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ABSTRACT

Studies were made of the hydrodynamic resistance of channels
with beds covered with dunes generated by flows over granular sedi-
ments of the kind normally found in alluvial rivers. The principal
ves of the studies were to deter
properties of a dune bed by means of which one can express the dune
resistance and to establish a quantitative relation between resistance
and these geomelric quantities. The main results reported here were
obtained through experiments in laboratory flumes.

A series of 23 experiments with flows over dune-covered beds
of fine sand were performed in tilting flumes 130 ft. and 40 ft. in length
respectively. In addition, two dune beds generated by different flows
were stabilized chemically without disturbing their surface configura-
tions and texture. By doing this, it was possible to explore velocity
and pressure distributions in the flow fields and to determine the effect
of Reynolds number on the friction factor of the dune beds.

It was found that the hydrodynamic roughness of a dune field
can he described by the average dune height and the exposure para;meter
which is the fraction of the total bed area occupied by the horizontal
projection of the steep lee slopes of the dunes. It was also found from
the results of flume experiments that the bed friction factor due to
dunes is a function of the modified relative roughness, rb/eﬁ , where
Ty is the bed hydraulic radius, e is the exposure parameter defined

above and H is the average dune height.
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A function for dune resistance in straight uniform channels,
that is, Equation (6-1) was established from experimental results
obtained in the flume. Friction factors for typical alluvial rivers
cannot be calculated from Equation (6-1) above because some impor-
tant features of streams, such as meandering, which contribute to

resistance are not reproduced in flumes.
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CHAPTER I

INTRODUCTION

Due to increasing activities in the development of water
resources and in the construction of hydraulic projects, the problem
of sediment transportation in alluvial streams has increased con-
siderably in importance in the last decades. Some knowledge of the
general mechanism of sediment transportation has been obtained
through intensive studies both in the laboratory and in the field, bul
there are still many fundamental questions remaining without satis-
factory answers. In order to manage rivers intelligently, knowledge
is needed of the fundamental laws governing the transportation of
sediment by water and governing the flow of water in the presence of
sediment.

Observations in alluvial channels show that water flowing over
a sand bed interacts with the bed in various ways. Such interactions
result in bed configurations which depend on conditions such as velo-
city, depth of flow and properties of the sediment. When the velocity
near the bed'is only slightly greater than that required to initiate move-
ment of the sediment, it deforrhs into a series of waves which are tri-
angular in profile with gentle upstream slopes, steep downstream or
lee slopes and sharp crests. These are called dunes or ripples and
are familiar to many people since they are often observed in small
streams with sandy beds. Sediment is moved up the upstream side
of dunes to the sharp crcst where it slides down the steep lee side.

In this way dunes move slowly downstream. The flow separates at
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the sharp crest forming a.n eddy or wake on the lee side of the dune.
The size of dunes varies with flow conditions and sand properties

and is not uniform for a particular flow. Furthermore, shapes and
geometric arrangement of dunes in sand beds vary with flow con-
ditions and sediment properties in a way that is not understood. The
presence of dunes generated by the flow itself will affect the flow pat-
tern and the resistance to the flow. Under some conditions a further
increase of the velocity to a certain value will cause the dunes to dis~ -
appear abruptly and the bed to become flat. This limiting velocity at
which the bed becomes flat depends on the characteristics of sand and
on the depth of flow. By still further increasing the velocity, other
bed forms will be generated. These will not be described since they
arc not of intcrest to this study.

(1)

Brooks has called attention to the effect of dunes on flow
resistance, but no quantitative studies of this effect have been made.
The objectives of this resecarch are: (1) to determine the pertinent
geometric properties of dune fields by means of which one can express
the resistance to flow offered by dune fields and (2) to establish a
quantitative relationship between the resistance to flow and these geo-
metric quantities.

Because of the complexity of the flow system under considera-
tion, the method of solving this problem depends largely on experi-
ments. Most of the data used in this study were obtained from experi-
ments in flumes with loose beds of fine sands. Series of experiments

were made with two different solidified or stabilized dune beds without

any sediment in motion. These made it possible to change flow velocity,
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depth and fluid properties while the bed configuration remained fixed.
With fixed beds it was also possible to explore velocity and pressure
distributions in the flow fields. This is not possible in flows with
loose beds because the dunes are moving and also because disturbances
due to an instrument near the bed will destroy or modify the dunes near
the instrument.

In Chapter II, analytical considerations of the problem are pre-
sented. Chapters III and IV describe experimental apparatus and
techniques, and experimental procedures respectively. In Chapter V,
the experimental data are presented and discussed briefly. In Chap-
ter VI, a resistance function is given for straight channels with dune
covered beds. Chapter VII deals mainly with the discussion of field
observations. And finally, the conclusions and results are summarized

in Chapter VIII.



CHAPTER II

ANALYTICAL CONSIDERATIONS

A. Resistance of Sand Roughness Elements

The problem of the hydrodynamic resistance offered to a steady
uniform turbulent flow by a bed composed of closely packed sand grains
has been solved and the results are to be found in many textbooks.
These results show that when the ratio of the sand grain size, d_, to
the thickness of the laminar sublayer, &, exceeds about 5 the resist-
ance to flow depends only on the mean velocity, pipe diameter, fluid
density and ds. In this region, the resis.’cance is independent of the fluid
viscosity and the bed is said to be hydrodynamically rough. The re-
sistance is usually expressed by the friction factor, f , defined by the
Darcy-Weisbach formula

/7;‘:7['{ %

X (2-1)
Yie 29

in which hf is the drop in piezometric head in a distance 1, r is the

hydraulic radius of the pipe cross section defined by the total cross-
sectional area divided by the wetted perimeter, g is the acceleration
of gravity and U is the average velocity. For hydrodynamically rough
channels with walls roughened with closely packed sand of size ds’ the

friction factor can be expressed as a function of relative roughness —;ll—ll

s
only, that is

F=r(Z*) (2-2)

Although the values of f in this equation have been determined for circu-

lar pipes it has been found that they also are valid for flows with non-

circular cross sections like those of open channels(z). Based on experi-



-B-

(3) (4)

ments in pipes by Nikuradse'™’, von Karman established the functional

relationship of Equation (2-2) as follows:

F. 7

(7.76 + 2/:374703j2 B

(2-3)

The friction factor for the closely packed sand roughness ele-
ments can be expressed in terms of 4r/ds alone because all surfaces
covered with closely packed uniform sand grains are geometrically
similar. However, if the sand particles on a boundary are not closely
packed, the resistance to flow offered by the boundary will not depend
simply on the size of the sand grain, ds , alone. Other geometric
quantities such as the areal density of the sand grains and their geomet-
rical arrangement will also affect the resistance and will have to be
considered.

The very useful idea of equivalent sand roughness size, ks,

(2)

introduced by von Karman can be applied to this problem. To ex-
plain this idea suppose one has the value of the friction factor, f , of a
rough channel with roughness elements other than of closely packed
sand grains. Then the equivalent sand roughness size for this surface
is equal to the sand size, ds » of a hydrodynamically rough bed of
closely packed sand grains which will have the same friction factor, f ,
when the flow has the same hydraulic radius, r. By this procedure one
can calculate the equivalent sand roughness size of a bed made of any
elements including one made of sand grains with arbitrary spacing.

Obviously the equivalent sand roughness size of a bed of sand grains

which are not closely packed is not the same as the sand size, ds.
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In order to solve for the friclion facior of a bed cuvered with
arbitrarily spaced sand grains, it is necessary to obtain a relation be-
tween the equivalent sand roughness size, ks , the sand size ds , the
area density of the grains and their arrangemeul pattern. Such a

relation can be expressed as

£ r(4s 4,) -4)

in which As is the areal density of the grains, As is the wall area

A
covered by roughness elements in the total wall area A and Ar is a

dimensionless parameter which describes the arrangement pattern of
sand grains and which for intricate patterns may need to be expanded
to several terms.

(5)

In his Study of Flow in Rough Conduits, Morris found that the

flow over discrete roughness elements can be classified into three basic
regimes dependent on the area density and the size of roughness ele-
ments. He denoted these regimes as (1) isolated roughness flow, (2)
wake interference flow, and (3) skimming flow. The second and third
types are those in which the roughness elements are so closely packed
that the wake behind one roughness element interferes with that of its
neighbors. In these two types of flow, the resistance depends not only
on the area density of sand particles but also on the arrangement of the
particles because a different arrangement pattern will result in a dif-
ferent pattern of wake interference. The roughness elements in Morris'
first type are sufficiently far apart so that the wake behind each rough-

ness element does not interfere with that of its neighbors and hence the
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arrangement will have little effect on the resistance. Therefore, for
the first type of roughness, the resistance will largely depend on the
areal density of the roughness elements, and for this case Equation

(2-4) can be simplified to

i;ﬁ/—gﬁ/ (2-5)

Furthermore, the drag due to the roughness elements will increase if
the areal density of the roughness elements increases. Therefore, the
equivalent sand roughness size, ks , will also increase as the areal

(6) plotted experi-

density of the roughness elements increases. Taylor
mental results obtained by Schlichting(7) and Colebrook and White(S) for
isolated sand like roughness elements, and found that the value ks/ds

is proportional to AS/A. Through this linear relationship, one can find

. . A .
the equivalent sand roughness size, ks , once s and dS are given and

A
then the friction factor can be estimated from Equation (2-3) through

the use of kS in place of ds.

B. Resistance of Sediment-Laden Streams
The resistance of a sediment-laden stream not only involves the
effect of the roughness of the channel boundary, but also the effect of

9)

the suspended sediment Fortunately, in dune covered beds, the

(9)

latter effect is relatively small and may be neglected thus simplifying
the problem.

The resistance which the boundary of an alluvial stream exerts
on the flow can be divided into two parts: that due to the sides or banks

and that due to the bed. In experiments the mean resistance over the

boundary is measured and expressed in terms of a mean friction factor,
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f , defined by Equation (2-1). The total resistance is separated into
wall resistance and bed resistance by so-called side-wall correction

method vutllined by Einstein(lo) (11).

and Johnson These resistances
are also expressed in terms of friction factors fw for the walls and fb
for the bed where the friction factors also are defined by equations
similar to Equalion {(2-1).

The friction factor fb for a dune covered bed can further be
divided into two parts: (1) a part f‘b due to sand particles and (2) the
remainder fb - f'b due to the form drag of the dunes. An exact evalu-
ation of f'b for dune covered beds is rather difficult because the velocity
profile near the dune surface and hence the resistance or shear stress
caused by the grains is highly modified by the presence of the dunes.
The distribution of the shear stress over a typical dune may be visual-
ized qualitatively through observations and through measurements of
velocity profiles. On the lee side of the dune, there is a stable wake
which introduces a relatively low reversed velocity near the wall and
therefore a small negative shear stress on the boundary within the wake.
Downstream from the stagnation point where the dividing streamline of
the wake meets the boundary, the flow is accelerated on the sloping up-
stream side of the dunes. Therefore, in this zone the shear stress is
zero at the stagnation point and then gradually increases until the crest

(12)

is reached When dunes are present, the resistance created by the

sand grains is small(l3) in comparison to that created by dune roughness.

Also dircct- mecasurements of shear stress over idealized two-dimensional

(12)

dunes show that the shear stress due to grain roughness can be esti-

mated reasonably well from the standard pipe friction chart,assuming
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that there are no dunes. .If the sand grain surface is hydrodynamically
rough, f'b can be approximated from Equation (2-3). When the bed
material has a large range of sizes, the geometric mean sieve diameter,

Dg’ is used in place of ds' To calculate f‘b where the bed is not com-
T

pletely rough, the value of the Reynolds number
r

4
roughness 5 b are first calculated from experimental data. The chart

g
is then entered with these two values and a value of the friction factor,

and the relative

f, is read. This is denoted as f‘b, the bed friction factor due to the

sand grain roughness.

It is clear that the error resulting from the inaccuracy of evalu-
ating the relatively small grain friction factor, f'b , will not introduce
large error in predicting the total bed friction factor. Now the problem

remaining is to establish the relationeship between £, - f'. due to the

b b
drag of the dunes and the dune dimensions and their spacing. Because
dune dimensions are much larger than the thickness of the laminar

boundary laycr, it is rcasonable to assume that a dune covered bed is

hydrodynamically rough. If the dunes and dune patterns generated by

different flows were similar, the dune friction factor, f.b - f'b , would
T
be expected to be a function of the relative roughness —hé only, that is,

/b"fb,:/:(}?c/ (2-6)

in which Ty is called the bed hydraulic radius and is obtained by the

side-wall correction procedure(l3) and h is a characteristic dimension
of the dune field. In this case one may choose the average height, H ,

-as the characteristic length because of the similarity of dunes and their
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pattern of arrangement. Actually, the shape and the pattern of arrange-
ment of dunes generated under different flow conditions are different
and hence the average dune height, H , alone can not describe the hy-
draulic behavior of dune beds.

From observations it was found that the wakes behind the dunes
in general do not interfere with one another. Therefore, the effect of
their pattern of arrangement on the dune friction factor, fb - f'b, is
probably small. On the basis of this information it seems reasonable
to omit the arrangement parameter Ar so that the variables remaining
to describe the roughness of the dune configuration are the areal density
of the dunes and their height.

The form drag on one dune can be expressed as the product of
a drag coefficient,the exposed area,and the dynamic pressure, -}Z—pUZ,
acting on the dune surface, where p is the mass density of the water.
From the observation of flow over a dune bed, it seems reasonable to
use the vertical component of the area of the lee sides of dunes as the
exposed area. However, the lee slopes of dunes observed in the flume
are inclined at the angle of repose of the bed material and hence must
vary very little. Hence the vertical com;;Onents of the lee sides are
proportional to the horizontal éomponents and one can just as well use
the horizontal components in the drag relation. As will be seen later
this has the advantage that it can be determined from horizontal photo-
graphs. The total drag of the dunes in an area A which contains many

dunes will increase as a the sum of horizontal components of the lee

S 3

‘sides area of all dunes in the area A, increases. And the mean dune

drag pef unit area will increase with aS/A which will be called the
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exposure parameter and designated by "e'. Based on this discussion,
the exposure parameter, e, of the dune is essentially equivalent to the
areal density, As/A as it appears in the sand roughness elements.

Therefore,it is reasonable to assume that the characteristic roughness
of the dune, h, divided by the average dune height, H , is proportional

to the exposure parameter, e, that is

H
where C is a constant. Substituting this relationship into Equation (2-6),

one obtains

‘ %
A :ﬁ/cebi

or simply

y /z
f‘?i =Fl =) © (2-8)

S 4

The problem remaining is to find the functional relationship between
r

fb - f'b and —__I]_;DI-_ . This will be determined experimentally in Chapter VII.
e



CHAPTER II1

APPARATUS AND TECHNIQUE

A, The 130-foot Flume and Accessories

1. General Description of the 130-foot Flume:

The flume is 43 5/16 inches wide, 24 inches deep and
130 feet long. A schematic diagram of the flume is shown in Fig. (3-1)
and an oblique view of the entire flume taken from the downsfream end
is shown in Fig. (3-2). A detailed description of this flume has been
given by Vanoni (14).

The entire floor of the flume is made of stainless steel and the
side walls of the flume are of glass in panels of 5 feet long, except
near the inlet and the outlet, where stainless steel sides are installed.
The glass walls permit a clear side view of the bed configuration over
most of the flume. The flume is supported on two 30-inch I-beams
which are supported on a central pivot and four pairs of screw jacks
spaced 28 feet apart. The jacks are operated thr ough rigid hollow
drive shafts by an electric motor located at the pivot point. Through
this support system, the flume can be tilted continuously to a maximum
slope of 2 percent.

Fig. (3-3}) is a photograph of the control console. Through
this console, the slope of the flume and the speed of the pump can be
adjusted. The slope of the flume can be read directly to the nearest
0. 00001 from a dial installed on the console. A more accurate value
of slope can be read from a veriner, which gives the vertical displace-

ment of the flume near the inlet end. With this scale, one can obtain
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the slope to 0.000002., A portable remote control box is also available
by means of which the slope and the pump speed can be varied.

As shown in Fig. (3-1), the water and the sediment flow from
left to right in the open channel portion of the flume and down into the
outlet tank. Then the water and the sediment which it carries pass
through the pump into one of the return pipes and flow back to the
flumec inlet. The circuit is complctely closcd so that the water and
the sediment are continubusly recirculating. This feature is very im-
portant in sediment transportation experiments because the sediment
is introduced to the flume at the same rate that it is discharged from
the flume.

As shown in Fig. (3-1), there are two return pipes of 16- and
8-inch diameter, respectively, and each pipe is connected to a pump.
The discharge is varied by changing the rotation speed of the pump
shaft rather than by throttling., The 8-inch return system is used in
sediment experiments with low discharge in order to avoid disposition
which may form in the larger pipe due to the lower velocity. In the
present investigation, only the 16-inch pipe was used and the other one
was disconnected. The discharge in the 16-inch pipe was measured
by a venturi meter, the location of which is shown in Fig. (3-1).

The head difference across the meter was measured with an air-
water manometer. The meter was calibrated in place against a weir
installed in the flume section. At the upstream end of the venturi
meter, a section of transparent lucite pipe 6 inches long and 16 inches

in diameter is installed for the observing if sand has deposited in the
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Fig. (3-2) Oblique view of the 130-foot
flume from the downstream end.
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Fig. (3-3) Control console beside the 130-foot
flume.
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venturi meter and the pipe. The flexible rubber pipes shown in Fig.
(3-4) are installed in both of the return pipes near the inlet tank to
allow the necessary motion between the fixed pipes and the flume
cuased by the adjusting of the slope of the flume.

A pair of rails 1 -% inches in diameter are installed on each side
of the flume to provide the support for the instrument carriage. The
instrument carriage shown in Fig. (3-5) and Fig. (3-2) can be moved on
the rails along the entire length of the flume and its position can be
read from a metric scale on the flume side. The point gauge which is
mounted on the carriage can be moved both transversely across the
flume and normally to the flume bottom. Metric scales on the carriage
and the point gauge enable one to locate a point anywhere within the
flume cross section to the nearest 0. 0001 meter. The position along
the flume can be determined to the nearest mm.

2. Inlet and Outlet Arrangements:

Fig. (3-6) shows an oblique view of the inlet end of the
flume, which consists of an inlet tank, a screen section and a regula-
ting sluice gate. A detailed longitudinal section of the inlet is shown
in Fig. (3-7).

In order to minimize the disturbance in the flow entering the
flume, some special baffles were used. Two baffles were installed in
the bottom portion of the inlet tank as shown in Fig. (3-7). These
were made of a square mesh of wood strips 2 —Z— inches wide by% inches
thick spaced 2% inches apart. In addition,a square mesh screen with
16 meshes per inch and one with 8 meshes per inch were placed in the

screen section. With these baffles,large scale inlet disturbances are



Fig. (3-4) 8-in. and 16-in. flexible rubber
pipes in return lines. A pair of screw jacks
and the drive shaft are also shown.
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Fig. (3-5) Movable instrument carriage on
the 130-foot flume.
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Fig. (3-6) View of the inlet end of the 130-foot
flume.
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Fig. (3-7) Longitudinal section of the upstream
end of the 130-foot flume.
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eliminated in a relatively. short distance. A detailed discussion of the
function of such baffles has been given by Brooks(15).

The water surface in the screen section drops in elevation as it
flows across the screens. Disturbances in this drop generate small
waves downstream from the screen, especially for higher velocities.
These waves increase the error in measuring the water surface ele-
vation. To avoid these waves, a board approximately 43 in. x 40 in.
size was placed floating on the water surface downstream of the screen
section.

Fig. (3-8) chows an oblique view of the flume outlet tank. The
enlarged section between the flume and the outlet tank is for inserting
screens or other baffles. However, no s.creen was installed in per-
forming the present experiments. The outlet tank which is 6.5 feet
square is made of two portions. The upper portion which is attached
to the flume is connected to the lower fixed portion by a rubber sheet

to allow the necessary motion when the slope is adjusted.

3. Sampling Device:

The sediment discharge concentration was obtained by
sémpling the flow in the short vertical 16-inch pipe at the entrance to
the diffuser of the inlet tank as shown in Fig. (3-7). As may be seen
in this figure, the sampler is located just downstream from a 90° vane
elbow which turns the flow vertically upward.

The general features of the sampler are shown in Fig. (3-9).
The sampler tube is of hard-drawn brass tubing,% in. outside diameter
a,nd% in. inside diameter. The tube is kept horizontal and the end is

bent through 90 degrees and is beveled to give a sharp edge, near
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Fig. (3-8) View of the outlel tauk of the
130-foot flume.



-24-

oWy 1007-0¢ T @Yl ut pasn o3e[d Suruorirsod pue 1ardweg (6~¢) *814q

‘vig 2'sl
30410 0381408

N\ JLVd ONINNSY3IW  LNIOr 17vE

1IvEvIa /1 2

‘a1,2sl 3did

'q'1,8/€ HLIM
38N 31dWVS

S38N1 Y313IN0Z3AId “
- D e D




_25_

inside wall. As shown in the figure, the tube passes through a stain-
less steel ball and an "O'" ring seal is provided to prevent leakage of
water. The ball can be rotated in a socket which also serves as a seal.
The entire ball and socket assembly is bolted to the pipe and sealed
with a gasket. A slotted hole in the pipe wall permits the sampler tube
to swing in the horizontal plane through a total angle of 80°, Four
plezometers were installed in the pipe wall at the level of the inlet end
of the sampler tube. The sampler was also used as a total head pitot
tube to determine point velocities in the pipe at the sampling section.
In doing this, the difference between the total head and the static head
at the pipe wall obtained with a water manometer was taken as the
velocity head. |

Fig. (3-9) also shows a circle on a steel plate fastened to the
pipe just below the sampler. This is an image of the pipe section,
that is, it has the same diameter as the inside of the pipe and its
center is the same distance ''a' from the ball center as that of the
pipe. An index on the sampler tube, that is distance''2a'' from the
inlet of the sampler tube will indicate the location of the sampler inlet
in the pipe cross section. By swinging the sampler and moving it
longitudinally, it was possible.to reach 83 percent of the pipe area.

A baffle was installed after completing Run no. 1 in the return
pipe near the inlet to the 16-inch rubber pipe about 2.5 feet upstream
from the sampling point. This was made of one thickness of stainless
steel sheet perforated with 3/16-inch-diameter holes spaced such that
the holes occupied 33 percent of the area. The baffle was installed in
an attempt to spread the sediment load over the pipe cross section at

- the sampling section and this to improve sampling accuracy.
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4. . Sand Leveler:

By definition the mean elevation of the bed is taken as
the elevation of the plane for which the volume of the depressions below
the plane is just equal to the volume of sediment above the plane. This
is just the plane of the leveled sand surface. The device used to level
the bed in the 130-foot flume is shown in Fig. (3-10). The entire
frame is supported by four rollers on the rails on the two sides of the
flume. Two blades of aluminum plate,l —;— inches wide,serve as scrapers
to move sand into the depressions. The blades are supported near the
bed by two vertical rods. ILach rod is threaded and can be raised or
lowered at the same time by turning the crank located at a transverse
bar as shown in the figure. A rubber roller at each of the four corners

of the frame guides the leveler by rolling on the side walls.

5. Camera Holder:

Fig. (3-11) shows the camera holder designed for taking
plan-vicew picturcs of the bed of the 130-foot flume. The camecra is
supported by the holder about 7—;— feet above the sand bed. This enables
one to take an over-head picture of a section of the bed 69 inches long.
A1 by 5 in. view camera with a 203 mm, /7.7 Kodak Ektor lens was
used to take the over-head piétures.

B. The 40-focot Flume and Accessories

1. General Description of the 40-foot Flume:

A schematic diagram of the 40-foot flume is shown in
Fig. (3-12). As shown in the figure, the water flows from left to right
in the opcn channel section, then flows down through the pump, and

returns to the inlet of the channel through a 4-inch pipe. The circuit
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Fig. (3-10) Sand leveler for the 130-foot flume.
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Fig. (3-11) Camera holder and the camera
used in the 130-foot flume for taking plan-
viecw picturcs of the sand bed.
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is closed so that the water as well as the sediment being carried is re-
circulated by the pump at the outlet of the channel.

The open channel portion of the flume consists of two 10-inch
steel channels attached to a bottom plate with holts. The dimensions
of the channel are shown in section A-A of Fig. (3-12). The inside
surfaces of the flume are painted with an epoxy resin paint which gives
a hydrodynamically smooth surface.

The entire flume assembly including the pump and the motor
is supported on a rigid truss which itself is mounted on a pivot near
one end of the flume and on a jack on the other end. A steel scale
installed near the jack is calibrated so that one can read the slope
directly to the nearest 0. 00001 by means of a vernier scale.

A transparent lucite tube, 50 inches long and 4 inches in dia-
meter, is installed in the return pipe near the venturi meter to make
it possible to observe if sufficient sand is being deposited to affect the
accuracy of the venturi meter.

Along the flume, 32 stations,one foot apart,are marked starting
at 64 inches from the inlet of the flume. Glass windows 5 feet long
are installed in each wall between stations 20 and 25. All side-view
pictures were taken at these windows. o

2. Inlet and Outlet Sections:

The principal features of the inlet section of the 40-foot
flume are more or less the same as those in the 130-foot flume. As
shown in Fig. (3-13), the inlet box which is 10 —é— inches wide has two
8-mesh screens installed in it for stilling disturbances generated by

the re-éntry of the flow from the return pipe. Another 4-mesh screen
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was installed in the 6-inch pipe 10 inches below the sediment sampler
tip in order to spread the sediment over the sampling section and hence
to improve the sampling.

The construction of the outlet section is relatively simple. It
consists only of a rectangular outlet tank with a plan area 6. 25 square
feet, which serves as a pump well. The outlet tank serves to decrease
oscillations that may be created by unsteady flows in the open-channel
section.

3. Heaters:

Four 1000-watt immersion heaters were installed in
the 4-inch return pipe near the upstream end of the flume. Three of
the heaters are wired for either 110 or 220 volts, so that each of them
can produce either 250 or 1000 watts of heat. With this installation,

a temperature difference of 19°C. between the water and the air can
be maintained. The laboratory is air-conditioned so that the air tem-
perature is always maintained around 21°¢C. Therefore, the water
temperature can be raised up to around 40°C. This will decrease the
kinematic viscosity of water from 1.06 x 10"5 square feet per second
to 0.70 % 10-5 square feet per second.

C. Stabilization of the Sand Bed

The requirements for a stabilized bed are as follows:

(i) It should preserve its surface configuration and texture.

(ii) It should preserve the porosity of sand so that water

and air can seep through the stabilized layer.

(iii) It should last for a long period without changing its

surface characteristics and configuration while the

experiments are being carried out.



-33--

(iv) It should be strong enough to allow the installation of
the pressure taps on the bed surface.

The method of stabilizing the sand bed was developed by tests

of different samples in trays. Of the several materials tested, a
chemical material sold commercially under the trade name '‘Standard
Plaspieg” was found most nearly to meet the above requirements. This
material is a liquid impregnant used to strengthen and harden plaster
molds. '"Standard Plaspreg'' is a Furfural polymer, which does not
activate and polymerize with sand until a weak organic acid called
"Catalyst XP-2'" is added and the temperature is raised to around

140° F.

The procedure in stabilizing the sand bed is described as

follows:

(i) Drain the water from the flume slowly and allow the
sand to dry for 1 day.

(ii) Spray over the sand with a mixture of the following
materials: 5 parts by volume of "Standard Plaspreg"
and one part by volume of "Catalyst XP-2'. Apply
this mixture to the bed with a hand sprayer until the
solution has Wétted the sand to a depth of about
—}; inch.

{iii) Maintain the impregnated surface at 140°-160° F. by
use of infra-red electric lamps suspended approxi-
mately 1 foot above the sand bed. Raise the tem-
perature slowly and then cool it slowly to avoid small

cracks. Cure is not completed until the surface
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becomes deep black in color. The time for curing
is approximately 24 hours.

In order to determine if shrinkage of the sand bed occurred in
the process of stabilization, the elevation of the bed at the centerline
was measured at several points to within 0.001 ofa ft. both before and
afterk stabilization. No shrinkage was observed.

Water poured on the stabilized bed penetrated readily indicating
that it was fairly permeable. However, no test was made to determine
the change of the permeability through the stabilization process. Since
the sand used here was fine, it is believed that the effect of the perme-
ability on the friction factor is negligible.

Fig. (3-14) shows a magnified photograph of the surface of the
stabilized bed of quartz sand with geometric mean size of 0.23 mm.
This photograph was taken after finishing a series of experiments,
which lasted for almost two months. Pictures (a) and (b) in Fig. (3-15)

are the side views of a dune-covered bed before and after stabilization.

D. Equipment for Measuring Velocity

The point velocities were measured with a 1/8-in. diameter Prandtl
pitot static tube and a pressure transducer recording system for reading
the dynamic pressure. A general view of the Prandtl tube and the
pressure transducer is shown in Fig. (3-16). The dynamic pressure
was recorded continuously by a Sanborn recorder. A micromanometer
shown in Fig. (3-17) was used for calibrating the transducer and re-

(16)

cordcr, Thc micromanomcter deascribed by Vanoni enables one



-35-

nd bed
depth

H

ilized sa
749 fps.
5 times.

ty = 0.
ion:

i
ficat

veloc

14,

4) Surface of a stab
magni

Fig. (3-1
Run No. 9-
0.231 ft.,



_36-

{a) Loose sand.

{(b) Stabilized sand.

Fig. (3-15) Side views of a sand bed before and after
stabilization (Run No. 9-14).
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Fig. (3-16) Prandtl tube and pressure transducer.
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Fig. (3-17) Micromanometer and tubings
used in measuring velocity and pressure
distributions.
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to read the differential head to 0.001 of an inch. A detailed descrip-
tion of this equipment is given below.

1. Prandtl Pitot Static Tube and Connecting Valves:

Since the pressure transducer used in recording the
dynamic presaure does not displace an appreciable amount of water
the paséages in the pitot tube and the tube itself can be made small.
This small instrument is very convenient in measuring the point velocity
near the dune bed. In order to avoid vibration created by the vortex
behind the vertical portion of the Prandtl tube, a brass hydrofoil was
soldered to the trailing edge of the tube.

A valve system containing four three-way valves was designed
in such a way that the operations of flushing and calibration could be
carried out easily. A diagram of the valves and their connection sys-
tem is shown in Fig. (3-18).

2. Pressure Transducer and Sanborn Recorder:

The pressure transducer used here is Model No. P7D
manufactured by Pace Engineering Company of Los Angeles, California.
It contains two gaps separated by a magnetically permeable diaphragm
0.004 of an inch. As shown in Fig, (3-19), thc diaphragm supported
between two symmetrical core inductance assemblies, completes a
magnetic circuit with each core. The diaphragm deflects slightly when
there is a difference in pressure between the static and the dynamic
ports. This increases the gap in the magnetic flux path of one core,
and decreases the gap equally in the other thus changing the magnetic
reluctance of the magnetic circuits. The inductance can be

measured by a bridge circuit which produces an output voltage related
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to pressure differences. This output voltage was recorded by the
Sanborn recorder.
The Sanborn recorder used here is Model 150 with 1100 AS
Carrier Amplifiers. A motor with variable speeds is used for ad-

vancing the record paper.

E. Installation of Pressure Taps in a Stabilized Bed

In order to determine the pressure distribution over a dune
surface, 17 pressure taps spaced 0.06 of a ft. apart were installed as
shown in Fig. (3-15b). This portion of the bed was treated specially
to give a stabilized crust 1/2-inch thick or double the thickness in the
rest of the bed. Holes 1/8 inch in diameter were drilled through the
stabilized sand bed and the steel bottom perpendicularly to the bottom
of the flume as shown in Fig. (3-20). Copper tubing with an outside
diamecter of 1/8 inch was then inserted into each hole and the upper end
of the tube was then filed until it was flush with the dune surface. The
end of the tube was then filled up with solder and a hole 0.032 in.ches
in diameter was drilled into the solder in a direction normal to the
dune surface.

In order to prevent water from seeping through the gap around
the tube, the tubes were coated with grease before they were inserted
into the bed. The gap around the tubes was then filled with sand and
the loose sand around the tap was stabilized with '"Standard Plaspreg''.
At the steel bottom of the flume, a seal was made around the pressure

tube with rubber cement.
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CHAPTER IV

EXPERIMENTAL PROCEDURE

A, Establishing a Steady Uniform Flow

Since the flumes used here have closed circuits, the depth of
flow is determined by the amount of water added to the flume system.
If a given amount of water is added to the flume and the flow rate is
kept constant, the slope is the only variable which can be adjusted in
establishing a steady uniform flow. As a guide in establishing a steady
uniform flow, a point gauge near the end of the flume was first set at
the elevation corresponding to the mean water depth. The slope of the
flume was then adjusted to keep the tip of the point gauge at the water
surface until the water surface elevation at this station remained fixed.
Complete water surface profiles along the flume were then measured
to make sure that the flow was uniform before other measurements were
made. Before stopping the pump and terminating the run, a more de-
tailed water surface profile was measured for use in calculating aver-
age depth, velocity and the energy grade line.

In experiments with loose beds, it is very important to mini-
mize the departurc from uvniform flow. This is because cven small
departures from uniformity may cause significant changes in bed con-
figuration and give rise to a variation of the bed friction factor along
the flow. These effects cannot be taken into account through slope

correction.
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B. Determination of fhe Depth of Flow

To determine the flow depth at a station in runs with loose
sand, it was first necessary to determine the local mean bed eleva-
tion. To do this the bed was first leveled in short reaches with a
leveler as described in Chapter III. In the 40-foot flume these reaches
were 2 feet long and in the 130-foot flume, only alternate one-meter
reaches of the bed were leveled. The local mean bed elevation was
measured with a point gage at each leveled reach. The water surface
elevation was measured with a point gage directly over the center of
each leveled reach of bed. The local mean depth was taken as the differ-
ence between the elevations of the water surface and the leveled bed.
The mean depth for the whole flume was taken as the average of the
local mean depths exclusive of depths at stations near the inlet and
outlet.

The elevations referred to above were determined with the
point gage which gives the elevation relative to some arbitrary refer-
ence plane parallel to the flume rails and bottom. These will be
referred to as elevations relative to the flume. Therefore, to obtain
the elevation of a point in the bed or water surface one must add the
point gage reading to the elevation of the flume at the measuring sta-
tion. To determine the water depth at a station one merely takes the
difference in point gage readings at the water surface and leveled bed
and it is not necessary to determine the elevation of the points.

In the runs with stabilized beds, a special technique was
uscd to dectermine the local mean bed elevation. A known volume of

water -saturated,loose sand was added to each reach of 2 feet. Then
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the sand was leveled with the sand leveler described in the previous
chapter and the elevation of the surface of the leveled loose sand was
measured. The local mean bed elevation of the stabilized bed was
equal to the elevation of the leveled loose sand minus the mean thick-
ness of the added sand, which was obtained by dividing the known vol-
ume of sand added to the 2-foot reach by the surface area of the reach.
The volume of the sand added was determined with a graduated» measur-

ing cylinder.

C. Determination of the Slope of the Energy Grade Line

After the mean depth is calculated at a station, the average
velocity, U, is determined by dividing the water discharge, Q , by the
product of the width of the flume, b, and the mean depth. One can then
calculate the elevation of the energy grade line, e s at each station,

by the equation

Cs =g + % (1)
<9
in which U is the average velocity in the cross section and
Ve and e are, respectively, the water surface elevation and
the elevation of the energy grade line relative to the flume,
and
g is the gravitational acceleration.
The slope of the energy grade line, 5, is the sum of the slopes
of the flume, S, and of the energy grade line relative to the flume,

d .
T= e, ‘that is,

A , «f 4-2
S =S~Gx (%u*z7) e
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where x is the distance albng the flume taken to be positive in the
direction of flow. Typical bed and water surface profiles and a typical
energy grade line for the 130-foot flume are shown in Fig. (4-1). In
this case the slope of the energy grade line relative to the flume is less

than one percent of the flume slope.

D. Discharge Measurements

The water discharge, Q, was measured by a venturi meter
installed in the return pipe in each flume. The differential piezometric
head, Ahv, across the venturi meter was measured with an air-water
differential manometer which could be read to the nearest 0. 001 ft.

The problem of using a venturi meter to measure sediment-
laden water discharge has been thoroughly discussed by Brooks(l5).
He concluded that the discharges determined by this apparatus were
accurate to within one percent,.

In the experiments with the water-glycerine mixture, special
care was taken to ensure that the mixture of water and glycerinel in the
two manometer tubes was the same as that of the flowing fluid. In this
way the head on the venturi meter was read directly in terms of the

flowing fluid.

E. Side-Wall Corrections

It the roughness of the side wall surface is different from that
of the bed, a side-wall correction must be made to determine the true
resistance and friction factor of the bed. A simple correction method,
which has been used by many workers in sedimentation, was devised

(11) (15)

by Johnson , and later modified by Brooks The procedure
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given by Brooks will be outlined here. The principal assumptions for
this procedure are described as follows:
i) The area of the cross section can be divided into two
parts, the bed area in which the flow is resisted by
the bed, and the wall area which consists of two equal
sub-parts, in which the flow is resisted by the walls.
(i1) A flow formula can be applied to each part of the cross
section and the average velocity and slope of the energy
grade line are the same for the whole cross section and
for each part.
(iii) The roughnesses of the wall and the bed are homogene-
ous but different.
By use of the above assumptions, the equation of the side-wall correc-
tion can be established as follows.
The Darcy-Weisbach equation for the entire channel, the bed,

and the wall can be written respectively as follows:

8954
f =“ZZ}7 (4-3)

7[7 655/4b (4-4)
b /i'i U7

and
[ _ 8954 ws)
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in which f is the friction féctor, p is the wetted perimeter, A is the
cross-sectional area, the subscripts b and w refer to the bed and the
wall respectively and the symbols without subscript are for the whole
cross section. The symbols S, U and g denote the slope of the energy
grade line, the average velocity and the acceleration of gravity re-
spectively and are the same for the total cross section and the bed and
wall sections.

From the geometry one can write
A=A+ Aw (4-6)

Eliminating A, Ab and AW from Equation (4-6) by means of Equations

(4-3), (4-4) and (4-5), one ahtains

fyp=F =LA, (4-7)

The cross section of the flume used in this investigation is rectangular
with width, b , and with the depth of flow, d, so that p = 2d + b,
Py = b and P, = 2d. BSubstituting these relationshlips into Equation (4-7),

one obtains
7@=F+-—‘§—‘f(f—7€)) (4-8)

Before fb can be determined, one must estimate the wall friction factor,

fW . This can be obtained through the following considerations.
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Reynolds numbers for the channel are defined as

lo
2 = /Y E‘U:_%__U__ (4-9)

and
PR

in which R is the Reynolds number for the entire channel.
RW is the Reynolds number for the wall area,
r is the hydraulic radius for the entire channel,
r is the wall hydraulic radius and
v ig the kinematic viscosity of the flowing fluid.

From Eqguation (4-9) one obtains

Ruw _. _lw (4-10)
Vi r

A
Using Equations (4-3) and (4-5), one can solve for % and-f)—v-v— which

w
are equal to r and T respectively. Then one substitutes r and r

into Equation (4-10) to obtain

- £ (4-11)

L
fo F

If the walls are smooth, as th.ey are in the flumes used in this study,
one can apply the classical relations for friction factor of smooth
pipes to obtain the value of fw. This caleulation is facilitated by

Fig. (4-2) which is a graph of f against R/f for smooth pipes prepared

by Brooks(l5).

Knowing the value of R/f which is equal to Rw/fW the
graph will give directly the value of :EW as long as the wall is hydro-

dynamically smooth.
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F. Measurements of Point Velocities

A schematic diagram of the instruments used in measuring
velocities is shown in Fig. (4-3). The procedure followed in using
this apparatus was the following. The pressure transducer and the
Prandtl pitot tube were flushed thoroughly by connecting the lines B,
D, C and B', D', C' to the "Flushing Tank" which was about 5 feet
above the pressure transducer. The objective of this operation is to
remove all air bubbles from the system since they create undesirable
damping effects due to their compressibility. After the flushing was
completed,the calibration was started by connecting each side of the
pressure transducer to a leg of a micromanometer and disconnecting
the lines D and D' to the pitot tube. The water in the two pots of the
micromanometer was brought to the same elevation by connecting
them and the Sanborn recorder was started, thus establishing a zero
reading. The two pots were then disconnected and the head differential
on the system was increased in small steps by adding water to the
manometer pot used to read the dynamic head of the pitot tube. The
head differential at each step was read with the micromanometer and
also recorded on the Sanborn recorder chart. Through this process,
a calibration curve of head agéinst chart reading was obtained which
usually was linear as shown in Fig. (4-4). After finishing the calibra-
tion, the system was ready for use in measuring velocity. Since such
measurements usually took half a day, scveral intermediate calibra-

tions were made to ensure that the calibration was not changing with

time.
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Fig. (4-3) Schematic diagram of the instruments
for measuring point velocities.
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The Prandtl pitot tﬁbe was allowed to stay at the measuring
point for a sufficient length of time to obtain a proper average reading.
Since fluctuations were always present, the time for each measurement
depended upon the amplitude of these fluctuations. Usually 40 seconds
of record for each point was needed to give a proper average. A portion
of the record traced by the Sanborn recorder for three positions in Run
No. 9-14, B-9isshown in Fig. (4-5). The paper speed for these
measurements was 1 mm. per second as indicated by the mark at the
margin of the paper. A long,dark block was marked during the change
of the position of the Prandtl tube. The trace within the dark block was
not used in obtaining the average. The three mean values of the head
indicated on the chart show how averages were taken.

The accuracy of the transducer and recorder system was
checked by comparing results of simultaneous measurements with the
recording system and the micromanometer. Fig. (4-6) shows velocity
profile data measured simultaneously at one vertical profile by the two

methods. As will be noted,the two sets of data agree closely.

G. Measurcments of the Scdiment Discharge Concentration

In the experiments performed in the 40-foot flume, the sedi-
ment discharge concentration was taken in the inlet with the sediment
discharge sampler shown in Fig. (3-14). Since the sampler can be
moved in one direction only, the location of the sampling points are
limited to one line. Five sampler locations were chosen,spaced 1 1/8
inches apart. At each location two liters of sample were taken. No

definite concentration gradient was observed along the line. The point
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Fig. (4-5) A portion of Sanborn chart showing recording
of head differential on pitot tube. (Run 9-14, B-9)

04

¥

03 © By Transducer _A

118 By Micro- L ¢
© manometer

. ]

O

o 02 04 Q6 OB 0

y-Distance Above Bed f1.

Velocity fps.

Fig. (4-6) A comparison of velocities measured by
pressure transducer and by micromanometer.
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concentration deviated randomly from the mean concentration. The
sediment discharge concentration was taken to be the arithmetic
average of the concentrations of all the samples.

In the 130-foot flume, samples (except for Run Nos. 1 and 3) were
taken at 22 or more points with the sampler described in the previous
chaptér. Most of the sampling points were chosen at the outer portion
of the sampling area where the highest concentration occurred. The

sediment discharge concentration C, was calculated according to the

following formula

e (CV)i + CVAers | o, (4-12)

c ot t
Q.(‘aa 2

in which Q is the total water discharge,

C is the sediment discharge concentration,

¢ is the concentration of the sediment at a certain sampling

point,

v is the velocity at the corresponding sampling point,

(c- V)i is the value of c-v on the ith contour,

a; is the area between contour i and contour itl,

n is the number of cdntours, and

i = 0 is the contour of the maximum value of c. v.

The rate of sammpling was regulated to make the velocity of the

flow entering the tip of the sampler equal to the stream velocity at the
sampling point. The importance of following this procedure has been

(17)

" demonstrated by Vanoni



CHAPTER V

EXPERIMENTAL RESULTS

A, Introduction

The flume experiments can be divided into three major groups
as follows:

1. Experiments in the 40-foot flume with stabilized beds.

2. Experiments in the 40-foot flume with loose sand

(Runs 9-1 through 9-15).
3. Experiments in the 130-foot flume with loose sand
(Runs 1 through 8).

The first group of experiments in the 40-foot flume was per-
formed with two different stabilized dune beds and with no sediment
being transported. The results of this are presented in Section B
(Resulls ol the Experiments with Stabilized Beds). The second and
third groups of experiments were performed with loose sand, and
were designed to clarify the effect of the exposure parameter, e, on
the friction factor for a constant water depth. In these two groups,

a total of 23 experiments were made; 15 of which were performed in
the 40-foot flume and 8 in the 130-foot flume. Results of these experi-
ments together with those of two series of experiments performed by
Vanoni and Brooks in the 60-foot ﬂume(*) are presented in Section C
(Results of the Experiments with Loose Sand). All experiments in

these three groups were designed to clarify the nature of dune resistance

N
32

These-experiments were made in 1957 with the sponsorship of The
National Science Foundation Grant G-1709.
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and to establish a correlation between quantities, such as flow para-

meters, dune size, dune geometry, and flow resistance.

B. Results of the Experiments with Stabilized Beds

1. Gross Measurements:

Twa hed configurations generated by two different flows
were stabilized in the 40-foot flume for this investigation. The first
bed was generated by the flow of Run No. 9-14 which had an average
velocity of 0.749 fps., a depth of 0.231 feet and a sediment discharge
concentration of 0.007 grams per liter. The bed was composed of
Sand No. 1 which had a geometric sieve size of 0.23 mm. Detailed
information ou the sand characteristics appears in Section C. Top and
side views of the bed configuration taken before the bed was stabilized
are shown in Fig. (5-1). These pictures were taken at station 25
through the glass window in the side wall. After the iirst bed was
stabilized, four series of experiments, denoted by Series A, B, C,
and D, were performed with flow depths of 0.17, 0.23, 0.35 and 0.47
feet respectively. Each series contained 11 or more runs. Each run
is given a number made up of the number of the run in which the dune
bed was generated, the letter denoting the series and a numeral de-
noting the run in the series. For example, Run 9-14, B-1 is the first
run in B series of experiments with the first stahilized bed. A sum-
mary of the data from these experiments is presented in Table I. The
runs with glycerine-water mixtures are denoted in Table I with two
dsterisks beforc the run number, while those with elevated water

temperature are denoted with a single asterisk before the run number.
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(2} Top view.

(b) Side view.

Fig. (5-1) Pictures of the sand bed of Run No. 9-14
beforc stabilization. {Flow is to the left.)
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The bed for the second set of experiments with stabilized dune
bed was generated by the flow of Run No. 9-15 which had an average
velocity of 1.250 fps., a water depth of 0. 241 feet and a sediment dis-
charge concentration of 0.448 grams per liter. The bed was composed
of Sand No. 1 as in the first stabilized bed,but as will be noted,the
Veloéity of the generating flow is higher than that for the first bed. Four
series of experiments denoted by Series A, B, C and D were performed
with water depths of 0.18, 0.24, 0.36 and 0.48 feet respectively. The
data of the experiments are summarized in Table II. The runs with
elevated water temperature are denoted in Table II by one asterisk.

No glycerine was used in these experiments. Top and side views of the
unstabilized bed for this set of experiments at station 25 are shown in
Fig. (5-2).

2. Point Velocity-measurements:

(a) Velocity Profiles: Measurements of velocity pro-

files were made along the center line of the flume starting at a point
29. 8 feet downstream from the inlet of the flume. The corresponding
station numbers are shown in Fig. (5-3) which is a photograph of the
unstabilized bed of Run 9-14 in the region where the velocity profiles
were measured. The results of the measurements for Run No. 9-14,
B-9 and Run No. 9-14, B-10 with the same mean depth but with aver-
age velocities of 0.753 fps. and 1.250 fps. respectively,are shown in
Fig. (5-4). The bed profile along the center line in the region of the
velocity profiles is also plotted in Fig. (5-4). As will be noted, all

" velocities were normalized with the average velocity. A comparison
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(a) Top view.

(b) Side view.

‘Fig. (5-2) Pictures of the sand bed of Run No. 9-15
before stabilization. (Flow is to the left.)
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of these two sets of normalized velocity profiles indicates that they are
almost identical. This means that the velocity profiles of flows with
different average velocities are similar.

The velocity profiles indicate that the velocity downstream from
the dune crests reached zero at a small distance from the boundary.
This pdint is at the core of the eddy in the lee of the dune. The
presence of the eddy was verified visnally with dye as was its upper
boundary formed by the streamline dividing it from the main flow. This
boundary is indicated in Fig. (5-4) for the three dunes over which
velocity profiles were measured. The eddy or wake starts right behind
the crest of the dune and ends at the point about 4 to 5 times the dune
height downstream. The nature of the wake observed resembles that of

(18) and Wa.lker(l 9).

the flow downstream from a step as described by Toni

From Fig. (5-4) one can see that the velocity near the bed is
strongly affected by the dune; the velocity on the upstream side of the
dune accelerates locally due to the sloping dune surface and then de-
celerates due to the flow expansion downstream from the dune crest.
Hence, close to the bed, the velocity is extremely non-uniform due to
this local acceleration and deceleration. Far above the bed, this local
non-uniformity is gradually eve.ned out, and the velocity away from the
bed gradually tends to become uniform as one can see from the velocity
profiles in Fig. (5-4).

The velocity profiles of Run No. 9-11, B-9 arc also plotted in
Fig. (5-5) on a semi-logarithmic graph with the origin of y at the local

mean bed elevation, that is, the mean bed elevation taken after the

bed is leveled between stations 22 and 26. A straight line is drawn
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to fit the upper portion of the points. As shown in the figure, the points
near the bed deviate from the straight lines. It is interesting to note
that near the bed the velocity profile over the upstream face of the

dune falls ahead of the straight line near the trough but then turns back
near the crest forming a hump. A possible explanation of the profile
shapes is that the forward bending of the profile is caused by the contrac-
tion due to the sloping upstream side of the dune, and that the turning
back of the velocity profile near the dune surface is caused by the
frictional resistance of the dune surface. The point at which the profile
departs from the semi-logarithmic line continues to penetrate further
into the flow behind the crest of the dune as indicated by the dotted
inclined straight lines in Fig. (5-5).

The horizontal lines over the cross-hatching at some of the pro-
files indicate the dune surface at the particular vertical.

It is clear from Fig. (5-5) that the velocity profiles near the
dune surfaces do not follow the logarithmic law. Thereforc, the cal-
culation of von Karman's constant does not have the usual significance.
But for convenience in comparing these results with those obtained from
the field and the laboratory by other investigators, the von Karman
constant is calculated according to the following procedure:

First, a straight line is drawn to fit the upper portion of the
velocity profile.

Second, the value of m defined as the slope of the semi-logarith-

mic velocity profile in fps. per cycle is determined.
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Third, the value of the von Karman constant, K, is calcu-

lated by the following formula

230 L
", = el
77

(5-1)

where

Upee =/ L2 1, (5-2)

in which U, is the mean shear velocily at the center line of the

flume, Ueg is the average velocity determined from the centerline
profile from which m was determined, and fb is the bed friction factor.
In case the mean center line velocity, U ,1s less than the average
velocity, U, , then/g_rbT is used instead of U, .

The values of von Karman's constant are shown in Fig. (5-5) at
each profile. The values vary from one location to another, and range
from 0. 246 to 0.346 with an average of 0.282. The decrease of von
Karman's constant in channels with large roughness has been observed
by Rand(zo) in the laboratory and by the U. S. Corps of Army Engineers(
and Nordin and Dempster(zz) in the field. The reason for this is not
clear.

(b} Velocity Distribution in the Cross Section: Velocities

were measured over the cross section at six stations in Run No. 9-14,
B-9. The location of these velocity measurements is shown in Fig. (5-3).
The results are shown as velocity contour maps in Figs. (5-6) and (5-7).

In these figures the fact that the zero velocity line is away irom the bed

21)
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Fig. (5-6) Velocity distribution over dune bed for
Run No. 9-14, B-9. The number on the velocity
contour is the velocity divided by average velocity.
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indicates that a reverse flow exists at the bed. This is especially
noticeable in sections 3 of Fig. (5-6) and 4 of Fig. (5-7) where the
flow direction is upstream in about 10 percent of the cross-sectional
area. Due to the non-uniformity of the flow field the velocity near
the bed at a station is strongly affected by conditions a short distance
upstream. This is to say that the velocity profile at a station depends
on the previous history of the flow.

Because the flow is strongly affected by the large roughness of
the dune, the influence of the side wall is of small importance. The
high velocity extends all the way out to the side wall where a very steep
velocity gradient exists.

3. Pressure Distribution:

Since most of the resistance of a dune bed comes from
the form drag of the dunes, it is very important to understand how the
pressure distributes over the dune and how it varies with velocity and
depth of flow. To determine the pressure distribution, 17 preésure
taps were installed near station 25 0.58 in. off the center line ina
typical part of the dune bed generated in Run No. 9-14. Fig. (3-15) is
a photograph showing the bed configuration around the pressure taps.
Pregsure measgurements were made in flows of different depths with
several different average velocities for each depth. The pressure was
measured by the micromanometer shown in Fig. (3-17) in terms of the
height of a column of water. Plots of normalized pressure P-P /L oU”
against position are presented in Fig. (5-8) for each of these three

flow depths. The quantities P and Pr are respectively the local pres-

sure and a reference pressure which was taken as the measured
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pressure at the crest of the center dune and U is the average velocity,
that is, the total discharge divided by the mean cross-sectional area.
The results indicate that the shapes of the pressure distribution curves
for all cases are roughly similar. The relative pressure, P - Pr,
reaches a minimum near the crest where the flow separates from the
boundé.ry, and then increases as the dividing streamline diverges and
finally reaches a maximum where the dividing streamline meets the
boundary. This non-uniform distribution of the pressure over the dune
results in a large resistance to flow. From the figure, one can see
P-P

that for a given depth, the value of T

ZpU

is related to the dune friction

Z
factor f - f‘r; according to

F-t =ags=] (F25) 8- 6o
Zyp A 2?/96/

where ™ is the average shear stress created by the dune, that is,

the total shear stress minus the grain shear stress calculated from

Nikuradse's resistance diagram, /1\ is the unit vector in the main flow

direction and do is the differential surface area with the direction nor-

mal to the dune surface. The right hand side of Equation (5-3) does not

vary with the average velocity and therefore f, - f‘t; is independent of

b
average velocity at least for the range of velocities covered in Fig. (5-9).
A comparison of the normalized pressure, P-P_r/%—pU,2 for flows
with different depths will show that it decreases as the depth increases.
This is because P - Pr depends on the velocity impinging on the dune.

Consider flows with different depths but with the same average velocity

flowing over identical beds. Because of the nature of the velocity
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profiles, the flow with higher depth will have smaller impinging velocity at

the dune surface, and therefore a smaller P—Pr/—é—pU2 and bed friction factor.

4. Effect of Reynolds Number and Froude Number on the
Bed Friction Factor:

The data of the previous section indicate that the pattern
of pressure distribution over dunes does not vary with flow velocity and
therefore show that for the conditions of the experiments, fb is also
independent of velocity and hence of Reynolds number. To explore this
idea, further experiments were made with flows over the two stabilized
dune beds in which the Reynolds number range was expanded by changing
the viscosity of the fluid. As already explained this was done by adding
glycerine to the water to raise the viscosity and heating the water to
lower the viscosity.

The experimental results are presented in Tables I and II
appearing in a previous section of this chapter. The variation of bed
friction factor fb with Reynolds number for the two bed configurations
are plotted in Kigs. (5-9Y) and (5-10). 'L'he points for the high Tempera-
ture and Glycerine Runs can be identified from the figures. Itis clear
that for a given dep‘ch‘,fb is independent of Reynolds Number, velocity,
viscosity and temperature thus confirming the conclusions drawn from
the pressure distribution. A comparison of Fig. (5-9) and Fig. (5-10)
indicates that the bed of Run No. 9-14 generated by a flow with a
velocity of 0,749 fps. has a much higher bed friction tactor than that
of Run No. 9-15 generated by a higher velocity of 1.25 fps. This
illustrates a general trend in the friction factor of streams with dune

- covered beds. The bed friction factor for each unstabilized bed,

measured during the runs which generated the bed, has been plotted
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on each of the figures. It is pertinent to note that these values of fb

are not significantly different fromthose for the stabilized beds with

the same flow depth.

In this investigation, Froude number, F. is defined as ,\{/Jg‘d

in which U is the average velocity, d is the depth of flow and g is
gravi.tational acceleration. Values of fb for the dune covered bed
generated by the flow of Run No. 9-14 are plotted against F in Fig.
(5-11) and those for the dune covered bed generated by the flow of Run
No. 9-15 are plotted in Fig. (5-12). Within the range tested, the bed
friction factor is essentially independent of Froude number as indicatced
in the above figures. This can also be deduced from Figs. {5-9) and
(5-10).

Figures (5-9) through (5-12) indicate that for a given water depth
and a given set of the dune features there is virtually no variation in the
friction factor with Reynolds and ¥Froude number. Certainly, this state-
ment does not hold for very small Reynolds numbers. As Reynolds
number is reduced, one may expect to have transition to laminar flow
so that in this region the bed friction factor will depend on Reynolds
number. Furthermore, for sufficiently high Froude numbers, fb cannot

(23)

be independent of the Froude number However, these two extreme
conditions of very low Reynolds number and high Froude number will
not occur in the usual alluvial stream with a dune bed. All alluvial
streame with dune bede, including laboratory streams, are turbulent
and hence well out of the transition range. Furthermore,the Froude

number of streams with dune beds tend to be well below unity and out

of the range where the bed friction factor is affected by Froude number.
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The lack of the dependence of the bed friction factor on Reynolds
number and on Froude number indicates that the bed friction factor
depends only on geometric quantities. The velocity and viscosity only
play a role in the formation of the dune feature and do not directly
affect the bed friction factor. This is a very important hydraulic
characteristic of dunes and means that in the formulation of the resis-
tance equation, only geometric quantities of the dune bed,such as depth
and dune dimensions, are required.

5. Effect of the Bed Hydraulic Radius on the Bed Friction
Factor:

As pointed out in the previous sections, dune resistance
depends only on the water depth and dimensions of the geometric con-
figuration of the bed. It is interesting to investigate the effect of the
water depth on fb for a fixed bed configuration. Fig. (5-13) is a plot of
the friction factor, fb » against the bed hydraulic radius, Ty for each
of the two bed configurations studied. The bed friction factor increases
as the bed hydraulic radius decreases. The curves also indicate that
for the shallower water depths, a small change in the bed hydraulic
radius, rb, causes a large change of the bed friction factor, fb.

rate of change of the bed friction factor reduces gradually as the depth

This

of water increases.
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C. Results of the Experiments with L.oose Sand

1. General Outline of the Experiments:

Each run reported in this section deals with a uniform
flow over a loosc sand bed. Uniform flow was cstablished, measure-
ments were made and the basic data were analyzed according to the
procedure described in Chapter IV.

Tables III and IV list the most important measured and calcu-
lated quantities for each run. Table III gives the results obtained in
the 40-foot flume, and Table IV gives those obtained in 130—fobt flume.
The entries missing in these two tables are the items not obtained. The
notation at the top of each column gives the symbol for and a word des-
cription of the measured or calculated quantity which appears in the
colummn. Quantities which are seli-explanatory or can be calculated in
a straight-forward way are not given further explanation below, while
the others such as grain friction factor, fk', , mean sediment discharge
concentration, T , geometric mean sieve diameter, Dg , and geometric
standard deviation, o o’ will be explained in detail. Special explana-
tions of the dune height, H , and the exposure parameter, e, will be
given in later sections.

The grain friction factor, 151'3 , is calculated by use of the pipe-

(24)

friction diagram for pipes artificially roughened with uniform sand.
This diagram gives f as a function of relative roughness, D /ks, and the
Reynolds number, UD/v, where D is the pipe diameter, ks is the grain
size of the sands used to roughen the pipe wall, U is the average velocity

in the pipe and v is the kinematic viscosity of the fluid. To use this

chart for the present study, D is made equivalent to 4 Ty ks is taken
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as Dg the geometric mean size of the sand in the flume, U is taken as
the average velocity in the flume cross section and v is taken as the
kinematic viscosity of the water in the flume. From these quantities
one calculates the relative rbughness and Reynolds number, enters the

chart with these values and reads f which is then taken as equivalent to

1
fb .
The procedure for evaluating the sediment discharge concentra-
tion, C , has been described in Chapter IV. The accuracy of this
(23). I

measurement for the 40-foot flume was described by Kennedy n
the 130-foot flume the sampler device is much more precise than the
one used in the 40-foot flume because it can reach most of the flow
cross section. However, due to the extremely non-uniform concen-
tration distribution resulting from the location of the sampler so near
to the horizontal return pipe as shown in Fig. (3-7), some error may
be introduced in plotting the ¢ v contours. Nevertheless, it is believed
that the error introduced above does not exceed 15 percent. However,
no check was possible to prove that 'the error is within this limit.

In Run No. 4 in the 130-foot flume, a part of the sand was lost
in a few samples during filtering. The value of the sediment discharge
concentration was estimated from the rest of the samples and by com-
paring with the distribution patterns of the c v contours for other runs.

The last two columns of Tables III and IV show the geometric
mean sieve size. Dg . and the geometric standard deviation of the
sizes, og , for the samples of the load. Sieve analyses were made of
a composite of all sediment sampled during each run and then the

results were plotted on logarithmic probability paper. The curves
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plotted do not, in general, follow a straight line. Therefore, the geo-
metric mean sieve diameter, Dg , is not equal to DSO-’ the median size.

Values of Dg and the geometric standard deviation, Gg , were determined

i (25)

by the method suggested by Otto , that is,
0; = [Lsxs (5-4)
j —D/:r.7
and
D Lot/
9 o (5-5)

where D84 1 and D15 9 are the sand sizes for which 84.1 percent and
15.9 percent, respectively, by weight are finer.

2. Sand Characteristics:

Both sands used in the experiments were obtained from a
local foundry supply company and were commercially marked "Nevada
60'". Sand No. 1 was first used by Kennedy(23) in his studies of the
behavior of antidunes and Sand No. 2 was procured for this investiga-
tion in the 130-foot flume. As indicated in Fig. (5-14), Sand No. 1 had
a slightly larger geometric mean size, Dg , than Sand No. 2.

The size distribution of the two sands was obtained by sieving in
standard ten-inch Tyler Laboratory sieves. The sieves were shaken
for 15 minutes in a Tyler Rotap Machine. The frequency distribution
of sieve sizes for the two sands used in this study is shown on logarith-
mic probability paper in Fig. (5-14). The curves of Fig. (5-14) indicate

that the distribution curve is almost a straight line except near the ends.
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This is to say that the logarithms of the sieve sizes of the sand grains
are distributed according to the normal error law.

The shape and roundness of the sands may be judged from magni-
fied photographs in Fig. (5-15). The grains of both sands are sub-
rounded and somewhat angular, although Sand No. 2 is more angular

than Sand No. 1. A summary of the properties of both sands is given

in Table V.
TABLE V SUMMARY OF SAND PROPERTIES
Sand No. 1 Sand No. 2
Geometric Mean Sieve Size, D , mm, . 230 . 206
Geometric Standard Deviation ¢ g 1.43 1.46
Specific Gravity 2.65 2.67
Flume in Which Sand Was Used 40-foot flume 130-foot flume

The specific gravity was measured by use of a specific weight
hottle of known volume and distilled water, which was placed under
vacuum to remove dissolved air. The procedure for this measurement
is first to pour a known weight of sand into the specific weight bottle
and then to fill the bottle with distilled water observing the volume of
water required to fill the bottle. The volume or displacement of the
sediment is given by the difference between the volume of the bottle
and the water added. Finally, the specific gravity was determined by

dividing the weight of the sand by its displacement.
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(a) Sand No. 1 Dg:O' 230 mm., Gg=1.43

(b) Sand No. 2 T)g:O. 206 mm. , Gg:l.46

Fig. (5-15) Microphotographs of sands used in
experiments. (Magnification: 30 times.)
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3. Dunes and Sand Waves:

Two views of dunes generated in the 130-foot flume by a
flow 0.598 ft. deep with an average velocity of 1. 04 fps. are shown in
Fig. (5-16). As may be seen,the dunes have a gentle upstream slope,
a sharp crest and a steep downstream or lee slope. As the average
velocity of flow over a dune bed is increased, the dunes change in shape
and size but still retain most of the features shown in Fig. (5-16) until
the limiting velocity is reached,at which point the bed form is no longer
uniform along the length of the flow. Under these conditions a reach
of the bed may become flat and free of dunes and the rest of the bed
may be covered by dunes. The part of the flow with flat bed has a
higher velocity and lower depth than the part with dune bed and where
the two parts join, a sudden change often occurs in the bed elevation.
Since this break in bed elevation moves downstream, it has the appear-

(1)

ance of wave. Brooks''’/, who first reported this phenomenon, called
it a ""sand wave''.

Both top and side views of a sand wave in the 130-foot flume
are shown in Fig. (5-17). The side view was taken with water flowing
and shows the water surface clearly. The top view was taken after
the water was removed. As shown in the photographs, the long sand
wave has a length of more than 30 feet. The bed features on the wave
front are very irregular and one can see that dunes on the right side
are much larger than those on the left. As shown in the side view of
Fig. (5-17), the depth of flow over the sand wave varies greatly. In

this case, the mean depth upstream from the sand wave is about 0,457

feet and downstream of the wave front the depth is 0. 664 feet, which
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' (a) Top view.

(b) Side view.

Fig. (5-16) Typical dune bed configuratlion

in 130-foot flume. (Flow is from right to left.)
U=1.05 fps. d=0.598 ft., D =0.206 mm.,
c%=1.46. €
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(b) Top view.

Fig. (5-17) Sand wave bed configuration.
Flow is from right to left in (a) and from
bottom to top in (b).
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results in a change in average velocity from 2. 31 fps. upstream of the
sand wave to 1.59 fps. at the downstream end of the sand wave. Because
of the difference in the depth of flow caused by this unsteady phenome-
non, essentially there exist fwo equilibrium bed configurations in one
flume.

Fig. (5-18) shows another sand wave which is more or less like
a dune and has a relatively short length of only about 2 feet and a height
of about 0. 25 feet from the toe of the steep face to the crest of the
curved top. This sand wave was generated by Run No. 3 with an aver-
age velocity of 1. 83 fps. and a mean depth of 0.578 feet. It is interest-
ing to note that this feature has a convex profile with its maximum
elevation upsfream from the crest of the steep front. Dunes of this
shape are also observed in beds entirely covered with dunes.

Due to the complication of unsteady conditions in runs with sand
waves, no useful resistance data could be obtained from such runs.
Information on this phenomenon is reported here because it is of
interest to these concerned with the development of bed forms.

4. Velocity Measurements:

To measure the velocity with loose sand is quite difficult,
especially near the sand bed. This is because the dune configuration
moves and changes continuously. As shown by the velocity measure-
ments obtained with the stabilized bed, the velocity profile ncar the
bed is greatly modified by the dune configuration. Consequently, the
measured velocity profiles near a bed of loose sand are subject to con-

siderable crror duc to the movement of the dune in the time required to



-101-

Fig. (5-18) A sand wave with convex surface,
relatively smaller height at the crest than at
the top of the wave. ~Flow from right to left.
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make the measurements. However, some gross conclusions can still
be made from such measurements.

At station 30, that is, 30 meters from the inlet of the 130-foot
flume, measurements of the velocity distribution over the entire cross-
sectional area were made for Run No. 8. The results are shown as
isovels in Fig. (5-19). To locate the isovels, vertical velocity profiles
were first plotted for each of 17 verticals and a smooth curve was
fitted to each graph. The location of the contour line or isovel was
then determined from the smoothed velocity curve.

As shown in Fig. (5-19), the velocity distribution over the cross
section is close to symmetrical about the center line. The velocity in
the vicinity of the bed is higher near the side walls than near the center
line. The reason for this is not clear.

Fig. (5-20) showsa the centerline velocity profiles at several
stations along the flume in Run No. 8 in the 130-foot flume. The data
are plotted on semi-logarithmic paper and the origin of y the distance
above the bed is at the local mean bed elevation. As shown in the fig-
ure, the points are fitted with a straight line. The von Karman con-
stant, /C, which is calculated according to the procedure outlined in
Section B of this chapter varies from 0.27 to 0.43 and has an average
value of 0. 33.

Since the flow was over a loose sand bed and was carrying some
suspended sediment, the value of this constant is affected both by the

sediment of the suspension and the large roughness of the dunes.
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5. Evaluation of the Dune Height:

The dunes in general are triangular in shape with gentle
upstream slopes and steep lee side slopes. They are distributed in a
very irregular pattern. The size of dunes varies and the troughs just
upstream and downstream from a crest are usually not at the same
elevation. Therefore, to get a representative dune height is rather
difficult. A method suggested by Brooks was followed in this work.
In this method the dune height is defined as follows:

Let Tys Tiys Tiyo

be the successive elevations relative to the flume of the troughs of the
dunes determined by point gage, and Ci be the elevation of the crest of

the dune between the troughs Ti and Ti+ Then the height, Hi , of the

1
ith dune is defined as

H. =C., - 1/2(T. + T. +1) (5-7)
1 1 1 1

Once the individual dune heights are calculated, a study of the height
distribution of the dunes can be made.

In the 130-foot flume, the bed elevations relative to the rail of
the flume were measured along the center line in a length of more than
10 meters. Histograms of dune height frequency for Runs 4, 5, 6 and
7 in the 130-foot flume are shown in Fig. (5-21). These show that the
dune heights tend roughly toward a bell shaped distribution with a large
range of sizes. The arithmetic average dune height, H , was chosen
as the representative height. In order to determine an accurate repre-
sentative dune height, a great number of the dunes has to be measured.

From a study of running averages of the height of the first 10, 15, 20...
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dunes etc., it appears that at least 30 dunes have to be measured in
order to obtain a reasonably good average.
Fig. (5-22) shows a plot of the average dune height, H , against
the average velocity, U, for experiments in the present investigation
in the 40-foot and 130-foot flumes and for some carried out by Vanoni

(13)

and Brooks with fine sand in a flume 60 feet long and 33. 5 inches
wide. This plot indicates that the average dune height, ¥ , shows no
general trend of variation with the average velocity until the transition
regime is reached. The solid line in this figure was drawn to fit the
points obtained in the 40-foot flume with depth ranging from 0. 231 to
0.248 ft. It starts to dip down suddenly as the velocity approaches
1.4 fps. where the bed is on the verge of becoming flat.

The dunes observed in these studies are of small size. Much
larger dunes have been observed in flumes with larger sand size(26)(27)
and in the field where the depths are large, large dunes are found even

(28)

in very fine sand The reason for the large variation in dune size
is not clear.

6. Determination of the Exposure Parameter and Its Effect
on the Bed Friction Factor:

After finishing the experiments on the stabilized bed gener-
ated by Run No. 9-14, a portion of the stabilized bed was painted white
to make visible dye injected into the flow through the piezometer holes
in the bed. Two photographs taken for two different flow conditions
with dye injected at the bed are shown in Fig. (5-23). One can see that
on the upstream side of the dune the dye stream closely follows the

boundary, while on the lee side of the dune the dye stream separates
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(a) Run No. 9-14, B-3.

(b) Run NO. 9_14‘.1 B"6.

Fig. (5-23) Flow field near a stabilized dune
bed made visible by dye injected on the up-
stream face of the dune.
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from the boundary and also tends to diffuse.. Because of these charac-
teristics of the flow field near the dune. the sand particles on the up-
stream side of the dune surface are acted upon by a tangential force.
But this force will not exist where the flow separates from the boundary.
At the separation point the sand particles will roll down the steep slope
under action of the gravity force to form a distinct inclined surface.
This surface provides a way to identify the location and the size of the
lee side eddy or wake. A very convenient way to obtain a measure of
this lee slope area is to measure its horizontal projection from a pic-
ture taken looking down on the dune. Fig. (5-24) shows a set of such
photographs used in the determination of this area. The upper part of
this figure shows an untouched photograph of dunes in the 40-foot flume
generated by a flow 0. 24 feet deep with an average velocity of 0.57 feet
per sccond. The leec slopee of dunee in the lower picture were shaded
to increase the contrast to facilitate the measurement of the horizontal
area, a_, by planimeter. Once this area, a_s is determined over a
certain bed arca, A, the exposure paramctcr, ¢, can be obtained as the
ratio of a to A.

Fig. (5-25) is a graph of dune friction factor, fb - f'b, against
exposure parameter, e , for several values of T One can see that
the dune friction factor for a given Ty tends to increase with exposure
parameter and for a given exposure parameter, e , the dune friction
factor tends to diminish as Ty iucreases.

Photographs of six dune beds obtained from the experiments in
the 40-foot flume are shown in Fig. (5-26). As may be seen from
Tahle TII, the depths for the six flows which generated the beds only

from 0. 231 to 0.241 ft, but the friction factors denoted below each photo-

graph decrease as the exposure parameter, e , decreases.
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Fig. (5-24) Pictures used in determining the
exposure parameter. Run No. 9-9. (Flow is
to the left.)
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Run Ne¢ 9-i0 arid44 P

Run No.9-14 8=43%8

Run No: 9=} e=(8 fy=4i3 U180 fps

s yoom

Run No 9-12 es {01 fp=i06 U=i.24Q fp

Run No 8-!5 e¥ (98 =008 U=i255 %y

L1380 pe

fdn No 9-13

Fig. (5-26) Photographs of six dune beds in the 40-foot flume.
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The shape of the upstream faces of the dunes depends to some
extent on the velocity of flow. Careful measurements were made of
some typical dunes generated by flows with different average velocities.
These indicate that the upstream faces of dunes generated by low
velocity flows are steeper near the point where the dividing streamline
meets the boundary than those generated by flows of higher velocities.
This is illustrated in Fig. (5-27) which shows pictures of dune beds
generated by flows with different velocities. The profiles of dunes for
two different velocities shown in Fig. (5-28) show the characteristic
diff :rence in shape. This difference in shape of upstream face of the
dune might serve to explain the observed result that for a given exposure
parameter, e , and bed hydraulic radius, the runs with lower velocity in
general give slightly higher bed friction factor. This may be seen in
Fig. (5-25) where the points for the flows with the lowest velocities have
been denoted by an asterisk. However, no quantitative correlations can

be made due to the difficulties in evaluating the slope variation.



-115-

(a) Run No. 9-14, d = 0.231 ft. U = 0. 749 fps.

(c) Run No. 9-15, d = 0,241 ft. U = 1. 250 {ps.

Fig. (5-27) Dune Beds Showing Variation of Shape with Velocities.






CHAPTER VI
RESISTANCE FUNCTION FOR STRAIGHT CHANNELS

WITH DUNE COVERED BEDS

In Chaf)ter II (Analytic Considerations), the modified relative
roughness, i]_a_ , has been identified as the important variable in the
functional rilljtionship for the dune friction factor, fb - f'b . The
problem now remaining is to establish this functional relationship. For
this purpose the experimental data obtained in the present study are
presented in Table III and Table IV. Also experimental data on dune
covered beds obtained in a flume 60 feet long and 33.5 inches wide by
Vanoni and Brooks as mentioned in the last chapter are presented in
Table VI.

Fig. (6-1)is an arithmatic plot of £, - ', against rb/eﬁ for all
experimental results in Tables III, IV and VI. The fact that a line can
be fitted to the points indicates that the dune friction factor is in fact
a function of the modified relative roughness, rb/e—ﬁ , as expressed by
Equation (2-8). The graph shows that the dune friction factor, fb - f'b .
will decrease as the bed hydraulic radius increases and that it will
approach zero as eH becomes small compared to Ty that is, as the bed
becomes flat, The experimental results were also plotted on semi-
logarithmic paper in Fig. (6-2) and as can be seen a straight line can
be fitted to the points. This line has the following equation,

—1 :j,j/Oj fe -23 (6-1)

b
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The scatter of the points may be due to the following:
(a) The difficulties in determining a represecutalive average
dune height.
(b) Variation in dune‘ shape, particularly of the upstream
face as illustrated in Figs. (5-27) and (5-28).
Nevertheless, by use of this curve a reasonably accurate bed friction
factor can be predicted for a straight laboratory channel covered with
dunes of fine sand. To do this one needs to know the bed hydraulic
radius, Ty v the exposure parameter, e , the average dune height, H,
and the geometric mean sieve size, Dg , of the sediment.
The dune friction factor, fb - f'b » 1s very sensitive to changes

iy
in the modified relative roughness, — , for low values of this relative

o
roughness but much less sensitive atI;Iligh values as indicated in Fig.
(6-1). Therefore, for low values of the modified relative roughness,
the evaluation of the average dune height, H , and the exposure para-
meter, e , has to be quite accurate, otherwise a large error will result.
For high values of 1“b/eﬁ , the dune has a relatively flatter slope and

effects of inaccuracy in determining the average dune height, H, and

the exposure parameter, e , will introduce relatively smaller crror.



CHAPTER VII

DISCUSSION OF RESULTS

Much of the material in this report has been discussed under
the presentation of experimental results (Chapter V). The present
chapte-r is an extension of the discussions given previously to cover
results obtained by various other workers. In the first section of this
chapter, a discussion of the results of some field observations will be
given and compared with the results obtained from Equation (6-1)., In
the second section, a discussion will be given of the effect of river
meandering on friction factors. The discussions in the last two
sections will cover equations for the bed friction factor in terms of
geometrical properties of dune fields obtained by other investigators
and the problems of using von Karman's pipe resistance formula to
evaluate the equivalent sand roughness size in channels with relatively
large roughness.

A. Friction Factors for Natural Streams Predicted from the
Resistance Function Based on Flume Data

Equation (6-1) can not be expected to predict the bed friction
factor of natural streams because the flume data on which it is based
do not include the effect of meanders and lateral variation of bed
roughness. Despite all these difficulties, the results calculated from
this resistance function will still serve to explain some phenomena
which exist in natural rivers as will be illustrated in the following.

Early in 1879, the Mississippi River Commission made some

observations of the sand dunes at several stations in the lower
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(29)

Mississippi River. The results weré analysed by Eden
(30)

and Lane
and Eden and some of their results are presented in Table VII. It

is interesting to calculate the bed friction factor for these cases through
the use of Equation (6-1). In such calculations it was assumed (1) that
the bed hydraulic radius was equal to the mean depth of flow in which
the dune heights were observed, (2) that the exposure parameter, e,
was eciual to the average of the ratio of dune height to dune length,
divided by tan 8 where § was the angle of repose of uniform sand and
was taken as 30° and (3) that grain roughness size was equal to D50.
The results of this calculation are shown in the last three lines of

Table VII.

Assumption (2) implies that the flow is separated behind each
dune and tends to over-estimate the friction factor.

Despite the fact that the dune heights at Bullerton and Fulton are
much larger than those observed in the flume experiments, these calcu-
lated results indicate that the ratio of the bed friction factor, fb, to the
grain friction factor, f'b, is of the same order of magnitude as observed

(31),

in the flume experiments The reason for this is that in the flume
experiments, the exposure parameter, e , is much larger than in the
Mississippi River at Bullerton and Fulton. In the flume, the exposure
parameter, e , usually varies from 0.06 to 0.13 while the values of
exposure parameter calculated through the assumption (2) above are
only 0.026 and 0. 024 at Bullerton and Fulton respectively.

In order to compare the result obtained from Equation (6-1) with

actual measurements, the bed friction factor, fb’ for the Mississippi

River near Fulton was calculated from the value of Manning's roughness
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coefficient, N, of 0.0305 reported by Eden(zg). This calculation

vielded a value of 0. 029 for fb

0.027 calculated by Equation (6-1). However in calculating the latter

and agrees closely with the value of

value, it was assumed that the flow is separated behind each dune which
tends to over-estimate the dune resistance and friction factor. This
means that if the actual exposure parameter, e , is used in the calcula-
tion, fhe friction factor obtained by Equation (6-1) will be smaller than
the measured value, 0.029. This result is not unexpected since, as
already remarked, Equation (6-1) does not account for the effect of
meanders and other irregularities in rivers.

In this connection, the work of Carey and Keller(ZB) should be
mentioned. They observed the bed configurations of the Lower Missis-
sippi River near Baton Rouge at two river stages by means of a sonic
fathometer. They found that the largest dunes occurred at the higher
stage. The largest dunes had lengths of as much as two miles and
heights of the order of 30 feet and were covered with smaller dunes.

At the low stage the dunes were from 20 to 50 feet long and 1 to 5 feet
high and the long dunes had disappeared completely. This is shown in
Fig. (7-1) reproduced from the work of Carey and Keller. The upper
diagram shows a plan view of the reach of the river from mile 156 to
mile 161 and the course of the ship carrying the fathometer. The next
diagram shows a small scale reproduction of the fathometer trace over
the reach for April 10, 1956. The other two diagrams are enlargements
of the traces over the reach from mile 157. 75 to mile 156.75 for

April 10 and July 10, 1956 respectively. As noted on the diagrams,the

gage at Donaldsonville read 18.3 feet on April 10, and 5.8 feet on
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September 10, 1956, The vertical scales on the traces show the dis-
tance below water surface.

In order to bring out the difference in the resistances of these
two different roughness systems, the reach between miles 157.3 and
157.56 which had the largest difference in dune size for the two stages
was chosen for evaluation. The friction factor for the two systems of
roughness was calculated by use of Equation (6-1) under the assump-
tions made in a previous paragraph.

The dune height was taken to be equal to the average of the
heights of all dunes within the reach, and the length of dunes W.as taken
to be equal to the length of the reach divided by the number of the dunes
in the reach. The hydraulic radius was taken to be equal to the depth of
flow which, surprisingly, was 85 feet for the high stage and 90 feet for
the low stage. The fact that the local depth of flow for the high stage
is less than that for the low stage is not understood but it might be due
to movement of sand from this location during the receding flood or to
a change in the course of the ship carrying the fathometer.

The information obtained from Fig. (7-1) and the results of
calculations using Equation (6-1) are presented in Table VIII. It is
interesting to note that the relative roughness rb/ﬁ for the low stage
is about twice larger than that for the high stage but that the friction
factor for the low stage is only 20 percent smaller. This small differ-
ence in friction factor can be explained in terms of the exposure para-
meter. The fact that e for the low stages is larger than that for the
high stage tends to bring the values of the modified relative roughness

and hence of fb - f‘b close together.
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Table VIII Data on Dunes in the Lower Mississippi
River at Donaldsonville Gage in the Reach
between 157.3 to 157.56 Miles

April 10, 1956 July 10, 1956
(high stage) (low stage)

Water Depth, d, ft. 85 90
Number of Dunes 8 17
Average Dune Height, H,

ft. 12.5 7.7
Average Dune Length, ft. 171 80
Exposure Parameter,e 0.13 0.17
Relative Roughness, rb/ﬁ 7 12
Modified Relative Rough-

ness, r, /eH 52 69
Calculated Dune Friction

Factor, £ - {! 0.073 0. 058

b b

Estimated Grain Friction

Factor, f‘b 0.005 0.005
Bed Friction Factor, f 0.078 0.063

b
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(28) that in the

Eden(zg) observed as did Carey and Kellar
Lower Mississippi River, the largest dunes occurred at the highest
stages. He also found that the Manning roughness coefficient, N,
decreased as the stage incr.eased. The reason for this can not be
explained through the above calculation. However, some possible
explanations can be outlined.

In Fig. (7-1) one can see that the lee slopes of the very large
dunes tend to be less steep than those of most of the smaller ones.
This indicates that the flow might follow the contours of these dunes
without separation and consequently result in less pressure drag than
assumed in the calculation. This would tend to decrease the friction
factor for the high stage and bring the calculations in to closer agree-

(29)

ment with the field observation by Eden Another factor which
tends to reduce the friction factor for the high stage and which is not
considered in the above calculation is the reduction of sinuosity of the
river with increasing stage. Attention was called to this factor by

(32),

Einstein and Barbarossa Additional remarks on this subject are

presented in the next section,

B. River Meandering and Its Effect on Resistance to Flow
Nearly all natural channels exhibit some tendency to develop

curves called meanders and meander patterns tend to be similar with
(33)

their size approximately proportional to the size of the river .
Fig. (7-2) shows a photograph of a meandering river flowing in its

alluvial valley. The resistance to flow due to meandering of a river

(33)

has been studied both in the field and in the laboratory(34). The
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Fig. (7-2) Photograph of a Meandering River
Central Alaska.
(photographed by Vanoni)
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results of these studies indicate that as a river flows through a bend,
a helicoidal or secondary flow (with top layer of water flowing ocutward
and bottom layer of water flowing inward) is created. This secondary
flow brings high surface velocity down to the bed of the channel and
tends to cause higher shear stresses at the bed than in an equivalent
straigh’c channel.

Recently Bagnold(gs) has established some quantitative relations
between the friction factor due to a meander and the ratio of the radius
of curvature, r 0 to the width of the river, w. Other studies(Bé) indi-
cate that many rivers have a ratio rm/W ranging trom 4 to 3. However,
rm/w for the Mississippi River near Lake Providence, Louisiana, is

equal to 2. 8(36).

According to Bagnold's results, a curved river
channel with rm/w equal to 2. 8 will have a friction factor that is
around 60 percent larger than that of a straight channel with the same
cross-section. This clearly indicates that the use of Equation (6-1) to
predict the resistance of a4 natural stream is inadequale because it does
not include the effect of river meandering on the friction factor.
C. Use of von Karman's Resistance Formula to Evaluate the
Equivalent Sand Roughness Size
Von Karman's pipe resistance formula, Equation (2-3), has been

(22)

used by many sediment workers to evaluate the equivalent sand
roughness size of channels. The data for flows with stabilized beds
made it possible to check the validity of this equation for dune rough-
ness. Calculations of these data showed that the equivalent sand rough-

ness size of a dune bed evaluated from the von Karman's formula was

not constant but that it actually depended on the bed hydraulic radius.
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This is shown in Table IX where the results of calculations of data
from eight runs with different depths but with the same dune bed are
given.

As may be seen, the cquivalent sand roughness size calculated
- by Equation (2-3) diminished rapidly as the depth and the bed hydraulic
radius increased. Therefore, the use of equivalent sand roughness
alone to describe the characteristic roughness length of the dune bed
is inadequate. In contrast to this the values of eH calculated by using
Equation (6-1) and the observed values of fb - £'b vary only modulately
as shown in the last colummns of Table IX. The actual measured valucs
of eH as in Table III, are .0072 and . 0045 respectively for runs 9-14

and 9-15 and are seen to agree well with the calculated values.

D. Discussion of Channel Resistance Formulas

Most of the theories of river resistance relate the friction factor

. ) . . . . (32)(36)

directly to flow parameters without knowing the bed configuration .
These have the advantage of convenience but they do not contribute to
the understanding of the mechanism of the resistance offered by the
different bed features.

The only formula known by the writer which attempts to relate
the characteristics of a dune field to the friction factor was proposed
(38)

by Laursen He followed von Karman's idea by choosing the height

of the dune to be the roughness height and tried to establish the relation-

. 1 .
ship between — and —ig , that is,

N
o =/
E;— = F/j——:) (7-2)
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_in which H is the average dune height and d is the flow depth. The
choice of the single dimensionless variable —Z.T—IS implies that dunes
generated by different flows are similar. Or it is simply a statement
that for a given depth of flow and a given dune height, the dunes with
different exposure parameters will have the same bed friction factor.
The experiments of the present investigation indicate that dune fields
are not similar and that dunes with a certain height but different spacing
or exposure parameter will offer different degrees of resistance to the
flow. Therefore, any formula that does not consider the spacin.g
between the dunes will certainly introduce large error in predicting
the resistance. If such a formula were valid the exposure parameter
would be constant. It is clear therefore that Equation (7-2) is inadequate.
For example, both Run No. 2-7 and Run No. 2-9 in Table VI
have approximately the same values of 2e/H, but the bed friction factor,
fb , is 0.14 for Run No. 2-9 and 0. 083 for Run No. 2-7. The reason
for this difference is that the exposure parameters are different in
these two runs. As can be seen the exposure parameter in Run No. 2-7

is 0. 100 while in Run No. 2-9 1t is 0. 143.



CIIAPTER VIIL

SUMMARY OF CONCLUSIONS

1. The flow resistance created by the form drag of dune
covered beds is independent of the viscosity of the fluid flowing over
them. This indicates that the dune friction factor, fb - f'b , of a dune
covered bed is a function of geometric quantities only.

2. The flow resistance offered by a dune bed can be expressed
approximately in terms of two geometric characteristics of the dune
fieldi{a) the average dumne height, H , and (b) the exposure parameter,
e , defined as the fraction of the bed area occupied by the horizontal
projections of the steep lee slopes of the dunes. The height, H , is the
characteristic roughness length for the dunes and ¢ is a measure of the
dune density or spacing.

3. It is not necessary to include parameters for the dune
pattern or dune arrangement in the expression for resistance. It is
believed that this is because the individual wakes behind the dunes are
far enough apart so their flow fields do not interfere appreciably.

4, Experimental results indicate that for a straight channel
with a dune covered bed, the dune friction factor, f - f'b , is a

function of the modified relative roughness rb/ eH , that is,

Lt =Flz%) @

5. The pressure on a dune reaches a maximum on the upstream

face where the dividing stream line of the eddy or the wake of the next
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dune upstream meets the face and reaches minimum at the crest of the
dune.

6. For a given dune bed configuration and a given depth of flow,
the normalized velocity, u/U , at any point in the velocity field over
the dunes was found to be independent of the average velocity.

7. The magnitude of the normalized pressure, P—Pr/ lZpU2 over
a dune decreases as the depth of flow increases, where P is the total
pressure, Pr is a reference pressure on the dune, p is the density of
the fluid and U is the average velocity in the cross section.

8. Equation (8-1) is expected to be valid for natural straight
streams with regular cross section and dune covered beds.,

9. The dune friction factor, fb - f'b , for the dune covered

beds discussed in this study is given by,

/ P
= 3. / & — -
a0 e A3 o

This equation shows that a given change in the value of the modified
relative roughness rb/eFI will produce a much larger change in the
friction factor when rb/eﬁ is small than when it is large. This is also
shown by Fig. (6-1).

10. Equation (8-1) can not give the friction factor of typical
alluvial streams because it does not account for important effects such
as those due to meandering.

11, Von Karman's equation (2-3) for the friction factor does not

apply to channels with dune covered beds.
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LIST OF SYMBOLS

area
dimensionless arrangement parameter
.th . th
area betweenthei " and i+ 1" c¢-v contours

sum of horizontal components of the lee side area of all
dunes in the area A

width of flume (rectangular channel)
a constant
average sediment discharge concentration

point gage reading of the crest of the dune between the
troughs T, and T, + 1

concentration of the sediment at a certain sampling point
pipe diameter
geometric mean sieve diameter (size)

grain size for which 65 percent by weight of sand is finer
(similarly for D50’ D84 1 etc. )

depth of flow

sand grain size

exposure parameter, aS/A
elevation of the energy grade line

Froude number, U// gd

Darcy-Weisbach friction factor for entire channel = 8(U>.</U)2

friction factor for the bed
bed friction factor due to sand particles
friction factor for walls

gravitational acceleration
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LIST OF SYMBOLS (cont'd)

average dune height

characteristic roughness length of the dune field
drop in piezometric head in a certain distance
differential piezometric head

unit vector in the main flow direction

equivalent roughness size

slope of velocity profile (units of velocity per cycle)

number of contours or number of dunes
Manning roughness coefficient

total pressure measured at a certain point
reference pressure

wetted perimeter

wetted perimeter for bed

wetted perimeter for walls

water discharge (volume per unit time)
Reynolds number for the entire channel, (4xU/v)
Reynolds number for the bed, (4rbU/\))
Reynolds number for the wall, (41'WU/\))
hydraulic radius of cross section, bd/(b+2d)

hydraulic radius for the bed obtained by side-wall
correction procedure

radius of curvature
hydraulic radius for the wall

slope of the energy grade line
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LIST OF SYMBOLS (cont'd)

slope of the flume

temperature

point gage reading at the ith trough of the dune

average velocity in the cross section, Q/bd

average velocity at the centerline of the flume

mean shear velocity at the centerline of the flume
£/8 U,

velocity at a certain sampling point

width of the stream

distance along the flume taken to be positive in the
direction of flow

water surface elevation

thickness of laminar sublayer

von Karman's constant

von Karman's constant at centerline of a rectangular channel,
2.30U,, /m

kinematic viscosity of the flowing fluid

mass density of water

geometric standard deviation of sand-size distribution

total shear stress minus the grain shear stress calculated
from pipe resistance diagram
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