 
shallow (0.28 ft), so a given antidune sand wave was 

generally higher than the adjacent trough of the water 
wave. 

Run 43.-The flow condition and the bed configura
tion for this run are similar to run 44 even though the 
slope was steeper, the discharge, depth, and velocity 
were greater, and the bed-material discharge was less. 

Run 43.-Wave activity was very diverse. The waves 
generally occupied the full width of the flume and 
fonned and broke rather quickly compared with those 
fonned in runs described previously. When several of 
these large waves broke at once, the flow velocity was 
greatly reduced and considerable water was stored in 
the flume. The result was a lowering of the water level 
in the tailbox and, consequently, a reduction of the dis
charge of the pumps. Thus, the rate and maguitude of 
discharge variation depended on the antidune activity. 

RUNS USING ·O.93-MII[ SAND IN 8-FOOT-WIDE FLUME 

Data for these runs were collected during the period 
March-July 1960. The experimental variables and 
parameters are given in table 6, and the velocity-profile 
data, in table 16. 

Run 19.-The bed was screeded to a plane prior to 
this run. Then flow was carefully increased until sev
eral particles close to incipient motion had settled into 
a more stable position. No sediment was moving when 
the hydraulic data were collected. Resistance to flow 
due to the stationary sand grains was computed (table 
6). 

Run f5.-The flow depth was the same as for run 19, 
but the slope was greater and, consequently, the veloc
ity was 1.22 instead of 1.00. No sediment movement 
occurred. 

Run f6.-Discharge was increased about 10 percent 
over that for run 25, and the resulting shear stress and 
a mean velocity of 1.32 fps were sufficient to cause 
some movement of particles finer than 1 mm. The 
movement of the grains was very random and infre
quent. The rate of bed-material discharge was too low 
for reliable measurement. 

Run f7.-Further increase in the shear stress over 
that in run 26 caused general movement of all particles 
except those larger than about 2.0 mm. The bed
material discharge, determined from a composite of 
six samples, was 2.8 ppm. 

Run fO.-The slope for this run was the same as for 
run 27, but the discharge and velocity were less. The 
measured bed-material discharge was about 0.4 ppm, 
but data from other runs indicated that it should have 
been about 2 ppm. The slope was more than double 
that for run 19, and the velocity was about one-third 
greater. The bed seemed denser than that in run 19 
because of the fact that particles fell to a lower eleva
tion on the bed as they moved in run 20. 
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FlOURE 57.-Flow conditions during run 32. A, View downstream showing train 
of antidunes near station SO. B , View upstream from station 125 showing large 
anti dunes occupying full width of flume, and narrower antidunes from station 95 
to the head of the flume. 

Run £1.-The slope and discharge were increased for 
this run over those for run 20. Some particles moved 
constantly, but the largest ones moved only occasion
ally. The bed was very plane, and the largest grains 
were gradually buried. The water surface was smooth 
but not as glassy as in runs 19 and 20. The measured 
bed-material discharge (0.4 ppm) was about one-sixth 
that normally expected for the given flow conditions. 

Run 18.-A series of very low dunes or sand waves 
formed along the left wall of the flume. They tapered 
down to the plane bed along the right side of the 
flume. Some armoring occurred in the areas of greater 
boundary shear stress as a result of sorting of the fine 
material from the coarse. At least 99 percent of the 
bed-material discharge (21 ppm) moved in contact 
with the bed, so the water remained very clear. 

Run £18.-The discharge was about 10 percent great
er than that in run 18, but the slope remained the 
same. Low dunes formed in a pattern similar to that 
in run 18. The dunes in this run, however, extended 
farther across the flume than did those in run 18. 

Run £lB.-The slope was increased over that of run 
28, but no sediment moved because of the low shear 
stress. The low shear stress resulted from a reduction 
in velocity (from 1.75 to 1.16 fps) and in depth (from 
1.04 to 0.50 ft). 

Run ££.-This run was nearly identical with run 29. 
Run 30.-The velocity was increased to 1.25 fps by 

increasing both slope and discharge. Only particles 
less than about 1.0 mm in diameter moved. 

Run 31. This was the first of the shallow-depth 
(about 0.5 ft) runs with the 0.93-mm sand during 
which there was general transport of the sand on the 
bed. No sand waves or dunes were seen, but some sort
ing of the fine and coarse material was noted. Move
ment of fine material occurred about 0.5 foot from the 
walls of the flume and was parallel to the direction of 
the flow. A few small depressions or pockets were 
eroded in the bed. No sand waves were seen down
stream from such erosion pockets. 

Run 15.-Very small regular dunes about 0.10 foot 
high formed and moved slowly downstream. These 
dunes were typical of those obtained with finer sands, 
except that they were perhaps more regular and more 
closely spaced. They looked like those of run 14 shown 
in figure 59. The water surface was calm except down
stream from dune crests, where small boils were gen
erated by eddies. The bed was easily seen through the 
flow, because the amount of sand in suspension was 
very small. 

Run £3.-Conditions were similar to those in run 30 
except that the velocity was 1.30 instead of 1.25 fps. 
No particles larger than about 1.5 mm moved. The 
bed-material discharge was greater over patches of 
finer material. Even large particles rolled across these 
areas and then stopped when they reached the ·zone of 
normal gradation and other large particles. 

Run 3£.- The bed was essentially a plane, and the 
bed-material discharge was 26 ppm. The bed-material 
discharge was nearly the same as for runs 18 and 28, 
but the hydraulic conditions were much different. 
Eight or nine bands of relatively fine material moved 
at equally spaced increments across the flume. Figure 
60 shows the bed after the flume had been drained at 
the end of the run. 

Run £4.-The discharge was about 10 percent less 
than that of run 32. The bed was plane, the depth was 
0.49 foot instead of 0.52 foot, and the velocity was 1.46 
fps instead of 1.50 fps. As in run 32, segregated move-
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FIGURE 68.- Upstroam views of flow conditions for run 45. A. Train of antidune 
waves (sometimes called rooster tails). B, Bod oonl11mmtion caused by the anti
dune flow. 

ment occurred: the bed-material discharge was mostly 
composed of fine particles. Some small depressions or 
pockets were noted. 

Run 14.- The bed roughness for tllis run consisted 
of small dunes having an amplitude of less than 0.05 
foot and spaced 2.5-3.0 feet apart. This state of equi
librium was reached by washing out the large dunes 
formed in run 13, in which discharge and slope were 
much larger. The sand bed was very soft, particularly 
on the crest of the dunes. There was little or no sus
pended load, and the bed roughness did not affect the 

water surface. The bed was plane adjacent to the flume 
walls. Figure 59 shows the bed after the flume had 
been drained at the end of the run. Evidence of dif
ferential transport can be seen in view B, which shows 
that the finer material is concentrated where the dunes 
are highest. Differential bed·material discharge was 
also indicated by tile fact tlJat the median diameter of 
the bed-material discharge was 0.00272 foot, whereas 
the median diameter of the bed material on or near 
the surface was OJlO325 foot; 

Run 34.-The flow conditions were similar to those 
descri bed for run 14 (fig. 59) but the dunes that 
formed were slightly more irregular in shape. The in· 
creased shear stress caused the dune velocity and bed· 
material discharge to increase. The average particle 
size in the dunes or sand waves was smaller than that 
in tlle bed as a whole. 

Run 16.-The shear stress was sufficient to cause 
dunes to form that were more typical of natural dunes 
that those formed in runs 18, 28, 15, 14, and 34. The 
pattern of the dune faces was generally perpendicular 
to the direction of flow, but some advancement of the 
faces sometimes occurred near the centerl ine of the 
flume. Figure 61 shows tile degree of dune develop· 
ment at the end of the run. Some sediment was carried 
in suspension, but not so much that the bed could not 
be seen through the water surface. Although the bed 
was very soft during flow, especially near the dune 
crests, the depth was much easier to measure than in 
runs using finer sands. As the size of the bed material 
increased, the avalanche face of the dunes grew steeper, 
recirculation downstream from tile dune crest grew 
stronger, and the dunes moved in a more defmite plane, 
were closer together, and had a more uniform shape. 

Run 35.-The depth of flow was shallow (0.53 foot) 
and slope, fairly steep (0.00130). Dunes formed that 
appeared to have characteristics between those of dunes 
formed in runs 16 and 34. (See fig. 60, 61 and 62.) The 
steeper slope caused an increase in the bed-material 
discharge and the dune velocity. The resistance to 
flow was about midway between those in runs 16 and 
34; yet, the water surface was more turbulent than in 
runs 16 and 34. Small boils were seen on the water 
surface downstream from the crest of the low dunes. 
Small fins of sediment that were parallel to the flow 
formed downstream from some avalanche faces. Many 
fins consisted of material finer than tile average in 
transport. 

Run 17.- This rilll was similar to run 16 except that 
tlle slope and, consequently, the shear stress were in
creased by opening the tailgate. The dunes were well 
formed and moved faster because the shear stress was 
increased. The suspended bed-material discharge con-
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FlGURE 59.- Flume bed atendoCrun14. A. Viewupstrea.m. n, ViewdowDstream. 
Note in vIew B that the finer material Is in the aress of maxJmum dune height. 

sisted mainly of the finer particles, and the water was 
sufficiently clear that the bed could be seen through the 
flow. A few ripples moved on the backs of the largest 
dunes. 

Run 33.- The bed was raked and rough-screeded 
prior to the beginning of this run. Because of the 
shallower depth of flow, the dunes that formed were 
not as high as those formed in run 17. The water sur
face was rough and choppy, and a few boils were seen 
downstream from the dune crests. The dune height and 
the resistance to flow were greater than in l1lns 35 and 

FIGURE 6O.-Upstream view of tbe plane bed at tbe cnd of ron 32. 

Figure 63 shows the bed at the end of run 33 and 
may be contrasted with figure 62, which shows the bed 
at the end of run 35. 

Run 5.-The dunes formed were larger and more 
irregularly shaped than those formed at nearly the 
same discharge but at lesser slope in runs 16 and 17. 
The rate of dune movement was nearly equal to that in 
run 17 (table 6), but the bed-material discharge was 
greater because the dunes were larger. The water sur
face was depressed in depth over the dune crests and 
was expanded over the troughs. Boils due to the strong 
counterflow in the troughs, could be seen on the water 
surface downstream from the dune crests. The bed 

FIGURE 61.- Upstream view of dunes formed during run 16. 
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FlGURE S9.-Flume bed atendorrun 14. A, View upstream. n, View downstream. 
Note In view B that the finer material is in the areas of rruu:imum dune height. 

sisted mainly of the finer particles, and the water was 
sufficiently clear that the bed could be seen through the 
flow. A few ripples moved on the backs of the largest 
dunes. 

Run S3.- The bed was raked and rough-screeded 
prior to the beginning of this run. Because of the 
shallower depth of flow, the dunes that formed were 
not as high as those formed in run 17. The water snr
face was rough and choppy, and a few boils were seen 
downstream from the dune crests. The dune height and 
the resistance to flow were greater than in l1ms 35 and 

FIGURE 6O.-Upstream view of the plane bed at tbe cnd otrun 32. 

Figure 63 shows the bed at the end of run 33 and 
may be contrasted with figure 62, which shows the bed 
at the end of run 35. 

Run 5.-The dunes formed were larger and more 
irregularly shaped than those formed at nearly the 
same discharge but at lesser slope in runs 16 and 17. 
The rate of dune movement was nearly equal to that in 
run 17 (table 6), but the bed-material discharge was 
greater because the dunes were larger. The water sur
face was depressed in depth over the dune crests and 
was expanded over the troughs. Boils due to the strong 
counterflow in the troughs, could be seen on the water 
surface downstream from the dune crests. The bed 

FIGURE tH.-Upstream view or dunes formed during run 16. 
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FIGURE 62.-Upstree.m view of the dune-bed condJtion at the end of run U. 

with these larger dunes was softer and more fluid than 
in the previous runs. The suspended·sediment cOncen
tration was very small so the bed could be seen through 
the flow. Small fast· moving dunes moved on top of 
the large dunes, possibly causing the change in level of 
the major dune movement. 

Run lO.- The slope was steeper, the depth shallower, 
and the bed-material discharge greater than in run 33. 
The result was a low dune pattern. The relatively 
large amount of bed· material discharge near the bed 
and possibly also the increased strength of secondary 
circulations accentuated the "fins" downstream from 
the dune crest. (See fig. 64.) The irregularly shaped 
dunes and "fins" seemed to indicate that at such shal
low depths, meandering might develop if slope and 
transport rate were increased. 

FIGURE 63,-Upstream view of low dunes on tbe Hume bed at the end of run 33. 

FIGURE 64.-Upstream view of the dune configuration at the end of run 10. 

Run 37.-The flow conditions in this run were simi
lar to those in run 6, which will be described later. 

Run 36.-This was another shallow·depth run and 
was similar to run 10. The water surface was so turbu
lent that eddies, generated by the dunes, were indis
tinct. Waves generated in the flow by the dunes were 
reflected from the side walls, giving the appearance of 
additional roughness. The dunes were larger than 
those in other shallow·depth rullS. The large dunes at 
this shallow depth caused much resistance to flow. 

Run 6.-This run was similar to run 37. As can be 
seen in figure 65, the bed consisted of large dunes. The 

FIGURE 6V.-Upstream view of tbe dune-bed configuration formed during run 6. 
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FIGURE &i.-Upstream views of the flow conditions fOI'.nm 11. A, The water surface. 
B, The bed configuration at the end of the run. 

dunes were very regular in form and had small dunes 
or ripples on their back. The bed was soft on the crest 
and firmer on the back, but in general it was softer and 
more porous than in runs having smaller dunes. The 
high velocity of flow over these large dunes resulted in 
a very rough water surface. If the depth had been 
greater, the surface waves would probably have been 
dampened and eddies and boils would have been more 
conspicuous. The turbulence was sufficient to cause 
some larger particles to be carried in suspension, and 
some of these were seen "jumping" from dune crest to 
dune crest. Most of the moving sediment was, however, 
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in nearly continuous contact with the bed. The dunes 
advanced by the processes of (1) sediment avalanching 
aud deposition on the front of the dune crest and (2) 
erosion of the dune back and at the front of the 
trough. The amount of bed-material discharge varied 
greatly, depending on the position of the dune or dunes 
in relation to the flume exit. 

RUIn 7.- The slope was about the same as that for 
run 6, but the discharge was reduced to about 10 cfs. 
Compared with run 6, the velocity and depth were 
less, the dunes were smaller, and the water surface was 
smoother. Boils were conspicuous on the water surface 
downstream from the dune crests. As in other sets of 
runs, the large dunes moved much slower than the 
small dunes. The speed was directly proportional to 
the size or amplitude of the avalanche face, which 
varied with the volume of sediment in transport. The 
speed was also proportional to the shear stress, to the 
bed-material discharge over the back of the dune, 
which, in tum, was affected by the position of up
stream dunes, and to the exposure or elevation at which 
tl,e dune moved through the flume. 

RUIn 38.-The dunes formed in this run were similar 
to those formed in runs 6 and 37. Increasing the slope 
for this run caused the velocity of flow and the bed
material discharge to increase; consequently, the mean 
dune velocity was considerably greater. Many short 
dune troughs formed, in which the inlpinging flow 
from the crest of the dune at the upstream edge of the 
trough caused very rapid scour on the downstream 
part of the trough. The components of flow from this 
impingement, both forward and reverse, caused con
siderable suspension of sediment. 

Run 11.-The bed configuration consisted of large 
fast-moving dunes. The water surface was turbulent, 
and a few random surface waves were generated. Fig
ure 66 shows the water-surface and bed conditions of 
this run. As can be seen in figure 668, ripples or small 
dunelike sand waves formed on the back of the dunes. 
The distance between the major dunes seemed to in
. crease as they moved downstream. When the distance 
between dunes had increased to about 10 feet, either a 
new dune formed or the distance gradually decreased, 
depending on the position and shape of the dune pat
tern upstream. 

Run 8.-TIus run was similar to run 7 except that 
the slope was steeper and the velocity was higher. The 
discharge was increased over that of run 7 to maintain 
nearly the same depth. The dunes that formed were 
longer, lower, and traveled faster. The characteristics 
of the flow on the dunes seemed to represent the be
ginning stages of the transition between dunes and 
plane bed, although the energy of the flow was much 
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less than the rapid-flow condition in which F > 1. 
The wavy water surface effectively masked the typical 
dune-type boils on the water surface. 

Run l :2.- The dunes were medium sized but moved 
rapidly and caused many surface waves. Some surface 
waves had white caps, but did not exhibit antidune 
characteristics. The bed increased in firmness as the 
velocity increased, especially on the back of the dunes. 
The dune shapes were sometimes observed to be very 
regular and consistent or, at other times and locations, 
change rapidly. Occasionally, a jet of flow moved over 
a dune that had a steep avalanche face, inpinged on 
the steep upstream face of the trough, or on the back 
of the next dune dO\vustream, and caused very rapid 
erosion and the suspension of large quantities of sedi
ment. Where such flow conditions occurred, very 
strong reversed flow originating from the eroding area 
and moving across the bottom of the trough was evi
dent. Figure 67 shows these flow conditions. 

Run 13.- The slope for this run was steeper than 
that for run 12. Faster flow and more bed-material 
discharge resulted. The water surface was very rough, 
and short trains of irregularly shaped waves with 
white caps formed. The dunes were elongated and 
irregular in shape. Figure 68 shows the flow condi
tions of the run. The suspended-sediment concentra
tion was greater than that in run 12. The dunes moved 
fast and changed shape rapidly; thus, useful data on 
dune velocity and amplitude were difficult to obtain 
through observation windows. 

Run B.- The water surface was very rough, and the 
dunes were low and moving downstream very rapidly. 
This was a true transitional run. Standing waves in
phase with the underlying bed configuration were com
mon, but, more typically, the water waves were out of 

FIGURE 67.-Rapid flow from the dune crest on the left impinging on the downstceam 
waIl of the tr(IUgh and causing rapid erosion and suspension of sediment during 
runJ2. 

B 

FIGURE 68.-Upstream views offlow and bed conditions for run 13. A . Water-surfsC(l 
condition. B, Bed configuration at end of run. 

phase with the bed configuration. Some trains of 
standing waves built up and then broke. 

Run 3.-The flow and roughness conditions of this 
run were similar to those described for run 9. Greater 
depth and velocity, however, caused much more sus
pension of sediment. 

Run 1.- The water surface was very rough, and 
some standing waves broke. The waves were less 
symmetrical and wider spaced than those in runs using 
smaller diameter sands. The water surface indicated 
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less than the rapid-flow condition in which F > 1. 
The wavy water surface effectively masked the typical 
dune-type boils on the water surface. 

Run 1:1i.-The dunes were medium sized but moved 
rapidly and caused many surface waves. Some surface 
waves had white caps, but did not exhibit antidune 
characteristics. The bed increased in firmness as the 
velocity increased, especially on the back of the dunes. 
The dune shapes were sometimes observed to be very 
regular and consistent or, at other times and locations, 
change rapidly. Occasionally, a jet of flow moved over 
a dune that had a steep avalanche face, inpinged on 
the steep upstream face of the trough, or on the back 
of the next dune downstream, and caused very rapid 
erosion and the suspension of large quantities of sedi
ment. Where such flow conditions occurred, very 
strong reversed flow originating from the eroding area 
and moving across the bottom of the trough was evi
dent. Figure 67 shows these flow conditions. 

Run 13.-The slope for this run was steeper than 
that for run 12. Faster flow and more bed-material 
discharge resulted. The water surface was very rough, 
and short trains of irregularly shaped waves with 
white caps formed. The dunes were elongated and 
irregular in shape. Figure 68 shows the flow condi
tions of the run. The suspended-sediment concentra
tion was greater than that in run 12. The dunes moved 
fast and changed shape rapidly; thus, useful data on 
dune velocity and amplitude were difficult to obtain 
through observation windows. 

Run B.- The water surface was very rough, and the 
dunes were low and moving downstream very rapidly. 
This was a true transitional run. Standing waves in
phase with the underlying bed configuration were com
mon, but, more typically, the water waves were out of 

FtotTRE 67.-Rapid flow from the dune crest on the left impinging on the downstream 
waIl of the trough and causing rapid erosion and suspension of sediment during 
run 12. 

B 

FIGURE 68.-Upstream views of flow and bed conditions forrun 13. A. Water-surfsC(l 
condition. H, Bed configuration at end of run. 

phase with the bed configuration. Some trains of 
standing waves built up and then broke. 

Run 3.- The flow and roughness conditions of this 
run were similar to those described for run 9. Greater 
depth and velocity, however, caused much more sus
pension of sediment. 

Run i.-The water surface was very rough, and 
some standing waves broke. The waves were less 
symmetrical and wider spaced than those in runs using 
smaller diameter sands. The water surface indicated 
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A 

B 

FIGURE OO.-Flow conditions during run 2. A, An upstream view of a train of rougb 
standing waves, and the water surface. B, A side view of inphase water and bed 
surfaces typical of standing waves. 

a condition of an upper regime flow, but the bed con
sisted of low rapidly moving dunes. Very streamlined 
dunes indicated a transitional condition. 

Run :e.-In this run, the slope was steeper, the re
sistance was less, the velocity was higher, and the 
depth was less than in run 1. Trains of standing waves 
(fig. 69A) formed, but the waves generally disinte
grated or washed out without breaking. The sand 
and water waves were inphase (fig. 69B) and generally 
were nearly stationary. Under these flow conditions, 
most sediment transport was close to the bed. As the 
sharpest and largest waves broke, "rooster's tails" 
formed on the water surface. 

A 

B 

FIGURE 70.-Upstream views 01 tlow conditions fo r run 4. A, The rough water 
surface. B, The bed configuration at end of run. 

Run 4.- The conditions at the start of this run were 
the same as in run 2, except that the discharge was 
less. The reduced discharge caused the depth and the 
bed-material discharge to decrease, and the resistance 
to increase. The water surface was extremely rough, as 
ill shown in figure 70. A variety of conditions, such as 
small elongated dunes rapidly advancing across a flat 
area and a few symmetrical or inphase waves, was 
visible from the side window. The symmetrical sand 
waves were very unstable and rapidly changed to 
dunes or planed out. 

Run 41.-This was another transitional run. Some
times the bed and water surfaces were plane, sometimes 
they were undulating in phase, and sometimes they 
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B 

FIGURE 69.- Flow conditions during run 2. A, An upstream view of a train of rougb 
standing waves, and the water surface. 11, A side view of inphase water and bed 
surfaces typical of standing waV(>S, 

a condition of an upper regime flow, but the bed con
sisted of low rapidly moving dunes. Very streamlined 
dunes indicated a transitional condition. 

Run :8.-In this run, the slope was steeper, the re
sistance was less, the velocity was higher, and the 
depth was less than in run 1. Trains of standing waves 
(fig. 69..1) formed, but the waves generally disinte
grated or washed out without breaking. The sand 
and water waves were inphase (fig. 69B) and generally 
were nearly stationary. Under these flow conditions, 
most sediment transport was close to the bed. As the 
sharpest and largest waves broke, "rooster's tails" 
formed on the water surface. 

B 

FIGURE 70,-Upstream views of flow conditions tor run 4. A, The rough water 
surface. B, The bed configuration at end of run. 

Run 4.-The conditions at the start of this run were 
the same as in run 2, except that the discharge was 
less. The reduced discharge caused the depth and the 
bed-material discharge to decrease, and the resistance 
to increase. The water surface was extremely rough, as 
is shown in figure 70. A variety of conditions, such as 
small elongated dunes rapidly advancing across a flat 
area and a few symmetrieal or inphase waves, was 
visible from the side window. The symmetrieal sand 
waves were very unstable and rapidly changed to 
dunes or planed out. 

Run 41.- This was another transitional run. Some
times the bed and water surfaces were plane, sometimes 
they were undulating in phase, and sometimes they 
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B 

FlOURJ: 11.-Upstream views of flow conditions for runs 43 and 39. A, The water 
surface. B. The sand bed. 

were out of phase. The out-of-phase condition was 
caused by small and rounded dunes having weak zones 
of flow separation. The resistance to flow was less than 
that in run 4; therefore, the water surface was 
smoother, and both the velocity and the bed-material 
discharge were greater. 

Run 4£.-The flow conditions over the bed were 
more plane than those of run 41. Small trains of large 
amplitude standing waves occasionally formed and 
then died out; but did not break. The bed was very 
firm except on the crest of dunes in a wave train. 

Run 4O.- This run differed from run 42 by having 
more standing waves, greater reSistance to flow, and 
more bed-material discharge. The wave trains some
times built up nearly to the breaking point and then 
moved slightly upstream without breaking. 

Runs 43 and 39.- Input variables, resistance to flow, 
and bed-material discharge for these two runs were 

nearly identical. The water and bed surfaces are 
shown in figure 71. Small-amplitude standing waves 
occasionally formed on the water surface, and these 
affected the "bed. The bed was at least as firm as that 
in any other run or set of runs. The firmness of the 
bed may have been a major factor causing the low bed
material discharge noted for these two runs. Turbu
lence was reduced by the pavementlike bed. 

RUNS USING O.32-MM SAND IN 2-FOOT-WIDE FLUME 

The purpose of this set was to determine the effect 
of viscosity on resistance to flow and bed-material dis
charge. The viscosity of the flow was varied for each 
run by changing the temperature of the flow. The 
temperature of the flow for a given run was main
tained at a specific level by immersing a steam hose 
into the tailbox, thus warming the water before it 
was pumped back to the head of the flume. The sand 
used was the 0.27-mm sand used in the 8-foot-wide 
flume, but made coarser by washing a way some of the 
fine particles. This set of experiments was conducted 
during the period November 1959--April 1960. The 
experimental variables and parameters are given in 
table 7, and the velocity profiles in table 17. 

The order of presenting the runs in the following 
discussion and in table 7 is different from that used 
for the preceding sets because increasing slope cannot 
be used if the low- and high-temperature runs for a 
given discharge are to be compared. The low- and 
high-temperature paired runs are presented in the 
order of increasing discharge, the low-temperature run 
preceding the high-temperature run. For a specific 
temperature, the order approximated that of increasing 
slope, velocity, and bed-material discharge. Only water 
temperature and, hence, fluid viscosity were changed 
for any pair of runs. Changes in slope, depth, rough
ness, and bed-material discharge were the direct re
sponse to the change in fluid viscosity. In some sets " 
the first run was made with cold water, and the second 
with heated water; in others the procedur;,e was re
versed. 

Run I.- The run was started with the bed planed to 
a slope of about 0.00015. At a mean velocity of 0.90 
fps, small particles moved more steadily than large 
ones. ·When large particles moved, they generally be
came stabilized at a lower elevation, a very short dis
tance, from where they started. The very small ripples 
formed from this kind of selective movement were most 
evident at the lower end of the flume, mainly because 
the depth of the flow there was less and the velocity 
was higher, but also because most of the fine sediment 
had been moved, by selective movement, from the 
upper to the lower end of the flume. 
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Run 11.-The conditions for this run were similar to 
those for run 1 except that the temperature of the flow 
was 23.4°C in contrast to 10.0°C in run 1. The sedi
ment transport rate was slightly greater than in nm 
1. Small particles moved constantly, medium particles 
moved intermittently, and large particles moved oc
casionally. The final bed form, very low ripples, caused 
somewhat greater resistance to flow and, in turn, lower 
velocity, than in run 1. 

Run S.- Fully developed ripples as much as 0.2 foot 
high formed on the bed. Although these ripples moved 
downstream very rapidly, the water surface remained 
generally smooth. Clouds of sand occasionally swirled 
off the crests of the ripples, but no true suspended sedi
ment extended from the bed to the water surface. 

Run 4.- The bed configuration of this rlm was rip
ples averaging 0.07 foot high and 0.66 foot long. The 
water surface was relatively smooth. Most sediment 
rolled or slid over the crest of each ripple. Small 
clouds of the finer particles were occasionally carried 
up into the flow. Few if any particles reached the sur
face, however, and the suspended concentration, for all 
practical purposes, was zero. 

Run SO.-Large and fairly uniform ripples formed 
throughout the length of the flume. Suspended sedi
ment (24 ppm) was especially noticeable downstream 
from the ripple crests. 

Run 119.-The higher water temperature for this rlm 

caused a higher flow velocity and a higher bed-material 
discharge than rlm 30 at nearly the same slope. The 
dunes formed on the bed were smooth and flat and were 
partly covered with small ripples. Some dunes were 
almost indistinguishable. Ripples were the dominant 
bed form. Suspension of sediment was especially no
ticeable downstream from the ripple or dune crests. 
Suspended transport was only a small portion of the 
total transport as was attested by the smooth water 
surface. 

Run 5.-Both dunes and ripples formed on the bed 
of the flume. The water surface was undulating and 
was much rougher than in any other rlm previously 
described in this set. The bed sloped transversely near 
the larger dunes. Some bed-material discharge moved 
as suspended sediment, but most rolled and slid rapidly 
over the crest of the dunes. 

Run 6.- Rate of discharge was the same as in run 
5, but the water temperature was 17°C higher than in 
run 5. Depth of flow was greater than in run 5, but 
slope, velocity, and bed-material discharge are all 
significantly less. Again the bed features comprised 
low dunes with small ripples superposed. (See fig. 72.) 
Occasionally small vortices were seen carrying sand 
to the surface of the flow. 

Runs f7 awJ 1I8.-Fully developed dunes (and a few 
ripples) formed throughout the flume. In run 27 (cold 
water) the dunes were longer and more rounded and 
the water surface was smoother than in run 28 (warm 
water). The effect on depth, velocity, slope, and bed
material transport caused by changing water tempera
ture seemed to be the inverse of that in the previous 
three pairs of runs, in which ripples were the dominant 
forms. 

Runs 1i6 awJ 115.- The dunes formed on the flume bed 
in runs 26 and 25 were generally of typical shape and 
were out of phase with water-surface undulations
that is, the depression in the water surface was over 
the crest of a sand wave. Occasionally, some irregular 
dune troughs formed, such as an erosion pocket with 
both steep upstream and downstream slopes. Ripples 
formed in some dune troughs where the velocity was 
lowest. In run 25 the dunes increased in size down
stream. As in runs 27 and 28, velocity and slope were 
higher in runs using warm water, whereas bed-ma
terial discharge was less. 

Run 1il.- The run was typical of the transitional 
regime. The bed alternately was nearly a plane or 
comprised long low dunes. During the near-plane con
dition, the water surface conformed closely to any bed 
irregularities. Small irregularities slowly developed 
into low dunes, most of which did not extend uniform
ly across the flume. Dunes were 0.2-0.3 foot high on 
the left side of the flume but only 0.1 foot high on the 
right side. The bed was firm though easily scoured 

. 'IOURE n.-Downstream view of dUI1(l·bed oonflgumtlon lonncd during run 6. 
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under the plane conditions, and very soft in the 
vicinity of the dune crests. 

Run ~~.-The higher water temperature in tlus run 
resulted in a bed condition closer to that of dunes, al
though it was actually transitional. Long low very 
irregular dunes occupied about two-thirds of the flume. 
Most dunes were about 0.15 foot high, but at least one 
in each train of dunes that moved through the flume 
was about 0.3 foot high. The water suriace was rough, 
and the depth of flow varied greatly. The more dune
like configuration caused the velocity and the slope to 
be lower and the bed-material discharge to be larger, 
especially the suspended part, than in run 21. 

Runs ~4 and ~B.-These runs were similar to runs 21 
and 22 except that the increased discharge resulted in 
a greater depth and somewhat lower velocity. The 
dunes formed in the warmer water (run 23) were more 
fu lly developed t.han those in run 22. 

Run 7.- The flow conditions for this run resulted in 
a smooth bed fonn of very long waves. The water 
surface was rough and followed the same pattern as 
the bed. Much of the bed-material discharge was 
rapidly rolled or slid along the bed, but some went 
into suspension very easily like dust swept by a broom. 
The bed-material discharge varied rapidly. Undula
tion of the bed surface caused stratification in the fonu 
of thin alternate layers of fine and coarse sediment in 
the bed, at least in the areas near the walls of the 
flume. 

Run 8.- The wanu water caused the bed configura
tion to revert back to dunes from the nearly plane con
dition of run 7. About two-tlurds of the length of the 
flume was covered with dunes, which started at the 
upper end of the flume and became progressively 
smaller as they moved downstream. In a few places 
the bed was intennittently scoured to the floor of the 
flume. The water surface was very rough, and the 
crest-t~-crest distance between water waves was much 
less than the distance between dune crests. The down
stream face of the dunes was not steep, so that any 
eddies downstream from the dunes were small. Figure 
73 is a side view of the dune -configuration and flow 
of run 8. Sediment streaming from the crest of the 
dune can be seen in the photograph. 

Run ~O.-Downstream from station 35, very small 
antidunes formed. These moved upstream very slowly 
but did not break. The water and sand waves were 
in phase because the flow was in the upper regime. 

Run 19.- The higher temperature in comparison 
with l'Iln 20 caused the bed form and flow to change 
from one of mild antidunes to a plane bed. The down
stream one-third of the flow surface had a slightly 

FIGURE 73.-Side view fl f dunes and flow conditions during run 8. 

wavy appearance, but the rest was -.ery smooth. The 
bed was very firm except in a few upstream areas of 
t.he flume. Even though the downstream water surface 
became increasingly \Va vy, it was very smooth com
pared with the surface in runs having greater slope. 

Runs 10 and 9.-The flow velocity and the amount of 
bed-material discharge were similar in these l'lillS. The 
bed configuration was one of standing waves. Slope 
and resistance to flow were greater in run 10, seemingly 
because the viscosity of the water was greater (1.55 as 
opposed to 1.00). The standing waves were more 
persistent in runs 9 and 10 than in runs 19 and 20. 
They generally fanned and remained for about 15 
seconds and then gradually diminished. Figure 74 
shows the long low amplitude of the inphase sand and 
water waves. The amplitude of the water waves was 
greater than that of the sand waves. 

Runs li2 and 11.- The depth of flow was increased 
from that in runs 10 and 9, "nd for a given temperature 
a decrease in bed-material discharge and slope resulted. 
The bed was nearly plane in hoth runs, although stand
ing waves formed in run 11. The water surface un
dulwted gently in run 11. The magnitude of t.he 
undulations was about 0.1 foot at the downstream end 
of the flume. The bed-surface undulations were not as 
large as those of the water surface. 

Runs 14 and IB.-Antidunes formed in both runs. 
Those formed in run 14 (cold water) were better de-

a = 4.8 

}'IGllRE 74.- Side view or bed and flow durlng TUn D. 
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B 

FIGURE 75.-Slde views of antidune now conditions during run 15. A, Dune crest 
(left) and zone 01 flow acceleration (center and right). B, Trough of sand and 
water waves (Jelt) and breaking wave and very heavy concentration of sediment 
near the bed (center and right). 

veloped than those fonned in run 13 (warm water), 
and they moved upstream at about 0.2 fps compared 
with 0.1 fps for those in run 13. The magnitude of 
the antidunes and their rate of movement decreased 
upstream in the flume. The bed-material discharge 
was greater in run 14 than in run 13 because the cold 
water resulted in greater antidune activity and, thus, 
more suspension of sediment. 

Run8 15 and 16.-The anti dunes formed in these two 
runs were similar to those formed in runs 14 and 13. 
Bed-material discharge was greater in runs 15 and 16 
than in 14 and 13 because mean velocity and depth 
were greater and possibly because the water tempera
tures were lower. The suspension of bed material de
veloped upward from a densely transported layer at 
the bed and was significantly greater than in runs 14 
and 13. Figure 75 shows two views of the flow con
ditions. 

Run 17.- A cbute-and-pool condition formed during 
this run that was nearly like that formed during runs 
using finer sands in the 8-foot-wide flume. Occasional
ly, an 8- to 10-foot-long chute formed in which flow 
accelerated downstream to a hydraulic jump or a 
strong downstream standing wave. Breaking antidunes 

were seen all along the flume, and often the lower 20 
feet of the flume had a continuous series of breaking 
antidunes. The antidunes seemed to break when the 
crest of the sand wave was level with the water sur
face in the upstream trough. 

Run 18.- Flow in this run appeared similar to that 
in run 17 except that it was not as violent and no 
chutes and pools formed. The water surface was very 
rough; so reliable measurements of depth and slope 
were difficult to make. Eight measurements of the 
velocity of the upstream movement of the anti dunes 
ranged from 0.020 to 0.082 fps and averaged 0.052 fps. 

Run 31.- This was a chute-and-pool run. The length 
of the chutes was possibly limited by the amount of 
sediment on the flume bed; that is, the lower part of 
the chute at the hydraulic jump may have been scoured 
to the floor of the flume. Nonunifonn suspended
sediment concentration was indicated by analyses of 
four samples in which the mean concentration was 
41,600 ppm and the standard deviation was 27,800 
ppm. Four measurements of bed-material discharge 
averaged 49,300 ppm and had a standard deviation of 
7,700 ppm. A comparable high-temperature run was 
not made. 

RUNS USING O.33-MM (UNIFORM) SAND IN 2-FOOT
WIDE FLUME 

The sand used in this set of runs had a median 
diameter of 0.33 rum and as little size gradation as 
was practical to obtain. Table 1 and figures 4 and 5 
have more detailed information on the character of 
the sand. The runs were all made with temperature of 
the water close to 20°0 and the depth of flow close 
to 0.50 foot. This set of experiments was conducted 
during the period January-April 1961. The experi
mental variables and parameters are given in table 8. 
Velocity-profile data are given in table 18. The runs 
are discussed on the following pages and are listed in 
table 8 in chronological order by increasing slope. 

Run 7.-The bed was planed smooth under quiet 
water and set at a slope of 0.00025 inuuediately prior 
to this run. When flow had been established, the re
sulting mean flow velocity was 1.14 fps. The shear 
stress was great enough to cause movement of sedi
ment throughout the length of the flume but was not 
great enough to cause ripples to form anywhere but 
near the headbox. 

Run 8.-The slope was increased to 0.00087, and this 
increase caused much sediment movement; consequent
ly, resistance to flow increased and ripples fonned. 
The increase in resistance made it necessary to decrease 
the discharge and the velocity so that a depth of 0.50 
foot could be maintained. As is shown in figure 76 and 
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in columns 14 and 15 of table 8, the ripples had small 
amplitude and length. Ripples appeared to be slightly 
larger near the flume walls than at midstream. The 
bed-material discharge was only 6.6 ppm, and nearly 
all of it moved very close to the bed. The bed was 
very firm except on ripple crests, which were very 
soft and fluidlike. 

Run 5.- A continuous flow for 3 days was required 
to establish equilibrium in this run. Little or no 
change in flow conditions occurred during the last 
24 hours. The ripples were about twice as high as 
those formed in run 8, and their size and shape varied 
more widely. The bed-material discharge was 47 ppm, 
of which about 15 ppm was carried in suspension. 

Run 11.- The bed form consisted of dmmlike highs 
and lows almost completely covered with ripples. The 
high areas did not have discernible crests, as one would 
expect for dunes. The' entire bed was soft. 

Run 10.- The slope was 0.00213, more than double 
that for run 11. The consequent flow and transport 
variables achieved equilibrium with a bed form con
sisting of ripples superposed on dunes. Some shorter 
dunes, 1.5-2.0 feet long, did not have ripples on their 
surface. The sand bed felt soft and fluidlike. 

Run 6.- The flow characteristics were similar to 
those expected over a dune-bed configuration. The 
dmles varied greatly in size and shape, and some had 
ripples on their surface; some even had a very round 
crest. Figure 77 illustrates the bed and flow conditions 
in run 6. The rounded shape of some of the dmles ap
parently resulted from the specific dune being sub
jected to a jet of flow from over the next upstream 
dmle. 

F IGURlr 76.-Upstream view of rippled flume bed at the end of run 8. 

B 

FIGURE 77.-Bed and now condtUonsfor run 6. A, Upstream view of the flume after 
too water had been drained from it at the end of the run. B, Side view of two 
dunes. The flow is from right to left. 

Run 4.-The slope and depth seemed to fluctuate 
considerably, and, with them, the bed condition-from 
nearly plane to transitional dunes. The bed-material 
discharge remained relatively constant. The transi
tional dunes gradually built up from the plane-bed 
condition. At first they were long but had small am
plitude; then they changed to short but with large 
amplitude. As the dunes built up, the resistance to flow 
increased and caused "the depth and slope to increase 
also. The bed was softer than under normal plane-bed 
conditions. 

Run I.-Plane-bed conditions of flow and transport 
existed during this rilll. The resistance to flow was 
low, and the water surface was relatively smooth. Most 
sediment transport occurred in close contact with the 
sand bed. The average bed-material discharge was 
3,090 ppm, of which only 12.7 percent was in sus
pension, in contrast to over 30 percent ordinarily in 
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suspension when dunes and ripples are present. The 
sand bed was very finn. 

Run 9.-The flow condition varied with the size and 
shape of the dunes formed. At times the dunes were 
as much as 8-12 feet long, and at other times they 
averaged 3--4 feet long. The height of the long dunes 
was about one-half that of the short dunes. The al
ternating from one kind of dune to another affected 
slope, depth, and concentration of bed-material dis
charge. The mean slope for this run was greater than 
that for Il1n 1, but the velocity and bed-material dis
charge were much less. 

Run lfl.-A plane-bed condition very similar to that 
in run 1 existed as long as the water was kept heated. 
'Vhen the water temperature was allowed to drop to 
15°C, the bed condition converted to the one of anti
dunes. 

Run 18.-The increase in slope and shear stress for 
tllis run caused the flow velocity and bed-material dis
charge to be gI-eater than in run 12. The result was a 
series of standing waves which built up slowly and 
then gently receded or broke. The sand and water 
waves were inphase, and the vertical distance between 
the crest and trough of the water waves was about 
twice that of the sand waves. None of the dunes up
stI-eam from station 40 broke, and only some of those 
downstream from station 40 broke. 

Run fl.-This was a typical antidune run of relative
ly mild activity. Antidunes formed and broke regular
ly in the downstream end of the flume, less frequently 
in the middle of ti,e flume, and only occasionally in 
the upper end of the flume. The mild activity as the 
dunes broke did not cause much suspension of sand. 
After a series of waves broke, the bed usually planed 
out considerably and low-standing waves developed. 
The standing waves, in turn, moved upstream as they 
grew in size and developed into antidunes. Figure 78 
illustrates the nature of the standIng-waves formed in 
run 2. 

FIQURE 78.-Slde view of the standing waves most typical or flow conditions during 
run 2. Flow Is from right to left. 

FIGURE 79. Side view of a.n a.ntidune beginning to break during run 3. Flow is (rom 
right to leU. 

Run 8.-Antidunes were breaking somewhere in the 
flume at all times during tIUs run, but they generally 
took longer to break than did those in run 2. The 
longer bI-eaking time, plus the greatly increased fre
quency of breaking resulted in a large increase of 
suspended bed-material discharge over that in run 2. 
Sediment was deposited on and filled in the upstream 
slope of the sand waves. During and after breaking of 
an antidune, such deposition and filling occurred very 
rapidly. Figure 79 shows an antidune early in the 
breaking stage. The 0.1-foot-thick highly concen
trated layer of sediment became a cloud of sand in the 
low velocity flow under the breaking crest of the water 
wave. 

Run 14.-Increase in slope over that in run 3 caused 
greater velocity and more violent activity in the fonn 
of breaking anti dunes. The bed-material discharge was 
nearly the same as that of run 3, but the part held in 
suspension was greater. 

RUNS USING O.33-MM (GRADED) SAND IN 2-FOOT
WIDE FLUME 

The 0.33-mm graded sand as described previously, 
was manuiactur-ed or assembled from several size frac
tions to obtain a nonuniform sand having a median 
diameter of 0.33 mm. Flow characteristics and bed
material discharge in runs using this sand were re
corded for comparison with data for runs using the 
uniform 0.33-mm sand. The runs in tIUs set are like
wise pI-esented in order of increasing slope. The fol
lowing data were collected during the period July
September 1961. The experimental variables and 
parameters are given in table 9, and the velocity-pro
file data, in table 19. 

Run llA.-The bed was planed smooth under several 
inches of qniet water prior to the begimling of the run. 
Flow was established at a slope of 0.00022 and a mean 
velocity of 1.08 fps. Some fine grains moved, mostly 
to positions at lower levels among coarser grains. 
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suspension when dunes and ripples are present. The 
sand bed was very finn. 

Run 9.- The flow condition varied with the size and 
shape of the dunes formed. At times the dunes were 
as much as 8-12 feet long, and at other times they 
averaged 3--4 feet long. The height of the long dunes 
was about one-half that of the short dunes. The al
ternating from one kind of dune to another affected 
slope, depth, and concentration of bed-material dis
charge. The mean slope for this run was greater than 
that for lUn 1, but the velocity and bed-material dis
charge were much less. 

Run lfl.-A plane-bed condition very similar to that 
in run 1 existed as long as the wat.er was kept heated. 
When the wat.er temperature was allowed to drop to 
15°C, the bed condition converted to the one of anti
dunes. 

Run 18.- The increase in slope and shear stress for 
tlus rWl caused the flow velocity and bed-material dis
charge to be great.er than in run 12. The result was a 
series of standing waves which billlt up slowly and 
then gently receded or broke. The sand and water 
waves were inphase, and the vertical distance between 
the crest and trough of the water waves was about 
twice that of tl,e sand waves. None of the dunes up
stream from station 40 broke, and only some of those 
downstream from station 40 broke. 

Run fl.- This was a typical antidune run of relative
ly mild activity. Antidunes formed and broke regular
ly in the downstream end of the flume, less frequently 
in the middle of tl,e flume, and only occasionally in 
the upper end of the flume. The mild activity as the 
dunes broke did not cause much suspension of sand. 
After a series of waves broke, the bed usually planed 
out considerably and low-standing waves developed. 
The standing waves, in turn, moved upstream as they 
grew in size and developed into antidunes. Figure 78 
illustrates the nature of the standIng-waves formed in 
run 2. 

FIGURE 18.- Slde view of the standing waves most typical o f How conditions during 
run 2. Flow Is from right to left . 

FIGURE 79. Side view of an antidune beginning to break during run 3. Flow is from 
right to left. 

Run 8.- Antidunes were breaking somewhere in the 
flume at all times during this run, but they generally 
took longer to break than did tllOse in run 2. The 
longer breaking time, plus tl,e greatly increased fre
quency of breaking resulted in a large increase of 
suspended bed-material discharge over that in run 2. 
Sediment was deposited on and filled in the upstream 
slope of the sand waves. During and after breaking of 
an antidune, such deposition and filling occurred very 
rapidly. Figure 79 shows an antidune early in the 
breaking stage. The O.l-foot-thick highly concen
trated layer of sediment became a cloud of sand in the 
low velocity flow under the breaking crest of the water 
wave. 

Run 14---lncrease in slope over that in run 3 caused 
greater velocity and more violent activity in the fonn 
of breaking anti dunes. The bed-material discharge was 
nearly the same as that of run 3, but the part held in 
suspension was greater. 

RUNS USING 0.33-MM (GRADED) SAND IN 2-FOOT
WIDE FLUME 

The 0.33-mm graded sand as described previously, 
was manufactured or assembled from several size frac
tions to obtain a nonuillform sand having a median 
diameter of 0.33 mm. Flow characteristics and bed
material discharge in runs using this sand were re
corded for comparison with data for runs using the 
uniform 0.33-mm sand. The runs in this set are like
wise presented in order of increasing slope. The fol
lowing data were collected during the period J uly
September 1961. The experimental variables and 
parameters are given in table 9, and the velocity-pro
file data, in table 19. 

Run llA.-The bed was planed smooth under several 
inches of qillet water prior to the begimling of the run. 
Flow was established at a slope of 0.00022 and a mean 
velocity of 1.08 fps. Some frne grains moved, mostly 
to positions at lower levels among coarser grains. 
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Particles which protruded into the flow were affected 
by the greatest shear stress and usually were the first 
to move. 

Run l1B.--General movement of all particles was 
obtained by increasing the slope to 0.00027 and in
creasing the mean velocity to 1.28 fps. Ripples formed 
from stations 0 to 20, and some fine-grained particles 
moved as far as station 24. The remainder of the flume 
downstream from station 24 remained plane despite 
considerable particle movement. 

Run l6.-Data collection began 36 hours after the 
run was begun. A uniform pattern of ripples that re
sembled sand waves formed. It appeared that material 
finer than the median size was traveling over a bed of 
material coarser than the median size. Figure 80 shows 
the bed configuration after the water had been drained 
from the flume at the end of the run. (Compare the 
ripples shown in fig. 80 (graded sand) with those 
shown in fig. 76 (uniform sand of same median di
ameter) . Several samples were taken from the sand 
waves and from the troughs. Analysis of the com
posited wave samples gave a median diameter of 0.20 
mm and a standard deviation of 1.96, whereas the com
posited trough samples gave a median diameter of 0.38 
mm and a standard deviation of 2.23. Thls analysis 
confirmed the visual observation that sorted bed
material discharge existed under this kind of ripple 
formation. 

Run 6.-The ripples formed in run 6 were more 
fulJy developed and in a more irregular pattern than 
those formed in run 16. (See fig. 81.) They caused 

FIGURE SO.-Upstream vicwofrlpplcsat t he end or run 16. Note that the sand in the 
ripple crests is finer than that in the troughs. 

FlOUBE 81.-Upstream view of ripples formed during run 6. 

greater resistance to flow and somewhat lower mean 
velocity than those in run 16, even though the slope 
had been increased from 0.00029 to 0.00047. The water 
surface was cahn. The bed-material discharge (12 
ppm) moved in ahnost continuous contact with the 
bed. 

Run 5.-Slope and discharge were increased over 
those in run 6. As a result, flow velocity in this run 
was much greater than that in run 6, and bed-material 
discharge was somewhat greater. The ripples seemed 
very small; their growth may have been restricted by 
the coarse bed material. (See fig. 82.) Sediment moved 
by sliding or by short hops. A mixture of coarse and 
fine particles moved near the center of the flume, 
whereas only fine particles moved closer to the flume 
walls. The coarser material formed an armor plate, 
and the fine material moved as ripples. Many coarser 
particles moved across several ripples without stop
ping, whereas the fine particles moved from ripple to 
ripple but had a long rest period between moves. 

Run 1.-Long low dunes and a few low ripples 
formed. (See fig. 83.) Generally, relatively low resist
ance to flow indicates a low percentage of suspended 
sediment, but this was not true for this run. The low 
resistance to flow in run 1 may be explained by the fact 
that the bed was very soft throughout the depth dis
turbed by the dune movement. 

Run lO.- The bed form in this run was mostly one 
of ripples superposed on dunes. Long low dunes oc
casionally formed, moved slowly downstream, and 
then died away. The bed-material discharge was some-
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FIGURE 82.- Vpstream view of ripples fonned during run 5. 

what less than in run 1, and the suspended part was 
much less. 

R,m 8.-SmalJ raU,er rounded dunes formed. Rip
ples on these dunes were less prominent than on those 
formed under similar hydraulic conditions in runs 
using the uniform sand. 

Runs 9 and 7.-Low dunes of various sizes formed 
in both runs. (See fig. 84.) Some dunes had a few 
superposed ripples during the runs. 

FlGURX 83.- Upstresm view of the dune-bed configuration at the end of run 1. 

FlOURE 840.-Upstream view of the dune-bed configuration formed during run 9. 
Most of the ripples were caused by flow disturbance durlng draf.nl.ng of the flume 
at the end of the run. 

R,un 11.-Dunes formed that were similar to those of 
runs 9 and 7 but were somewhat rounded because of 
the increased slope and velocity in run 2. (See fig. 85.) 
The dunes moved through the flume very rapidly, so 
that U,ere was much bed-material discharge. 

Run S.-The flow pattern and bed-material discharge 
were characteristically those of a run in which the bed 
condition was transitional between dunes and plane 

FIGURE 86. - Upstream view of t he dune-bed configuration at the end olrun 2. 
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bed. The bed form varied from almost plane to fast
moving low dunes which rapidly changed form. Some 
segregation of particles occurred, but generally the 
sediment was well graded throughout most of the 
flume. 

Run 4.- The mean velocity of flow was 4.00 fps. The 
transitional dunes of run 3 were washed away, and a 
plane firm sand bed resulted. Most of the bed-material 
discharge was in a thin layer close to the bed. 

Run 1f.~The bed for this run was essentially plane, 
but some very small standing waves formed. These 
small waves can be seen in figure 86. Very heavy sedi
ment transport took place near the bed. 

Run 13.-The flow conditions for this run resulted 
in formation of standlllg waves and slow-moving anti
dunes, some of which broke. 

Run 15.- Violent antidunes broke in series and 
caused considerable suspension of sediment. The water 
surface was too rough to allow reliable depth and slope 
measuremen ts. 

Run 14.- Tlus was another antidune run, but the 
slope was steeper and t.he velocity lower than in run 
15. The anti dunes alternately had small and large 
amplitude. The small antidunes broke gently, and the 
large ones, vigorously. 

RUNS USING O.47-MM SAND IN 8-FOOT-WIDE FLUME 

The 0.47-mm sand used in tills set of runs was de
rived from the 0.45-mm sand by waslung away of 
some of the fine fractions. The main purpose of the 
set was to determine the effect of fine sediment, Of> on 
the mean-flow and bed-material-discharge parameters 

FIGURE 86.- Up6tream view orbed oonditlonsat the end of run 12. 

for a range of equilibrium-flow conditions similar to 
those in the set of runs using the 0.45-mm sand. 

After equilibrium was established and the data col
lected for a given run, bentonite was either added to 
or extract.ed from the flow to establish a new concen
tration of fine sediment without stopping the flow. The 
change in the fine-sediment concentration generally 
caused a change in the flow and transport condit.ions, 
and these changes, in turn, caused a change in bed 
rouglmess, depth, slope, and bed-material discharge. 

Bentonite was used as the fine sediment because it is 
commercially available in large quantities. The par
ticle-size distribution of the bentonite down to 2 mi
crons is shown in figure 87. Bentonite is composed of 
several different clay minerals, as is shown in figure 88. 
The mean specific gravity of the particles is about 2.8. 

As Simons; Richardson, and Haushild (1963) point
ed out, aqueous dispersions of bentonite are non-New
tonian; that is, the shearing stress is not directly pro
portional to the rate of shear. Therefore, the term 
"apparent" viscosity relates the shearing stress to the 
rate of shear. Figure 6 shows the relations of apparent 
kinematic viscosity (v) and temperature for disper
sions of 0, 0.5, 1, 2, 3, 5, and 10 percent bentonite in 
disHlled water as determined using a Stormer vis
cometer. One part sodium hexametaphosphate to 99 
parts bentonite, the ratio used in the flume experi
ments, prevented flocculation of the clay particles in 
the dispersions. The apparent kinematic viscosity is 
given in column 23 of tables 10 and 11 for each run. 

After equilibrium had been established in each run, 
samples for determination of total sediment discharge 
(bed material plus fine material) were collected into a 
tank at the end of the flume with a width-depth inte
grating sampler. Eight samples were tak .. Jl in the lower 
flow regime (ripples and dunes) during a 12-hour pe-
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FIGURE 87.-Particle-siw distribution of bentonite used in flume studies with the 
0.47-mm and O.54-mm sands. The sample was chemically and meehanically dis
persed in water and analyred by the sieve-pipette method. 
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Clay (57 percent) 

Silt (41 percent) 

lllilLlllJ.ll.l= Sand (2 percent) 

Estimated amount 
(parts per ten) 

Montmorillonite 9 + 
Quartz Trace 
Verma lite Trace 

Montmorillon ite 6 + 
Quartz 2 + 
Feldspar 1 -
Mica Trace 

Quartz 
Feldspar 
Mica 

3 
7 _ 
Trace 

FIGURE sa.- Mineralogy of bentonite for dltJerent s lzeclasstflcatlons as analyud with 
an X -ray dlffrnctometer by Psul D. Blackman, U.S. Goological Survey, Denver. 
The size distribution differs from that shown in figure 87 because no chemical di& 
persallt was used to prevent flocculation after the sample had been mechanically 
dispersed. 

riod, and four samples were taken in the upper flow 
regime (plane bed, standing waves, and antidunes) 
during a I-hour period. Each sample consisted of 
70--110 pounds of the water-sediment mixture. 

To separate the fine material, or "wash load," from 
the bed material, the sample was allowed to stand a 
few minutes so that the sand could settle. After the 
sand settled, the water-bentonite mixture was drained 
off, le"ving the s"nd. The remaining fine matelial in 
the sand was removed by washing the sand over a 
No. 230 sieve. The concentration of the fines thus re
moved was added to the concentration of the fines re
moved from a pint sample of the water-bentonite 
mixture drained from the tank containing the flume 
sample. Then, all material coarser than 0.062 mm was 
considered bed .material, and all finer material was 
considered fine matelial. The concentration of fine
material transport is listed in table 10, column 6, and 
bed-matedal transport, in column 9. The sum of these 
is the total concentration of sediment discharge. 

Samples of concentration of suspended-sediment 
(col. 7, table 10) were obtained with the specially de
signed depth-integrating sampler in the flume section 

95--100 feet downstream from the flume entrance. Gen
erally, only one 5- to 8-pound sample was collected by 
the equal-transit-rate method for each run. Some con
centrations were not recorded because the samples con
tained an excessive amount of bed material from 
contact of the sampler nozzle with the bed, particularly 
for the dune runs. Because only a single sample was 
collected during each run, the standard deviation 
could not be computed. 

This set of experiments was conducted dudng the 
period January-May 1958. The experimental variables 
and parameters are given in table 10, and the velocity
profile data, in table 20. 

The order of presenting the runs in table 10 and 
in the descriptions to follow is based on (a) increasing 
tine-sediment concentration ,vithin a series of runs, 
(b) increasing slope, and (c) the following order of 
bed form: ripples, dunes, transitional, plane, and anti
dnnes. The run numbers were cont inued from the 0.45-
mm set because of the close similarity of the bed 
material. 

Rum 48, 47, 48, and 49.-These runs were made 
using the 0.47-mm sand and clear water. Data col
lected were meant to fill gaps in the data for the runs 
using the 0.45-mm sand. Dunes with superposed dp
pIes were formed in all four runs. As was expected, the 
mean velocity increased as depth increased and as the 
dunes became lower and longer. Runs 47 and 48 had 
low shear stress and a low rate of bed-material dis
charge; thus, there was no suspended-sediment move
ment, and the sand dunes moved very slowly. 

Rum 85, 86, 87, and 88.- The slope for this series of 
runs ranged from 0.00046 to 0.00049, and the concen
tration of fine-material discharge was 0, 4,800, 8,400, 
and 11,400 ppm, respectively. Under these .conditions, 
ripples formed on the bed and flow velOCIty ranged 
from 1.13 to 1.20 fps. Fine material near the bottom 
(about 0.1 foot of flow) blocked visibility of the bed. 
Through the side window of the flume, however, It 
could be seen that the fine matedal was being deposited 
in the trough of the dpples and that the next ripple 
from upstream would ride over the lens of fine ma
terial; subsequent ri pple troughs passed above, through 
or below the lens deposit. Figure 89, photographed 
through the window, shows ripples and lenses formed 
during run 88. The lenses, as well as the shape and 
velocity of the ripples, seemed to offer some resistance 
to normal sand transport. When ripples became sta
tionary or nearly so, they became rounded and had 
about the same slope on the upstream and downstream 
faces. The stationary ripples resulted from the space 
between the sand grains at the surface being filled with 
fine sediment. The fine material definitely caused the 
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FIGURE 89.- Ripples and lenses of fine material (light colored) In the bed during run 
88. The relatively round shape of the ripples can be contrasted with the normal
shaped ripples shown In figure 33. 

ripple shapes and P!tttems to be more irregular than 
those formed in clear water. In collecting bed-material 
samples, it was noted that the layer of sand below the 
normal depth of movement of the ripple waves was 
much firmer for the fine-material runs than for the 
clear-water runs. 

Runs 90 ami 89.- The slope was greater for these 
runs than for runs 85-88. Both the flow and the ripples 
were noti ceably affected by the stabilization of the bed 
by the bentonite. In run 89 a crusty layer underlay the 
ripples throughout most the flume, and the ripples 
were the same height as those in the previous four 
rm1S but were longer and had a higher velocity. The 
bed was raked smooth to a depth of about 0.15 foot 
prior to rm1 90, but it was covered with loose sand 
ripples riding on a layer of clay-impregnated sand dur
ing the run. The sand moved more freely, at least near 
the windows in rm1 90, than in run 89. 

Runs 93, 912, and 91.-The slope was again increased 
for these runs and was sufficient to cause dunes and 

FIGURE go.- Upstream view of the bed configuration typical of that formed during 
runs 93. 92 and 91. 

B 

FIGURE 91.-Upstream views o f the water surface during runs til (A) and 96 (8) 
contrasting the increase in turbulence with Increased flow stress and resistance. 

overriding ripples to form on the bed. The bed form 
shown in figure 90 at the end of run 92 was typical for 
all three runs. The water surface was turbulent, and 
boils formed downstream from the major dunes. Re
sistance to the establishment of flow equilibrimn due to 
the fine material in the bed seemed to increase as slope 
increased. In each run the slope was gradually in
creased over a period of several hours and then slightly 
reduced before the final equilibrimn was obtained to 
insure that the more compact sand-clay layer would be 
below the zone of dune movement. 

Runs 813, 51, 513, 73, 71;, 76, 75, 58, 77, and 96.-In this 
series of 10 runs, the slope ranged from 0.00199 to 
0.00248, the water discharge ranged from 8.01 to 8.76 
cfs, and the bed-material discharge ranged from 429 to 
761 ppm. The bed form in all the runs was one of 
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dunes with varying amounts of superposed ripples. 
The water surface in each run showed evidence of 
turbulence depending on the amounts of shear stress 
and resistance to flow. Figure 91 shows the water sur
face during nms 51 and 96. The dune shape ranged 
from rough in a relatively regular cross pattern (run 
51) to washed out in an irregular pattern (runs 82 and 
96). This range in dune shape is shown in figure 92. 
The resistance to flow in these nms as measured by 
Manning n ranged from 11=0.034 (run 82) to n=0.023 
(run 96). 

Many sizes of dunes and ripples were in motion at 
any given time. The small dunes often moved faster 
and, hence, caught up with the large dunes and dras
tically modified their shape, amplitude, and velocity. 
·When a small dune caught up with a larger one, the 
new dune approximated the sum of the two amplitudes 
in height. The small dune moved faster than the large 
one only if it was behind the large dune. The fine 
sediment seemed to cause the dune form in these runs 
to be more irregular for a given slope and velocity of 
flow than that in the clear-water runs, possibly be
cause of the cohesiveness of the mixture. 

Run 94.-This was a dune run with almost no fine 
sediment in the flow. The shape of the dunes was 
normal; however, the amplitude and the spacing varied 
considerably. The material on the bed appeared to 
move more freely than in runs with a large fine-sedi
ment concentration. 

Runs 83, 54, 56, 55, 57,58, ami 95.- These runs had 
slopes ranging from 0.00180 to 0.00259, depths be
tween 0.80 and 0.94 foot, bed-material discharge rang
ing from 588 to 1,600 ppm, and a bed fOlm of dnnes. 
The discharge of the water-sediment mixture ranged 
from 15.28 to 15.58 cfs, a variation of only 2.0 percent.. 
Fine-material concentration increased from 0 (run 83) 
to 28,300 ppm (run 95). Depth, slope, and roughness 
decreased as concentration of fine sediment increased. 
The water surface was turbulent and contained many 
boils cansed by eddies downstream from the dune 
crests. The most turbulent surface flow occurred in 
run 95. (See fig. 93.) The bed roughness in run 95 be
came stabili7Ald for brief periods of time (several min
utes) and, when this happened, caused choppy waves 
on the water surface. However, the bed was soft (no 
lenses of clay), and the turbnlence was great enough to 
cause the clay to act as a wash load, even at this con
centmtion of 28,300 ppm. In run 83 (clear-water con
dition), dunes had a mean height of 0.43 foot, and some 
dune troughs exposed the floor of the flume. ''IT ater
surface waves and the sand waves were out of phase 
in all runs in this series; that is, a high (or crown) on 
the water surface was over a low area (or trough) of 

B 

FIGURE 9'2.-Upstream views oontr&stlng duneshapes resulting from the flow during 
ruru82 (A) and 96 (E). 

the dune, and the low area on the water surface was 
over a dune crest. 

Run 78.-The flow for this run was in equilibrium 
with large dunes moving at a rapid rate. Strong eddies 
from the dune crests caused the water surface to be 
very turbulent. (See fig. 94.) The water stood high 
over the trough and low over the crest of dunes, as in 
the preceding runs, but to an even greater extent. The 
flow must have been nearly transitional, as indicated 
by the fact that often no major dunes could be seen 
near the flume windows. 

Run 59.-TI,e flow stress in this run caused the 
dunes to be washed out; so this run, too, was transi
tional. The water surface was very irregular, as is 
shown in figure 95. The washed-out dunes formed a 
diagonallike crisscross pattern, which was also re-
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FIGURE ro.- Upstream view of water suriace during run 96. The flow. at Il velocity 
of2.39fps, is over a dune-bed fonn. 

FIGURE 94 ,-Upstream view of water surface during run 78. 

FIGURE Q5.-Upstreaffi view otwater surface duting run 69. 

peated for the surface waves. The bed was very soft 
and fluid, particularly near the dunes. 

Runs 60 and 61.-These runs had plane-bed condi
tions. Occasionally a small dunelike form was seen, 
but these features were generally less than 0.01 foot in 
amplitude. These minor dunes seemed to extend di
agonally across the flume, similar to those observed 
during run 59. The bed was firm except on the crest of 
the minor dunes. The chamcter of the flow at the sur
face is shown in figure 96. 

Runs 71, 713, and 70.-The flow was typically that of 
plane-bed runs. Some small dunes, similar to those 
formed in runs 60 and 61, formed during run 71; the 
bed was very plane in run 72; and a few small stand
ing waves formed at the lower end of the flume during 
run 70. The sand bed was firm, but not as firm as in 
runs in which higher velocities caused standing waves 
to form. 

Runs 63, 6~, 65, 66, and 80.-The flow stress caused 
formation of bed features ranging from predominately 
standing waves during run 63 to double-tmin antidunes 
during runs 65, 66, and 80_ Figure 97 shows a typical 
water-surface condition for this series of runs. The 
wave pattern in run 63 developed less vigorously and 
less frequently than that in run 80, in which the wave 
tmins formed nearly continuously. The sand waves 
were symmetrical and inphase with the surface waves_ 
The sand bed was firm and smooth except in the area 
of the breaking antidunes_ For a given slope, antidune 
activity seemed to increase with fine-sediment concen
tmtion. 

Rwns 81, 618, 67, and 79.-The slope muged from 
0.00622 to 0.00651, the depth ranged from 0.53 to 0.55 
foot, the mean velocity was about 4.9 fps. Standing 
waves formed in each run. Figure 98 shows a typical 
view of the flow for these runs: at times the water 

FIGURE OO.- Upstream view of water surface during run 60. 
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FIGURE 9'1.- Upstream view of water sl.lmce typical of runs 64, 65, and 66. 

surface was nearly plane in short f!laches, ,md at other 
times low- to medium-height standing waves were 
evident. The bed was plane under the plane-llow areas 
and wavy under the standing waves with an amplitude 
of about one-half the amplitude of the water waves. 
The bed was firm at all locations. Most bed-material 
discharge occurred within 0.05 foot of the bed. Fine 
material was in the bed below the zone of sand move
ment. 

Runs 8~, 69, and 98.-Varying amoilllts of antidune 
activity occurred during tills group of nUls. Figure 99 
illustrates the range of lIow condition during run 84-
from standing waves to breaking antidunes. The high
est concentration of the fine material (42,000 ppm) for 
tills set occurred in run 98. Run 98 a lso had the largest, 
most frequent, and most violent antidunes. Figure 100 
illustrates the antidune activity during rlUl 98. 

Run 68.-A single train of standing waves formed 
during this run. The stMlding waves were similar but 
slightly larger than those of run 67. The water waves 
had an amplitude of about 0.05 foot and the sand 
waves had an amplitude of about 0.04 foot. The in
phase water and sand waves were spaced about 4 feet 
apart. The bed surface was firm. 

Runs 100 and 99.- These two nUlS were nearly iden
tical with respect to slope, depth, MId velocity. Run 
100 was a continuation of run 99 except that the fine
sediment concentmtion had been decreased by adding 
clear water to the lIow and wasting the excess of the 
mixture. Run 100 had 106 ppm of fine sediment and a 
temperature of 13.3°C, whereas run 99 had 26,900 ppm 
of fine sediment and a temperature of 19.6°C. Rilll 100 
had a plane bed and a mean bed-material discharge of 
8,440 ppm; run 99 had violent antidunes MId a mean 
bed-material discharge of 16,100 ppm. The decrease in 
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antidune activity with the decrease in fine-sediment 
concentration was very striking. 

Run 97.-The slope for tIus run was much steeper 
than that for runs 100 and 99, but the mean velocity 
was much less because of the shallower lIow. The anti
dunes formed in run 97 were not as violent as those 
in run 99; and, consequently, the bed-material dis
charge was little more than half that of run 99. 

RUNS USING O.54-MM SAND IN 2-FOOT-WIDE FLUME 

This set of runs complemented the previous set (0.47 
mm sand in 8-ft-wide lIume) in determining the effect 
of fine sediment on resiswlce to lIow and on sediment 
transport. The smaller, 2-foot-wide lIume, made it 
practical to use much higher concentrations of benton
ite in the lIow. The characteristics of the bentonite are 
described on page I 52. 

As in the previous set, equilibrium was established 
and data were collected for a given run, then without 
stopping the flow, bentonite was added to or extracted 
from the lIow to establish a new concentration of fine 
sediment. The change of fine-sediment concentration 
generally affected the lluidity, which in turn caused a 
change in bed roughness, velocity, depth, slope, and 
bed-material discharge. 

Samples for determination of total-sediment-trans
port concentration (bed material plus fine sediment) 
were collected with a width-depth integrating sampler 
at the end of the lIume. From 8 to 12 samples were 
taken for the ripple and dune rtUlS, and from 6 to 8 
samples were taken for the upper-regime lIows. The 
method of analysis for separation of the fine material 
and bed material was described on page I 53. Depth
integrated suspended-sediment samples were not ob
tai ned for these nulS. 

FIOURt: 98.- View of water surface typical of runs 81, 62, frl, Bnd 7tI. 
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FlOURZ 99.-Up6U'8aDl views or S(.ADdlng waves CA) and breaking antidune8 (8) 
during run 84. 

This set of experiments was conducted during the 
period April- July 1959. Experimental variables and 
parameters are given in table 11, and velocity-profile 
data, in table 2l. 

The order for presenting this set of runs is identical 
with that used for presenting runs using the 0.47-mm 
sand. 

RUIfI)J 1 awl f .-Particles of sand moved under flow 
conditions during these runs, but the degree of move· 
ment was not sufficient to cause ripples to form. In 
run 1, particles moved only occasionally; but in run 2, 
many particles were in motion at any given time. Be· 
fore run 2 was started, the material on the bed was 
thoroughly raked and ripples were introduced, but the 
flow and the characteristics of the sediment particle 

FIOURE lOO.-Downstream view of the antidunes during run Q8. 

movement during the run caused the ripples to erode 
down to a plane bed after about 4 hours. 

Run 3.- The flow during this run caused considerab
ly more sediment movement than occurred during run 
2. Irregular sand waves formed that were very dif· 
ferent from ripples. 

Run 4.-In spite of the low bed·material discharge 
of 17 ppm, a rippled bed did not develop. The bed 
pattern, in general, comprised sand waves; but oc
casionally it included a very small avalanche fare, 
such as normally would be associated with a dune. 

RUnll 6 awl 6.-The flow conditions in these runs 
caused normal steep· fronted dunes to form throughout 
the length of the flume. The dune fronts were con
tinuous across the full width of the flume but were 
not always normal to the flume wall. If the dunes were 
diagonal to the flow, however, they were all in the 
same direction; and if they were normal to the flow, 
they all were normal. The continuous dune fronts 
caused increased resistance to flow, but not increased 
bed·material discharge, in contrast with the data for 
the 0.47·mm sand in the 8·foot-wide flume. 

Run fO.-This run should be classed as transitional, 
although it could be called a dune run. The dunes 
were irregular in shape and movement; sometimes 
there was a long flat area with no dunes. The water 
surface was generally rough, with choppy waves super
posed on longer waves owing to the dunelike bed con
figuration . 

Runs 8, 8A, 8E, 88, 80, awl8D.-The discharge for 
this series of runs ranged from 3.69 to 3.84 cfs, and the 
fine-material concentration ranged from 0 to 63,700 
ppm. Runs 8, 8A, and 8E had bed forms of typical 
sharp-crested dillIes. However, beginning with run 8B 
the fine-sediment concentration was increased to 20,600 
















































































