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ABSTRACT

A leboratory study was made of the characteristics of streams flow-
ing over a loose bed of fine sand in arder Lo determine what factors govern
the equ:.]ilm.m rate of transportation of fine sand in suspension. Twenty-
two experimentzl runs were performed in a lO-foob tilting flwme for varicus
conditions with bed sand of two different sizes (0.10 mm and 0,16 mm). Each
run represented a uniform open~channel flow in equilibrium with the sand bed.

It was found that more than one equilibrium flow velocity and sedi-
ment dlscharge existed for a given depth, slope, and size of sand because
of the extreme variability of channel roughness, At low velocities, the
large irregular dunes which formed on the stream bed made the bed friction
facbor over =ix times larger than the friction factor for the smooth sand
beds obtained at higher flow ratess Thus the transportation rate could not
be expressed as a unigue function of the bed shear stress, the chamel geo-
metry, and properties of the sand as has been supposed in gll previocus the-
ories for the equilibrium transportation rate of suspended load.
| By using the mean velocity and the depth (or the water discharge and
sediment discharge) as independent variables, and slope as a dependent vari-
able, an orderly qualitative relationship between the pertinent variables
was obtained,

Because of the importance of the dunes in the mechanics of sediment-
laden streams, a special study was made of their characteristics and the
mechanisms of their formation and movement., The studies also included some
theoretical and experimental investigations of the distribution of velodity
and sus;;ended sediment vithin the flow for runs with a smooth bed,
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INTRODUCTION

Rivers sre among the most important nabural resources available
for mants use,. and must Ybe developed wisely if the £ull benefit is to be
derived from them. Since a river is not simply a flow of water, but a flow
of water and sediment together, any study of river mechanics which considexs
only the water is inadequate. Even though the total discharge of sediment
is usually very small compared with the water discharge, the sediment
creates some difficull engineering prollems in river control, Because flow-
ing water has the capacity to transport sedimemt in varying smounts depend-
ing on the hydraulic conditions, a stream which is disturbed from its equi=
litrium by works of man may either erode or deposit sediment.

For example, when a dam is placed across a river, the sediment load
is trapped in the resexrvoir with a resulting loss of storage. In addition,
the stream bed may aggrade above the level of the reservoir in the spproach
reach where the stream is decelerated and thus has reduced transporting
power. In the past, toms wpsbtream from a reservoir, and gpparently at a
safe elevation, have been subjected to flood stages at normal river flow,
Furthermore, downstream from a dam, the water will erode its bed to obtain
a new sediment losd, and may reduce the bed elevation so much that power
plants no longer have sufficient tail-water elevation to prevent cavitation,
and water diversion points for irrigation are left high and dxy.

Consequently, intelligent management of rivers depends on a knowl-
edge of the fundamentel laws governing the transportation of sediment by
flowing water, as well as ordinary laws of hydraulics for the flow of water
by itself, Great progress has been made in the study of sediment trans-

portation, but there are many phenomena which are not yet understood.
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A stream moves sediment in several different ways. Relatively
large grains move very close to the bed, by rolling and sliding, snd are
comorilly referred to as the bed load. Smaller particles,of sand size, are
1lifted off tha. bed by the turtulent eddies and carried consideratle dis-
tences before falling back %o the Yed, where they may come to rest, move
further as bed load, ar be resuspended,

The materiel which is carried in suspension in the stream is called
suspended load. Although the individual particles do not stay suspended
indefinitely, still there is a s‘beaéy average concentration of suspended
material at any level in the stream, Very fine materials, such as silts
and clays, move almost entirely in suspension, except in special cases
where the bed of the stream may alsoc be of this very fine material., If no
appreciable amounts of this fine material are found in the stream bed, this
part of the suspended load is called the wash load, for the amount of it
transported depends primarily on the amount supplied to the streams

‘ The distinction between the bed load and the suspended load near
the bed is not sharply defined, because physically there are all gradations
between rolling, or sliding, and suspension close to the bed, In sediment
tramportatﬁn theories the separation of the two is a matter of conven-
ience and is not intended to be 2 rigorous division,

A more extensive general descripition of sedimentation problems and
existing theory may be found in Reference 1,

(ne of the outsianding prollems needing further study ia the rela~
tlonship of the suspended load to the bed material, bed configuration, and
the hydraulics of the stream, for sizes of sediment found both in suspen-

sion and in the bed in significant quantities. The presence of material in
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the bed indicates that the stream is loaded to its capacity, for it is un-
able to txransport all the material of that size that is availeable, Theo=
ries developed to date yleld satisfactorily only the relative distribution
of sediment concentrations over the depth of the flow, but not the absclute
concentrations or the total suspended sediment discharge. To show how lime
ited the development of suspended sediment transportation theories has
been, the problem might be roughly compared to the problem of turbulent ,
flow in a pipes It would be as if only the relative velocity distribution
were known for a given pipe size and hydraulic gradient, without any knowl-
edge of how the total discharge is related to the other varialilles,

The suthor devoted his research to laboratory studies of this prob-
lem of relating the absolute suspended load concentration to the other ’pe::«-
tinent variables, for a stream flowing over a movable bed of fine sand.
Actually, suspended sediment and the dunes which sometimes form on the move-
able bed have a profound effect on the hydraulies of the stream, as well as
vice versa; hence the experimental research might better be considered an
-investigation of the mechanics of the stream as a whole,

A review and scme extensions of suspended load theory will be taken
up in Chapter I before the experimental work is described in later chapters
in order to give the reader a better idea of exactly what the problem is,

In Chapter III, the apperatus and the various procedures used to
obtain the fundamental experimental data are describeds The sand charac-
teristics are reported in Chapter ﬁ. The methods for calculating the av-
erage and meximm bed shear, and the friction factor for the bed are ex=
plained in Chapter V. The expeﬁmmtal results are reparted in Chepter VI,
and some discussion of the results comprises Chapter VII. The conclusions
are sumarized in Chapter VIII.



The various letters and gymbols used will te defined whem they
are first used, but for the convenience of the reader the notation has been
summarized in Appendix A, The reference numbers used throughout the text
refer to the numbered items in the list of references at the emd of the
text, Tables and figures are numbered consecutively from the beginming,
but the equations are numbered separately for each chapter. In each equa-
tion number, the numeral preceding the decimal point refers to the chapter
number, and the number following the decimal point is the serial number in
that chapter,

The sediment terminology used herein generally follows the standard

definitions glven in Reference 2,
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CHAPTER I
SUSPENDED SEDIMENT TRANSPORTATION THEORIES

In this chgpter some of the basic suspended sediment transportation
theories will be reviewed and ex‘bended; It will bve shown that our present
knoviledge of the mechanics of streams flowing over movable beds of fine
sand is so inadequate that more laboratory studies are needed before &
realistic theory of éuspended load transport cen be formulated, The ex-
perimental studies performed by the author and described in later chapters
will show that some widely held assumptions ars srroneous,

The rate of suspended sediment transportabtion in a two-dimensional
gtream is the integral of the product of the sediment concentrabtion and the
stream velocity over the depth. The equations for the distribution of sed-
iment concentration and some related problems will be examined in Sece A,
B, and C, and the problem of obtaining the suspended load discharge by in-

tegration will be considered in Sec. D.

A. DERIVATION OF THE SUSPENDED LOAD BEQUATION

The suspended load equation is the name which will be used for the
equation giving the distribution of the suspended sediment concentration
over the depth in a two-dimensional stresm, In this section this equation
will be derived from the theory of turbulent diffusion.

Sediment may be carried in suspension in a flowing stream of water
because of the turbulence naturally present. Without the turbulent diffu~
sion of particles upward in the flow, the particles would eventually a1l
settle to the bed of the stream. At any point in a two-dimensional flow
in steady state, the rate of subsidence of the particles must be exactly

balanced by the rate of upward diffusion., Hence, in order to derive an
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equation for the distribution of suspended sediment, something must be
known about the turbulent diffusion of discrete particles in a flowing
streams |

Burgers (3) has shown from the statistical theory of turbulence
that, in a field of homogeneous turbulence, the rate of diffusion or flwx
of particles, N, through a unit area in a dilute suspension is Ficklan and
can be expressed as

N -~ 63' %";‘ (1501)

| where ¥y = position (which will hereafter be considered the
distance from the bed of a stream);

¢ = concentration of suspended particles at position y
averaged over a period of time long enough to eliminate
the turbulent fluctuations; and

Es = turbulent diffusion coefficient for the particles,

If the particles are very small, and have the same density ss the fluid,
‘then Es = 60, the diffusion coefficient for fluid particles or molecules.
In the statistical theory of turbulence formulated by Taylor (L), it may
be shown that ¢ o is the integral of the Lagrangien correlation coefficient
of the velocities of the fluid elements, v(t), in the y-direction, or
namely

o0 .
e, = f FE =) W(E) dt (1.02)

0

This expression applies strictly only to turbulence which is homogeneous,
whereas the turbulence in a stream certainly is not. Nevertheless N
Ed. 1.01, allowing € to be varialle, has been shown to be a reasonably

good epproximation by the experimentsl work of Vanoni (5) and Ismail (6)
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on the distribution of suspended sediment in channels,

Eqe. 1.02 is quite wnrvworkalle for ordinary purposes, making it necesQ
sary to find a simpler method of evaluating ¢ o approximately for engineexr-
ing epplications. Burgers (3) showed further that the eddy viscosity in
the Boussinesq equation for the shear stress in a turbulent flow is essen-

tially a diffusion coefficient for momentum, The Boussinesq equation may

e written as
d{pu &
T - em"gye"l = P Cp ?‘ﬁu (1.03)

where <7 = Reynolds shear stress, or simply the flux of
momentum,
€ = Kkinematic eddy viscosity or diffusion coefficient
for mementum,
p = mass density of fluid, and

u = local mean stream velocity.

‘rhe nomentum diffusion coefficient €, can be easily evaluated from the
velocity profile for a two-dimensional or axially symmetric flow where the
shear stress is a linear function of the distance from the wall., Ib may
reasonably be expected that the diffusion coefficient for sediment €g is
roughly.proportional to the diffusion coefficient for momentum, €y &=
cept in regions of small or zero shear as in the center of a pipe, (see
Ismail (6)). It is convenlent then to define a dimensionless coefficient P

as
€g

B = = i (1.0L)

Carstens (7) attempted to derive some information about B from an
application of the Navier-Stokes equations to the motion of & small spher—



jcal particle in an oscillating fluid, The aubhor disagreed with Carstens
in a published discussion (8), a reprint of which is included as Appen-
dix B, Briefly, the discussion contended that since the properties of the
diffusion are largely dependent on the nature of the Lurbulent motions of
the fluld, no velid information sbout ¢ can Te deduced purely on the ba-
gis of the squations for motion of a particle in a parcel of flwid under-
going simple hazmorﬁ.t;: motion,

From Burgers' work (3) it may be inferred that e g < €y (f<1) and
€g > € {§>1) are both physically plausille, and that generally e <€

f+ ]
and em<e N

°

With this background on turbulent diffusion, it is now possible to
derive an equation for the variation of suspended sediment coneentration
with depth for two-dimensional flow, For a steady condition, the flux N
defined by Eqe 1401 in the positive y or upward direction must be just
balanced by the rate of subsidence, i.e.

- € % = we - (1405)

where w is the settling velocity of the particles, By Egs. 1l.0L and
1.03
: . T -
Es == ﬁﬁm = B —a-i (l-.06)
I
The variable shear siress may now be expreséed in terms of the distance y
from the bed, the total depth d, and the shear stress %, on the bed as
v = 3 (1- E) (1.07)
The velocity gradient du/dy may be very conveniently derived fram the

von Karman universal velocity defect law (9
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_____.__.u*“w -t ¥, (1.08)
# 1
as %‘?‘-4 - 5 (1.09)

wherein k = universal constant, and

u, = \/“_o— = ghear or friction velocity.
e
This equation has beén shown by Venoni (10) to fit observed velocity pro-
.Piles in open channels quite well,

Substituting Egs. 1.07 and 1,09 into Eq, 1.06,
€g = Py (1 - %). (1.20)
Putting Eq. 110 inte Eq. 1,05 end rearranging

g, _ v &
" TR TSP (1+12)

With the change of warialle

s (1;12)

- 8-
i vy
d
dH = = ~ dy
;ﬁ >
Eq. 1.1l simplifies to
sléz._. z QHH;, (1e13)
\ d (log, .c) :
or dilng . TTT“"TOZZH - 7 (114
in which w
% = m (1.15)

Since z may usually be considered constant, integration of Eqe 113
yields
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“ ,
e ( E—zi) = constant, . (1.16)

Teking ¢ = c at y = aasa boundary condition, the constant in Eq, l.16
is e (a:—) 3 and Eg. 1 .16 mgy be rewritten in the form commonly used in the

literaturs, i.e‘ s

e (L . £ . (1a7)

But since a l1s any arbitrary level, it is scmetimes convenient to letb
a= d/2 and o, = concentration ab mid-depth, making Eq. 1.17

° * Gy (-—Z) (1168

Either Eq. 1.17 or 1,18 will be called the suspended load equation,
Eq. 1.17 was first given by Rouse (11) with a slightly different derivaw=
tion using mixing length theory,

When ¢ is plotied against (d-y)//y on logarithmic seales, Eq. 1.18 or
1.17 is a straight line with slope %+ If for any reason, such as hindered
settling rates at large concentrations, z may not be considered a constant
over the depth, the curwve will no longer be a straight line, but fram the
differential equation, Eqs l.lli, it is apparent that the slope of the
curve at any point is still z as defined by Eq, 1.15.

The behavior of the suspended load equation nesr y =0 and y = d and
the evaluation of the boundary condition will be discussed at length in
Sec. G, after some consideration of the problem of nonuniformity of par-
ticles,

Be MODIFICATION OF THE SUSPENDED LOAD EQUATION FOR
SUSPENSIONS OF NONUNIFORM PARTICLES

In this section, it will be shown how the equations for the diffusion
of suspended sediment given in Sec, 4 can be spplied to suspensionsg of
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nonuniform particles, Throughout Sec, A it was presumed that all the par-
ticles have identical settling velocity; since this is an idealization nev-
er achieved in actualiby, it is useful to see how rwch effect the setitling
velocity distribution of the particles may have an the suspended load

equation and the slope of the concentration profile,

(1) General Frequency Distribution Function for Settling Velocity.

First of all, it will be shown that the fundamental differential equation
for the diffusion, EQ. 1.05, can be written in terms of the mean settling
velocity, W, if the particles are not uniform, Let the frequency distri-
tution function for the settling velocity, w, abt sny level y be defined

bty a function &(w,y) such that
®

f a(my)dm = ofy) (129)

(¢}
where c(y) is the total concentration at the level y. By definition then,
8(¥,y) AW is the concentration of particles, by weight, having settling ve-
loclty between W = é.g end w + 5L at level y.
EqQ. 1405 may now be gpplied to particles in the very smsall range

(wl - %’l) <8 <(wl + %E) to give the followings

€g % [éﬁ(wl,yﬂ AW+ wlq;(wl,y) Aw = Q.
The total derivative has been changed to a partial derivative because &
is a function of two variables, Dividing by Aw, and dropping the subscript
from W, since the relation applies far 211 w,

28

s 3y +wg =0 (1.20)

€

. Now to find the differential equation for the total concentration of all



the normumiform particles, integrate Eq. 1,20 with respect to w

(o o] 0
fes E%Q;:Zldm + f wg(w,y)dw = O. (1.21)
e o

From Eqs. 1,10 1t 1s seen that es is independent of W provided B is con—
stant for g1l wy for a limited range of w values, this is spproximately
true. Therefore, the first integrel in Eq. 1.2l becomes

o«

J e

vl

o ¢}
o e e % [ amyan = e LD
o

ojo
104

by Eqe 1.19. The second integral in Eq, 1.2l is by definition the total
concentration, c(y), multiplied by the weighted aritlmetic mean of w,
which will be designated W(y).
The final result is then
de: '
€ & + W(ye =0, (1.22)

which differs from EQe. 1,05 only in that W, the mean value of w, is now &
function of ¥+ Hence the integration of Eq. 1.22 will not be the same as
befcre, but all the substitutionsand changes of variables of Egse. 1.06
through 1,15 are still valide m perticular it mey bte noted that Eq. l.1hL

becomes

d(ne . gy (1.23)

where now Z is defined as
Xy = g&% ' (1e2k)

Consequently, even for a nonuniform suspension, the slope of the o~H curve
on logarithmic pagper at any point is directly proportional to the weighted
arithmetic mean of the settling velocities, This result is true irrespec—

tive of the nature of the distribution function &(w,y).
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To find the total concentration, o(y), abt any elevation, one might
seek to integrate Eq. 1.22. However, this is not yet possible because the
function W(y) is still unknown, and cannot be debtermined without knowledge
of the distribution function @(w,y) for at least one value of y. Actually,
gince Eq. 1.20 is linear in &(w,y) the total concentration distribution,
e(y), for a given settling velocity distribution eould also be found by

superposition of solutions of Eq. 1.20.

(2) Normal Distribution Function for Settling Veloeity. It will now

be hypothesized that the frequency distribution of the settling welocity,

w, at some level y = a follows the normal distribution function

c 7 (—— g
&(w,8) = 2o (1+25)

o/

wherein Wa = 7(a) = mean setiling velocity at y = a,

¢ = gtandard deviation of the settling velocity at y = a, and
c, =c(a) = total concentration at y = a.
The constants in Eg. 1.25 are such that

2o

f a(wy,a) dw = c, (1;26)

-w.

If o is small compared with W_, the probsbility of having a negative w
by Eq. 1.25 is extremely small; thus it is allowable to use = ag the
lower limit for convenience instead of 0, even though negative settling
velocities may be impossible,

Now, the solution to EQ. 120, found for any particular value of w

by analogy with Egs. 1.05 and 1.17, is
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3 '
awy) = ama) (B & (1e2D)

where, as in Eq. 1,15, z = E‘%— .+ Substituting Eq. 1425 for a(w,a) and

s

G B

Ho- &L, 5 =22 (1428)
into Ede 1627,
2

3 - 3-_ (W - Wa ) " 8 "

#(w,y) = 2. e 2 a (‘I,'I‘") (1229)
o\er a

Since the exponent z is a function of w, it will be necessary to
simplify the algebra as follows:

. z1n (H/H) g{-;—u; In (H/H,)

(L) - - =™, (1.:)
a
where B= }'nﬁfciu*w . (1.31)
EQe 1429 then simplifies to
_ )
-
e, BW - 2'2- (-—-o,a') '
Hwy) = ;\/—g e (1432)
Now con@le’c.e the square in the exponent as follows:
g W, 2 -26%Brawt - 2mw, + W2
BW - 3 ("'O'Zﬁ) - o- > 6‘2'

w? -2 (0‘2' Bma) * (a'2 B+ Wa)z - c'th- ?,‘0'2' Bwa
2

20q

2.2
B™ + BWa

1 W—Wa-a'zB )2

;'”"2'( p> +%a’
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Substituting for the exponent in Eq. 1.32, the result is

2

c
a.

ay/am

ol

2
0'2B2'+BWa _%(w-‘-wa’-a?ﬂ ]
- e (2 / (1.33)

a(v,y) = e

From the second exponential factor it may be deduced that w is normally
distributed with standard deviation ¢ for g1l y, but with a variable mean

value

Wy) =W+ ¢? 3

simplifying on the basis of Eqgs. 1.3 and 1.2k,

2
Wy) = W&(l 4-?—-2 Wa ln-g—-),or
Wa K., &
2 H -
Wy) = W, (1+=— Z In ﬁ--) (Lo3h)
Wa a

where, as in Eq. 128, H = i—;'_-l .

To 1llustrate the use of Eq. 1l.3kL, consider the following example,
For a sieve fraction in a /2 sieve series, a reasmnalile estimate for
the standard deviation of w for fine sand is ¢ = 0,2 W,o A common value

for the exponent is Z_ = 1.0, and for convenience let a = d/2, Then |

Wy) = wa[} + 40t In (9-3‘,—1)] _;

at ¥ = .05d, W(.05d) = 1,12 W 5 and at y = 95 d, W(.95d) = .88 W,.
Hence the mean settling velocity drops 21% between the levels y = 05 d
ad y = 495 de



-nlém

There gre now two alternatives for finding the disitalbution of the
total concentration, c¢(y). The first way, which is the simplest, is to
‘gubstitubte Eqe. 1.3k into Egs. 1423 and 1l.2L, thus obtaining

2_ .
d(in ¢ 0 : H
i(in = ZL(F) i Z& (l + F Za‘ in -ﬁ'-a' ) o (1-335)

8
Hence, as y increases (and H decreases) the slope Z(y) decreases in exactly
the same marmer as VI(y). Integrating Eq. 1.35 directly with respect to

in H, or 1n H/Ha, and adjusting the constants so that c = ¢ at H=1H,
the final result is

e 2 '
o H 1o , 2 H
B Tl wh S B (1e36)

Eq. 1.19, the definition of &(w,y), shows that ¢(y) can also be
found by integrating a(w,y) as expressed in Eq. l.33 with respect to w,
It may be readily shown that the result is identical to Eq. 1.36.

To show the order of magnitude of the deviation of Ege 1le36 from
the simple suspended load equation, EQ. 1.17, consider again the example
given for showing the variation of W(y)s With %; = 0,.2 and 7, =1 at

a = 6/2, Eq. 1036 becomes
In& = InH+002(nH)?
a

log,, %a- n ‘(10310 H (1« 0;0&6 log,, H). (1;37)

Eq. 1.37 is plotted in Fige 1 along with Eq. 1,18 for % = 1, For this
example the differences between the precise equation, Eq. 1437, and the
approximation Eq, 1.18 are rather small except extremely close to y = 0Q
and y = 4.
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The following conclusions may be drawn, First, even if an experi-
mentally determined concentration profile, plotted as in Fig. 1, camno} bé
represented by a straight line, the slope of the tangent to the curve at
eny ‘po:i.nt is still directly proportional to the mean settling velocity at
that point by Ed. la2ls

Secondly, the simple suspended load equation (Eq. 1.18) can be used
with reascnable aecuracy for the analysis of a suspended sediment distribu-
tion provided individual sieve fractions in a /2 or ’V’.’T series are con-
sidered separately. The use of larger sieve intervals is not recommended,
for the errors involved in using Eq. 1.18 increase rapidly with increasing
standard deviation of the settling velocitiss, as may readily be demon=
strated from Egs. 1.35 or l.36.

C. THE BOUNDARY CONDITION FOR THE SUSPENDED IOAD EQUATION

The suspended load equation (Ede. 1,17 or 1.18 is clearly inadequate
near the bed,for as y »0, ¢—mw. This singularity results from the fact
that €, = 0 ab the bed by Eq. 1.10, making de/dy in Eq. 1.05 become ine-
finite, This difficulty at the bed makes it impossible to use a simple
boundary condition at y = Q.

Physically however, it could have been expected that the suspended
load equation ﬁould not be vaiid right down to the bed surface because the
gradients of velocity and concentration become so large that the diffusion
very close to the bed surface cannot be described by the Ficldian relation—
ship, Eq. 1,01 In fact, when y is no longer large compared with the
scale of the turbulence, the use of differential calculus is not justified
at all. Moreover, the logarithmic veloeity law, Eq. 1.08, btreaks down

very close to the boundary. For a hydrodynamically smooth boundary, there
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is a zone of essentially laminar flow known as the laminar sublayer, and
for a hydrodynamically roughIWall s the velocity becomes irregular very
close to the individual roughness projections.
| Very near the water surface the situation is much the same, and the
suspended load equation camnot be expected to give accurate results. From
EQ. 1.18, it may be seen that ¢ = 0 at y = 4 for all z>0j however, for
very fine materieal, Such as silt or clay, it is easily observed that the
concentration is not zero at the surface, as it should be by Eq¢. 1.18.
Lene and Kalinske (12) avoid this d&ifficulty at the bed by taking
€4 in Ea. 1.05 equal to Es’ the average value of €, siven by Eq. 1.10.
Since the distribution of e s is parabolic the average value is two~thirds
of the maximum or

_ 1 ;

Assuming k = O.l4 and p = 1, and using € ;s they obtained from the inte-

gration of Eg. 1,05

C = Q -

in which ¢ now apﬁroaches a definite limit as y—+~0., This is merely an
artificlal device for obtaining the limiting concentration at the bed, for
no additional information about the mechanism of diffusion at the bed has
been added; moreover, Eq. 1.18 is still preferred to Eq. 1.38 because it
fits observed data better than Eq, 1.38.

. Vanoni (5) has shown through extensive experimental investigations
that the suspended load equation gives the relative concentration distribue
tion quite well, In order to find the absolute concentrations some way

mist be found to evaluate e, in Egs. 1.17 or 1.38, or g in Eq. 1.,18.



In the last analysis, the actual amount of material carried by a stream
depends on the interchange mechanisms between the flow end its bed; as it
has been pointed out, this is not a simple diffusion process, so more in-

formation or assumptions are needed to complete the theory.

Two methods for evaluating the constant A in the suspended loed
equation have been suggested. Lane and Kalinske (13), the first to study
the problem, developed a ted pickup theory based on a comparison of the
turtulent fluctuabtions of the vertical welocity near the bed with the
settling velocity of the particles., Howewver, their theory took no ascount
of the hydrodynamic nature of the flow at the bed surface, as expressed by
the bed Reynolds number

Du,,

Ry, = STl (1e39)
in which D is the grain size, and y-is the kinematic visceosity. For clear
flow, when R, is less than about 5, the bed is hydrodynamically smooth,
and when greater than ¥, hydrodynamically rough. Since the mechanism of
entrainment mist certainly depend on Ry, Kelinske and Hsia (1l) disearded
the original theory in favor of the more general dimensionless relation=
ship

c, ‘
5 - f(’{{-*,?‘-}) (1.10)

where ¢, = concentration of sediment of size D in the bed, and

c, = concentration of same size sediment in the stream
close to the bed,
Experimental data obtained by Hsia (1k) and Pien (15) along with

some miscellaneous fleld data were used in sn attempt to define the func-



tion in Eg. 1l.l0. Since Hsia's experiments, which provided the most ex~-
tengive data, were conducted in a flume with a movable bed of very fine
silica flour, the relationship for the sand sizes is still not very well
defined, and needs to be verifieds

Furthermore, for sand the cﬁsﬁa.nce a Zfrom the bed at which the
concentration is ¢, by Eq. 1.0, needs to be carefully defined, inasmuch
as the concentration changes very rapidly with y c¢lose to the bed., The
Jane and Kalinske theory is weak at this point, because in their anélysis:
this important distance is not defined. They suggest (12) that their sime-
plified suspended load equation, Eq. 1.38, be used in conjunction with
Eq. 1.40, by taking a = 0, and ¢, =c_; bub for the more accurate equation,
Eq. 1.17, a cannot be taken as O, Anywsy, there is no need to discuss
their theory further, bhecause it will be showm later from the experimental
results that Eq. 140 is a completely inadequate approach for determining
the equilibrium load of a stream,

A second approach has been proposed by Einstein (16) « He arbitrarily
assumes that all the bed load of & given grain size D moves within a “bed
layer" of thicimess 2D, He then assumes further that the constant ¢, in
‘the suspended load equation, Eq. 1.17, for a = 2D, or the top of the %bed
layer", is equal to the average concentration of the bed load in the bed
layer. The bed load is calculated by Einsteints bed load function, and
the velocity with which the grains move is assumed to be proportional to
Qe Dividing the bed load per unit width by this wvelocity gives the amount
of moving material per unit area of the bed, and dividing this quantity by
2D yields the concentration in the bed layer which is used as c, .

a
Einstein has given only meager experimental evidence to Jjustify



- 02 -

these somewhat cryptic assumptions. He asserts that flume experiments
which he performed with sand mixtures verified his theory, but he failed
to report any of the basic experimental da’oé whatsoever, Therefore, it
is impossible ‘;f.'or anyone else to Judge how well his theory checks his ob-
gservations, and also precludes the possibility of checking any other sedi-
ment transportation theories with the data which he cbtained, Moreover,
in the shart section of his report devobed to the flume experiments, he
makes no statements at all with particular reference to the suspended
load, The size analysis of the sediment used is not even reported,

This investigator felt thalt the approaches of Lane and Kalinske,
and Einstein both had serious weaknesses and & certain amount of arbitrar—
iness, and that further progress in relating the suspended load concen-
trations to the bed material could not be made until more information was
obtained experimentally. Consequenily, the research upon which this
thesis is based was devoted primarily to further investigation of the
mutual interactions between a flowing stream and a movable bed of fine
sand, Some interesting results were obtained which show that the problem
of determining the suspended load is more complex than previously realized
because of the changing bed configuration., Unfortunately, a great deal
more a@erimen-tal work will have to be performed before the mechanics of
streams carrying suspended load ecan be understood, and a reliable suspend—
ed load theory can be developed,

D. INTEGRATION FOR THE SUSPENDED IOAD DISCHARGE

Another problem of interest in two-dimensional suspended load theory
is the development of a simple way in which the total suspended load dis-
charge may be found from the concentration and velocity distributions
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without resorting to numerical integration. The term, "suspended load
discharge", as used in this thesis, means the total rate of transportation
of sediment in suspension. The prohlem has been considered Ly both Lane
and Kalinske (12), and Einstein (16), but both analyses need clarifica~
tion, especially when they are spplied to the integration of the load from
neasured concentration and velocity profiles,

The rate at which sediment is carried through a unit area normal to

the stream is c(y,t) u (¥,t). In this expression o(y,t) and u(y,t) are
taken as the instantaneous values of concentration and stream velocity ree
spectively, and the bar signifies average value with respect to time, If
© and U are the time mean values of ¢ and u, and ¢! and u! are the turbu-

lent fluctuations, then

¢(¥,%) u(F,t) = (c+ (i +ur)

#cul + ot us

= ¢cu+uect
‘ = cu+clul
because W' = 0 and ¢! = 0, Since it may reasonably be assumed that the
correlation between u! and ¢' is small, the term c'u! will be neglected.
Horeover, the bars will be dropped from o and T to be consistent with the
previoué sections where ¢ and u always refer to the time average values;
The total suspended load discharge per unit width, Qs may now be

expressed for a two-dimensional channel as the integral

a
q, = f cu dy. (Lali2)
(o]
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(1) Integration Using the Suspended Load Equation. In this section

it will be shown how Einétein's procedure (16) for evaluating the integral
for q (Ed. 1.41) can be made more general and more susceptible to gemeral
gpplication,

If the velocity follows the von Karman velocity defect law, Eq. 1,08,

revritten as

- .
LA W -!--% 1n§, (1.12)

then by integration, the average velocity over the depth d is
di >
i+l u :
1 3 ¥* -
Eg.a./(uinax*-k— h%)dyr--um-.k— (1o13)
[+]

Rewriting Eq. 1.L2 with U instead of LW

- u-u- | ‘
1= 0 +={(1+In¥), (Lalih)
k d
Now if the concentration distribution fits the suspended load equation,
Ed. 1418, then a, by Eq. 1.41 becomes
&
= u '
Gl - 3 .
q& = cﬁ!dﬁf ('—3}1) [u + {1 -rln%)] dy (1a1i5)
o
Certain difficulties are now apparent., The integral above is improper be=
cause the integrand becomes infinite at the lower limit. It may be shom
mathematically that the integral converges only for z < 13 for z = 1, the

integral diverges to negative infinity,



Clearly the mathematical behavior of the expressions for ¢ and u
for y very near O has no rhysical meanings The concentration actually
must always remain finite, end the velocity approaches 0, not - w, as
:'mdica*bed by the logarithmic equation; in fact, it has been pointed out
already that neither the suspended load equation nor the logarithmic we-
locity law was ever expecﬁed to apply right domn to y = 0, Evidently,
then, the lower limit y = 0 in Eq. 1.45 must be replaced by scme small,
but finite, physieally reasonable value of Yoe

Before discussing fur’c.her4 vhat the lower limit o should be, it will
be convenient to simplify Eq. 1.U5 by the change of varialle v = y/d, giv-

ing: 1

g, = ¢, W f(%ﬁ)z [1*% (l+:l.n>2)]dvl (1;’146)

where ¥ = yo/d is now the lower limit, By writing Ud = q, the discharge
per umit width, and separating into two integrals, Eg. 1.46 can be simpli-
fied to

1
—m\* o d
f(’—,f)”wn

(141

& |F

1
u, 0\ Z
—-——-—q: = (1 +-§ f(i——)z) dYL +
q Gy Ka "
ylo 720
Fortunately, Einstein (16) has calculated and tabulated the values of these

two integrals, which he designates as
] [

3 (2,7) = f(%i—’l) dr (119
and J, (2,7 = -7 / (%E)Z bu dy (1e19)

Thus EQe leL7 may be simply rewritten as

q

oo =9 (2, 0,) "‘-‘-12& & (= Yy = 4J B
Ty 20T =0 e TG 2 (25 m,)] (150)
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The left hand member, ;-’-3-&;;- » is the ratio of the suspended load dis~
charge concentration, Ay /q, to the mid-depth concentration, Cg® If it is
preferrad t.o use ¢, instead of ¢ g» then ¢ . may be replaced by ca(a'f':é') %,

Eds 1,50 is a perfectly gemeral result which can te easily used in
all cases where c: follows the suspended load equation, and u the von Kar—
man logarithmic velocity defect law, The parameters involved are essen-
tially a slope and an intercept for each of the profiles; for the concen-
tration, the intercept used is the mid-depth concentration gq0 ond the
slepe is 2 on a logarithmic graph of ¢ vs. -d-‘;-z- 3 for the velocity, the
intercept is U = u(e37d) = average velocity, by Eqe. 1l.Ll, and the slope
is _2_1;_3& on a graph of u vs, logloy; Except for some assumption regard-
ing Mo absolutely no other information or assumption is needed,

Einstein (16) derived an expression squivalent to Eqe. 150, bub the
constants have been so arranged and assumed that the tasic relationship is
obscured, His expression can be used conveniently only when k = 0.k, the
lower limit is the same as the reference level (i.2. %, = &/d,) and v, and
the apparent roughness of the surface are knowvn, A further annoy'ance is

the fact that he constructed charts, not of the simple integrals Jl and J 29

but of I, and I, defined as
S i l/— z -
I = 0.26 (3:‘20)2 f(_ﬁ_’l) dy (La52)
o 4
and I, = 0,26 (1f7°)” f(%g)z Ln dn (1.52)

[

The factor 0,216 is simply an empirical econsbant used by Elnstein in his

theory; it is of no use here, Since doulle interpolation can be avoided
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by using Einstein's charts for Il and Iz instead of his tables for Jl and

Jps it is more convenient to rewrite Hq. 1.50 in terms of I, and I, as
follows:
q z u
_8 o X (-1 2 (1, - 1) (1.53)
4 Cq 0.216 )?oz“‘ [:LJ. a Il 2.]

Tt is understood that I‘.L and I. are functions of z amd 170* The charts

2
of I, and I, are not reproduced here, but may be found, as mentioned ahove,
in reference 16.
u
The factor -é may also be expressed in terms of the friction factor
ku

f by means of the Darcy-Veisbach fornula as spplied to chemmels, {17),

namely
- 8 _
ELE (1.54)
hence u,
}m.:_._f -1 l/g . (155)

There are four possible ways to choose the lower limit 1" gﬂ .
Since the particles can scarcely be suspended closer to the bed than two
particle diameters, Einstein (16) suggests using o ™ az-D- s+ In some cases
this may be reasonable, but in other cases it is clearly not. If the sand
bed is hydrodynamically smooth, then it is quite possible that the level

¥, = 2D will be well within the laminar sutlayer. For clear flow, the
11l.6 v

thicikness of the laminar sublayer is § = s ut with sand in sus-
pension producing marked reduction of k on the velocity profile equation,
(Eqe 144k), and an unimown effect on the kinematic viscosity near the bed,
1t is impossible as yet to define the thicimess of the laminar swblayer

exactly. However, if the investigator would like to assume that
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) a 11.61/' o s e 3—1.6]"
I, = 4] —-—-—u* as a lower lmlt? then %) o -—-—-—u* I » It should be

noted, however; that in a sediment laden flow, the velocity at ¥y, =8
will gensrally not be 11,6 u, as the theory for clear flow predicts.,
Within the laminar suhlayer the amount of transport is probatly negli-
gitle, |
Another possitility for 7(0 is to take it as the level for which
u = 0 by an extrgpolation of the logarithmic velocity profile, Admitbedly,
the formula does not apply all the way to u = 0, but on the other hand,
it is quite possitle that the velocity as determined from the fitted
profile ab Yo = 2D will be negative, Thus if Y, o™ é—D- is used as the
lower limit, the suspended loadk integral may actually include some nsga-
tive load contributions very close to the bed, - However, if the level M6

corresponding %o u = 0 is used, then the maximum possilile value of

1
J/ cu dy will be obtained, and no negative values of the integrand cu
S g ‘

will be included. In this case, Ed. 1.l yields

- “.*
0 = u + =~ (1+ln)zo)

Solving for 7 o?

-k3 1
W

(I
8ti11 another possibility for %0 is to let it be the level at which
the concentration, by extrapolation of the fitted suspended load equation,
becomes equal to the concentration of the bed material of the same size,

Cps expressed as weight per unit volume, Thus

1en, 2
c. = C (—....._..0..)
b md No



and since 0 << 1,
c

)zo&(é?') °

157 § o

It would certainly be physically unreascnghle to use a smaller lower limit
than this, as is sometimes the case using »70 = gp- s for then the integra~
tion would include values of ¢ > Cy

The four possibilities outlined above may now be summarized as fol=-

lowss
(a) Ny = g—) (Einstein bed layer) (1.56)
(b) 1.6
o wd (Estimated laminar sutlayer) (1.57)

-k E-—- -1

(¢) 1 = © u(‘rzo) =0 . (1.58)
¢ .=

@ g * G g = - (1459)

Perhaps the most reasonable choice of the four is the largest Mo because
it has been shown that if- is physically unreasonable to go lower than any
one of the four. Further investigation is needed to determine whether or
not this is a satisfactory egpproach,

Nonetheless, choice (c) warrants special abttention. As EQe 1450

Q
stands, qs;"md is a function of the t}rre.e- parameters % , z, and k %; 3
but by Ede 1,58 7 is a function of k 3—— , making it possible to represent

*
Ede 1450 on a single chart, Fig. 2 was constructed on this basis from the

values of the integrals Jq and J, given by Einstein (16) .

2
The vse of Figs. 2 may be illustrated by the following example, From

a measured velocily profile for a wide stream 3 £t deep, it is found that

U = u(«37d) = 345 fi/sec. The slope of the velocity profile = 1,25 ft/sec
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2.331* u*
— ; therefore — = 0.54s In addition, when ¢ is

plotted on logaritimic paper vs. 9‘—-}—2 , the slope of the line of best fit

per cycle of 10 =

is 2 = 1.1, and the line intersects 9—;;—1 =1at o= o, =005 gr/ly =

50 ppma
k\/gn k% a gf'gli = 6,5
_ z = l;l
By Figs 2,
S
and hence

2= w15 oy = 5 (50) = 225 pom,

Since the discharge per’unit width is
q =1uds= (3.5)(3) =10.5 efs/ft
the suspended load discharge per unit width is

a, =22 x10.5 x 62,1 = 0.15 1b/ft/seo

10

q
It may be observed from Fig. 2 that for z < 0.3, qsc; may be cone
- md

sidered equal to 140 for all practical purposes. The slight drop below

1.0 for the curves for the smmaller values of k % at small z is artificial,
and results from two slight inconsistencies, as follows:

(2) In the derivation of U in Eg. l.h3, the lower limit is taken
as 0, whereas in the integration for q_ (Eq. 1.46) the lower limit ié ¥,
defined as the level for which u(yo) = 0, Vhen z is 0, the a, integral re-

duces to the same form as the u integral, but there is a difference in
= :

the lower limits. When k o

ig large, o by Eq. 1.58 becomes very small,
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and the discrepancy is not noticeabls; for example, if ki- = 10, then

*
' Eg. 1.58 gives - 9-1
710 B e = .00001153
But if k %— were only 3, then
* - 31
’)zo = @8 = QOlBQ

Thus for small values of the parameter k E—— » the difference in lower
3*

limits has a noticeable effect because the integral of the welocity pro-
file with lower limit O can bs a few per cent less than the same integral
with lower limit Y, = M o de

(b) The mid-depth level y = d/2 is not exactly halfway between
the upper and lower limits, d and Ve Here again the error is negligible
except when k g— is small and Mo is of the order of 1 per cent,
v increases when k i—

qgec u
md 3%
(or k;/g) increases, This relationship is partly the result of changing

For a given 2 in Fig. 2, the ratio

the shape of the welocity profile, and partly the effect of reducing the
lower limit Mot The latter is especially important for the larger 2z
values, for which the concentration profile is very steep and most of the
suspended load moves near the bed; in this case, a small change in the o
value can change the value of the 9 integral a large amount. In fact,

since the value of (O based on uf ')zo) = 0 may not be the best value any-

s

qc
q
the chart., Consequently, the curves have not been extended for S >50,
‘ md

way, considerable error can be expected when

gets very large on

qc
or for z > 2.
It should be remembered that the choice of Mo is such that the
: 1
values on Fige 2 represent the meximum possible values of [ oudy

0
for each case., If further investigation reveals that some other choice
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of 7, is more desirable than u( 710) = 0, then q  nay be found directly

from Eg. 1,53 with the aid of the charts for 1'1 and I, given by Ein-

2
stein (16), In any event, very close to the lower limit, extrapolation

of the profiles for ¢ and u is relied wpon.

(2) Integration Using Lene and Kalinske's Simplified Suspended
Ioad Equation, Iane and Kalinske (12) integrated the product cu (Eq. 1.41)

for the same logarithmic velocity distribution u, but using their simpli-
fied version (Eg. 1.38) of the suspended load equation based on & consbant
diffusion coefficient 'e's. Here again the expressions they give are too
gpecific (Lia€e, k = Ouliy B = 1), and it will be useful to show how their
results can be generalized to be easily applied to any measwred velocity
profile, and sediment distribution following Eq. 1,38,

First, 59. 1438 will be rewritten without assuming the values of

8 :.' ‘

-
c Ga €

Letting B%f' = 3 as before,
¥
- 6z L=.8
6z I .
¢ =g ¢ (1+60)

The factor 15 fl-’- in Eq. 1.38 is equivalent to 6z
3%

The best comparison of Eq. 1.60 with the more accurate suspended

load equation, Eq. 1.18, can be made by taking a = }id-’ e, = &

EQ. 1+60 becomes

ce @b ,
S . e (1.61)
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Both equations are plotted in Fig. 3 for z = 1/2 and z = 1, Over most of
the lower half of the flow the Lane and Kalinske equation (Eq. 1,61) gives
too large a value of c¢/c a3 deviztion becomes progressively larger as 2z

increases. The slope of Eq, 1,61, which is a straight line on Fig. 3, is

w o= .22 (162)

units of y/d per cycle of 10 in u/cmd
Substituting BEqge 1.kl for u and Eq. 1,60 for e into Ea. 1.Ld,

d -6215-—'%
q = f c, © Eﬁ-t-ll:ﬁ(l-:-ln%)]dy (1463)

Q

Letting % = %, ard q = 1 d and rearranging,

6z % .
g
— TR C: e (13614)
q a
1 1
u, - 627 u, -6zn
where P = (1+ —) / e dy + — f e Ilnvy dy (1.65)
ka 5 ku S

Carrying out the integration

-6z
P = %—E {(l - 2 )(1"‘ — )“l' ——— [“05772 - 1n 6z + El(-éﬁ):[}

wherein Ei(-6z) is the exponential integral in the standard form
o
Bi(-62) = = S ee de
_ bz

The function P. is numerically the same as the P integral plotted hy Lane
and Kalinske (1, 12), but with different parameters, They give

P =P(t, %73)

where t = o 5 and

e
n = roughness coefficient in Manning equation,

Since they assumed k = O.L and B = 1,0 in their derivation, then in

case k #+ Out or B + 1.0, t may be replaced by O.iz or -:L;;:‘-BQ by Eq. 1.62,
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in which m' is the slope of the concentration profile, Iikewise, when

they used k = 0.4 and the Manning equation, they obtained

“ .1 B =n .
- - ‘ ;
ku O 1.9 d 1/6

50 working back again

n ' Yy
SI7% = 0,105 =
In summary, then, the same numerical values for P in the chart

constructed by Lane and Kalinske can be used on a general problem by
simply relabeling the abscissa O.Uz in place of % and the curves .105 ?-_i
in place of :3{%176 » A1l the needed infomatj.on can now be obbtained dirlemc'b-
ly from velocity and concentration profiles,

Although the second integral in Eq. l.65 is improper, it still con=—
verges for all values of ze Thers is no difficulty in choosing a lower lime
it as far as the integration is concerned, but this does not mean that a
better result can be obtained by using Lane's and Kalinske!s simplified
suspended load equation and the P integral, than with the original equation
and Einstein’s J; and J, integrals (Eqs. .48 to 1.50).

For an illustration of the use of the P integral to ;‘ind Qs COn=
sider the exa@le glready wsed to lllustrate the use of Fige 2. The cal-

culations are as follows:

z = 1,13 Oohz = 0.)411

- ’ u,
k-z-» = 6,55 o105 —— = 016
% ku

Therefore, w Eq. 106’-]., with a = 6/2,
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P = P(O.ih, .016) = 0,12 by the graph in Reference (12)
or (1, p. 802)

e = eBda 271

Hence

q
8.
" 27(0.12) = 3.25.
q .
In the previous case qs = = L.5 by Fig. 2, The two results should not
ind.

be expected to agree because they are based on different equations. As z

gets larger, the difference in results by the two methods increases.,

In this section an attempt has been made to show that the problem
of finding the suspended load discharge from concentrabtion and velocity
distributions is quite separate from the prohlem of determining Jjust what
these distributions should be, Only two basic assumptions are made:
(1) that the velocity profile can be reasonably well fitted by a straight
line on semi~logarithmic graph paper, and (2) that the concentration profile
is a straight line ai’oher when ¢ is plotted against -d-;;x on logarithmic
paper, or when log ¢ is plotted against y/d. Integration formilas derived
by Einstein (16) and Lane and Kalinske (12) have been rearranged to show
that basically the only necessary information is the slope and an intex- -
cept from each of the concentration and velocity profiles. Although it is
believed that the concentration distribution will usually f£it the ordinary
suspended load equation (Eq. 1.18) better than the simplified one (Eq. 1.61)
based on a constant diffusion coefficient (Eg. 1.61), integration formulas

with the latter have still been included for completeness.
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CHAPTER II

OBJECTIVES AND GENERAI OUTLINE OF EXPERIMENTS.

As pointed out in Chepter I, the major problem today with sus-
pended sediment transportation theories is that only the relative distribu~
tion of sediment concentration in a two-dimensional stream can be predict—
ed with any assurance by means of the suspended load eguation (Eq. 1.18).
The boundary condition for this equation, which is needed to obtain ab-
solute concentrations, is very difficult to speclfy because it depends on
the complex mechanisms of interchange of particles between the stream and
the bed, But these mechanisms are by no means universal, as supposed by
the Lane and Kalinske theory (13), for they are radically altered by
changes in the configuration of the sand bed. Under some conditions the
bed may be quite smooth, while under different hydraulic conditions the
same bed may become covered with rugged, irregular dunes. Consequently,
any investigation to determine the boundary condition for the suspended
load equation leads directly back to a more fundamental investigation of
the mechenics of a sediment~laden stream as a wholes, The present investi~
gation has brought to light some important facts about streams carrying
suspended load, but li’oﬂe progress could be made in a formal way toward
evaluating ¢, in the suspended load equation.

There were three msjor objectives of the experiments,

(1) To determine experimentally what some of the relation-
ships are among the various basic variables, such as depth, velocity,
friction factor, and suspended load for a stream flowing over a movable
bed of fine smd;
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(2) To study the bed configurations with special reference
to the part they play in the mechanics of a sediment~laden sireams

(3) To check the suspended load squation, the von Karman
logarithmic welocity law, and the integration formulas derived in
Chaps I for flows over a movable bed; and to compare the values of
the won Karman constant k and the ratio of diffusion coefficients,

B= € s/e n with the previous resulis of other investigators,

At first the attention of the author was fixed primarily on the
third objective, but when dunes were encountered it was soon realized
how much influence they have on the hydraulics of streams carrying fine
sand in suspension. Subsequently, more emphasis was placed on the first
two objectives, because it is useless to try to devise a means for de-
termining the boundary condition for the suspended load equation until
there is more understanding of what actually happens at the bed surface
under various conditions. An investigation of the velocity and sediment
concentration profiles was conducted only for the runs for which the sand
’bed was flab, and was not attempted for any of the runs with dunes be-
cause of the very difficult experimental problems involved.

Twenty-two runs were made in a laboratdry flume L0 feet long with
a movable bed of fine sand of either of two different sizes, The first
sand, with mean sedimentation diameter of 0,16 mm was used for Runs 2 to 13,
and the second, with mean sedimentation diameter of 0,10 mm, was used for
Runs 21 to 0. Each run represented a stable wniform flow of water over
a sand bed in equililrium in the open channel, Six runs were alsc made
with clear water for various special purposes, and are distinguished from

the other runs by WCN, i.e., Runs Gl to Ch, C6, and CT.
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The measurements for the runs of the second series, Runs 21 to 30,
were slightly more accurate than for the runs of the first series, Runs 2
to 13, because same of the experimental procedures were being tested and
improved during the first series, Furthermore, the data for the earliest
runs in which dunes were encountered, Runs 5, 8, 9, 10, and 11, are the
least accurate of all the runs, for at the time they were made, the ime
portance of s’budy:i_ng the dunes had not been fully realized, Nevertheless,
the conclusions drawn from the first series were just the same as for the
second more accurate series.

The apparatus and various procedures used in obtaining the funda-

nental data will be now described in the next chapter,
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CHAPTER IIX

APPARATUS AND PROCEDURE

A, THE lO~FCOT TILTING FLUME

The general arrangement of the lO=-foot tilting flume is shown in
¥igse It and 5, The water flows from left to right in the open channel
section, dovmn and through the pump at the right hand end, then back
through the return pipe and the diffuser to the upper end of the channel.
The circuit is completely closed, so that the sediment as well as the
water is recirculated by the pump, The flume itself is constructed of
two 10-inch steel channel beams bolted to a base pla’c.é, as shown in the
cross secbion in Fige L, leaving an inside width of 10 1/2 ¥ 1/16 inches
(04875 = ,005 feet)s The inside surfaces are painted with a bitumastic
paint and are fairly smooth, The flume is supported together with all
accegsories by a stiff truss, which pivots akout one end, and is raised
and lowered by a Jack at the other, The slope may be read directly from
é scale adjacent to the jack, |

The pump, just under the downstream end of the flume, is of the
axial flow type with a 9-inch impeller which may be driﬁen at any speed
from 120 rpm to 1050 rpm by an electric motor and variatle speed drive.
(See Fig, 5) The maximm capacity of the system is about 1.0 cubic foot
per second (cfs), although the largest used in any experimental run was
only 0.5 cfs, |

The return pipe was originally of 6~inch diameter, but it was
quickly found that the flow velocities were usually so low that large
amounts of sand were deposited in the pipe where it was useless, The

only way in which the bed of the flume could be kept covered with the full
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: Fige 5. Downstream end of the flume,



- Lk -

amount of sand was by using a smaller return pipe to make the wvelocity
high enough to keep it scoured clesn. Hence, after Run 2, the 6~inch
pipe was replaced with a l~inech pipe, vhich was satisfactory dovm to dis-
charges of 0,20 cfs, the lowest discharge used, The cross-sectional amrca
of the l=inch pipe is equivalent to a depth of 0,10 £t in the rectangular
flume section; therefore, since 0,155 £t was the smallest depth used, the
mean veloclity in the return pipe was alwsys at least 55 per cent more than
in the channel, and for the great majority of the cases, it was double the
mean channel velocitya

As a further check on storage in the retwrn pipe, a 50-inch-long
transparent lucite tube of h-inch inside diameter was inserted in the re-
tuwmn cireuit after Run 7. (See Fig, L) After that it was easy to observe
directly how much, if any, deposition there was in the L-inch pipe, Un-
fortmately, although the storage was reduced to a negligible amount in
the leinch pipe itself, still in the vicinity of the pump, the diffusers,
and elbows in the return eircuit, the cross section was larger and some
deposition did occur. As a result, the mean thickness of the sand bed in
the flume varied somewhst from run to run, even though theé amount of sand

in the system was unchanged,

B. ENTRANCE DISTURBANCE AND DAMPING SCREENS

In some of the runs, especially those with high discharges, ex-
cessive scour of the sand bed occurred near the entrance, Presumahly some
large scale twbul_ence was being generated in the elbows gnd transition
sections at the upper snd of the flume, in spite of the gradusl transi-

tions and the vanes in the last twm,
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Since Dryden (18) has shown that turbulence generated in a wind
tumel can be very effectively damped with fine screens, some sections of
wrindow scréening (16 openings per inch), supported with coarse hardware
cloth, were inserted as damping screens vertically in the flow at the very
begimning of the open channel section., The large scale eddies were damped
out, but of course, a great deal of new small scale turbulence was gener—
ated by the screens.’ Since the small eddies naturally die out very quickly,
this new turbulence was harmless, Unfortunately, these screens were not
tried until Run 2la, TIn all the subsequent runs (23 to 30), from one to
five screens were used, depending on what was most effective in establish~
ing a wniform condition in the shortest length., The beneficial effect of
the soreens was shown very well by a comparison of Runs 21 and 2la.

Run Zla was made in an attempt to reproduce Run 21 exactly, but with three
screens added &t the upsiream ende In Run 21, the sand bed did not attain
its full depth, and the flow did not reach equilitrium until about station
20, or 18 £t downstream from the entrance (station 2), whereass in Run 2la,
équiliba'imn was already established at station 8, However, in the equili-
rium reach the characteristics of the flow were practically identical -
that is, the measured slope, friction factor, and total load were the same
for the same given depth and discharge in the two runs., (For data, see
Chap. VI, Secs A). Hence, the previous runs are telieved to be perfectly
valid, although the entrance conditions were perhaps not as good as they
could have been. .

For Run 29, with discharge at its maximum value, .52 cfs, even with
five screens, the sand bed and depth did not become uniform until station
18; without the screens the run would have been impossilile, for the major
length of the flume would have been consumed by entrance sid outlet dis-
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turbances., However, the equililrium once established was very stable,

and the run was found completely acceptable,

Co, HEATERS FOR TEMPERATURE CONTROL

Turing the course of the investigations, it was found that the
temperature of the water had a significant effect on the amowrt of sedi-
ment transport. So,' to control the temperature, four 1000-watl immersion
heaters were finally installed in the lb-inch pipe near the upstream end
of the flume after Run 13. Three of the heaters were wired for either
110 or 220 volts, so that they could each be switched on to either 250 or
1000 wattse With this arrangement the power imput could be easily regu-
lated by 250 watt sbeps up to 2500 watts, with additional combinations
totalling 3000, 3250, and LOOO watts., In general, a temperature difference
of 10°C between water and air could be maintasined with en imput of about
2500 watts., If the heat input exceeds the total losses by 250 watts, the
temperature of the water will rise only about 0.2°C in 30 mimutes, because
of the large volume of water in the system, Consequently it was very easy
to maintain the temperature at 25,0° £ 0.2°C for Runs 21 to 30 by operat—
ing the switches manually without a thermostat,

D. MOVABLE CARRIAGE, POINT GAGE, AND FLUME SIOPE GAGE

Within the flume, positions and elevations were determined with a
point gage (a trass rod with a sharp point) mounted on a carrisge which
moves on rails attached toc the top flange of the channel beams, The car-
riage could be rolled continuously all the way from station 6 to station
37 (feet from upstream end of the flume), With thumb screws on the car-

riage, the point gage could be located anywhere in the cross section and
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its position could be read to the nearest ,001 £%, with verniers, in both
the vertical and transverse directions, The carriage was equipped with
easily interchangeable mounts, so that a Pitot tube or point sampler could
be used in place of the point gage. All three were adjusted to have
exactly the same position for the same readings on the scales.

The carriage readings and the slope gage on the truss were checked
jointly against a static water surface seversl times before and during the
experiments, Readings of the water surface by the point gage were made at
one foot intervals along the flume, and the actual slope was determined
from the straight line of best fit on a graph of these readings, It was
found necessary to apply & correction of -,00005 to the slope gage read-
ings, Deviations of individual readings from the fitted straight line
were corrected either by realignment of the tracks, or by application of
corrections (to nearest .00l ft) to all subsequent readings at the few
stations where small corrections wers necesséry.

With the correction of -.00005, the slope of the tracks could be
deternined from the slope gage with a meximm error less than +000034
However, the error in measuring the slope of the energy grade line for any
run was usually considerably larger because of the difficulity in measuring
the elevatian of a moving water surface and adjusting the flume to pre~
cisely the correct slope to make the flow uniform in depth. The problem
of determining the slope of the energy line will be discussed in Sec. K.
The point gage was adjusted to read .000 plus or minus a few thousandths
of a foot anywhere on the steel bed of the flume., However, this was sim=-
ply for convenience, since the rails,as checked against a static water
surface, were still used as the primary reference, Slight irregularities

in the bed were of no consequence anyway when the bed was covered with
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sand, and were taken account of only for Runs Cl to Ch, C6, C7, which were

nmade without sediment,

E. VELOCITY MEASUREMENTS IN THE FLUME

Flow velocities could be measursd in several ways. For measuring
point velocities in the flume cross section, a 3/16-inch Prandtl type
Pitot tube with a coefficient of 1.00 (19) was used with a water and air
vertical differential manometer which could be read,with care, to the
nearest 0005 f£t. With this small sized Pitot tube, it was necessary to
allow one to two minutes between readings for the manometer to reach equi=
librium, because every change of reading would require a small amount of
water to flow out of one columm and into the other column through the
Pitot tube openings.

To increase the sensitivity, and cut down the time between readings,
& diaphragm strain gage connected to a poteptiometer was tried in place of
the manomeber; but the strain gage was so sensitive that it responded to
ﬁlany turbulent fluctuations of the velocity, maldng it difficult to meas-
ure the time average velocitye Since the average velocities were of more
interest than fluctuations in this investigation, and also since the mano-
neter was a much simpler instrument, it was used instead of the strain
gagea

The sand in suspeénsion did not cause any difficulty in the opere-
tion. of the Pitot tube, provided a few precautions were observed, The
manometer and Pitot tube were always filled full with dlear water before
the tube was inserted into a flow containing sediment, so that it would
not be necessary to draw water into the tube to fill the manometer or

bleed the air. In general velocity profiles were taken starting near the



-9 -

surface and working toward the bed, so that as the manometer adjusted it~
self to lower and lower readings, the dynamic head column would drop,
forcing water out of the end opening of the Pitot tuke, thereby minimiz-
ing .the entrapnent of sediment in the tube, There was little tendency for
the static head slot to become plugged, but ocecasiocnally during prolonged
velocity measurements smaell amounts of clear water were forced oub through
both 'openings of the tube to clean oub whatever sediment may have collected.
Since the average mass density of the water and sediment mixture,
Pg? is &lightly greater than the density of clear water, Py & sngll errox
is introduced in the readings of velocity head, If it is assumed that the
suspension behaves dynamically like a homogeneous fluid of the same aver-

age density, Pgs then

%'ps uz ® pngh’

where
u = velocity

Ah = nanomeber reading in feel of clear water
g = acceleration due to gravity.

Consequently

R = P, (3.01)
Hence (\/-? - 1) is the relstive error introduced by neglecting the den—
sity diffe:ence. The concentration very rarely exceeded 20 grams per liter
(gr/1) at any point where the velocity was measureds hence for conceﬁtra-
tions less than D gr/l and for a specific gravity of the sand of 2,65,

py < 1.0125 P, and

Py -l

043

) V- ;0060
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At worst, then, the simply calculated velocity would be only 0.6 per cent -
too large., It was decided to neglect corrsctions for density completely
since these large concentrations occurred only close %o the bed where the
scour caused in the Yed by the proximity of the Pitot tube introduces a
further wncertainty in the velocity measuresment.

For most of the runs with smooth bed (i.e., Runs 2, 3, L, 6, 7, 21,
29, Cl-Ch, c6) verbiéail. velocity profiles on the centerline of the flume
vere talken with the Pitot tube., They were usually made at about station
26 or wherever it appeared from the water surface and bed profiles (see
Sece H and I) that the flow was most nearly uniform and in equilibrium,

In several of the runs (2, C1-CL) additional horizontal or vertical pro-
files were made, and in Runs 29 and C6 a mumber of detailed velocity tre-
verses were made in order to calculate the total discharge and the coeffi-
cient for the Venturi meber. (See Sec. F)

When the bed was covered W'_;.‘bh dunes it was practically impossihle
to obtain velocity profiles. Not only is the velocity profile greatly
complicated by the presence of the dunes, which generate large eddies,
but also the velocity distribution is unsteady because the dunes progress
domnstream and change their shape continually, Consequently, even at a
fixed péin'b in the flow the velocity will fluctuate a great deal with time,.
especially near the bed, This is well illustrated by Run 5 where 60
veloclty measurements over a period of 100 minutes were made at a single
point in the flume about 0.0L0 ft above the average bed elevation. The
veloecity ranged all the way from l.L6 to 2,08 ft/see, and frequently

changed more than 10 per cent in one or two minutes,
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No further Pitot tube measurements were made for Run 5, and none
at all for Runs 8 to 13. However, for Runs 23 to 28 and 3 of the second
series, the mean velocity on the centerline at spproximabely mid-depth
vwas debermined from a series of Pitot tube readings, for comparison with
the average velocity calculated on the basis of the Venturi meter., Con-
sistent results were obtained for all these runs,

The surface vélocity for Runs 24 to 3 was measured by timing the
motion of 1/L~inch chunks of cork floeting on the surface, The float
veloolties were consistent with Pitot tube velocities with perhaps a
slight tendency to be 2 or 3 per cent faster than the surface wvelocity
egtimated from the Pitot tube readings near the swrface for Run 29, How
ever, it is known that surface floats generally move slightly faster than
the water; since the water surface is sloping, the weight of the floait has
a component in the downstream direction, which can be balanced only by the
drag resulting from a slightly higher velocity of the float. Some rough
caleulations of these forces showed thal the discrepancy observed is at
least of the right order of magnitude., For larger floats, the velocity
difference would be more, It is believed, then, that the Pitot tube co-
efficient must be very close to the theoretical value 1,00,

i‘he extent of the velocity measurements made for each run is sum-

marized in Table 1 in Sec., Q.

F. DISCHARGE MEASUREMENT BY VENTURI METER

The mean velocity in the cross section was calculated from the dis—
charge measured by the Venturi mebter immediately downstream from the pump
in the return pipe. (See Figs, L and 5) The Venturi tube was formed by a

standard bell-shaped 6 by l-inech pipe reducer with straight nipples welded
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to both ends. The two plezometer holes drilled in the nipples were of
1/8~inch diameter and spaced 8 inches spart. There was no expanding sec-
tion following the contraction because l-inch pipe was used downsiream
from the Venturi meter, The head was measured on another water-air dif-
ferential manometer to the nearest ,001 ft. The area ratio was O.lk, a
value considered sétisfac'bory for Venturi meters,

The discharge coefficient, C, of the Venturi meter was determined
from a measured dischargse, using the equation:
Aﬁ \/Z_gj:l;

L

2

@ = discharge

Q = C ( 3002)

in which

A. = areas of contracted section

g = acceleration due to gravity
hv = differential piezometric head

D, = diameter of approach = 6,065 in,

D,. = diameter of contraction = L4026 in.

The discharge was obtained by double integration of the velocity “surfacew
drawm on the basis of point veloclity measurements in the flume cross sec-
tions. For Run C6, without sediment, the discharge, calculated from L veloc~
ity measurements distributed over one-half the cross section, was 0.471
cubic feet per second; with h = 0.400 ft, the discharge coefficient

wias C = 049hk. This value is lower than usual for Venturi meters, prob-

ably for two reasons, First, the location of the Venturi just downstream
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from the pump was not desirahle, but there was no other feasihle location,
Secondly, the radius of the reverse cwxrvature of the bell reducer is so
short that some separation may occur in the throat, causing the pressure
in the throat to bte too small., Nevertheless, it was felt that the coeffi-
cient was falrly weliable, and it was used as the basis for compubing the
discharge in all the runs,

Unfortunately, the meter was not installed until after Runs 2 and
¢l to Ch had been completed, so that there was no total discharge measured
for these runs,

As in the case of the Pitot tube, the density effect on the Venturl
meter is very small. The mean concentration never exceeded about 7 gr/l,
so by Eq. 3.01 it is seen that the error is 0.2 per cent or less, and may
be neglected,

Nevertheless, there was sbtill some question about the effect of sus-
pended sediment on the discharge coefficient for it has been observed that
sand in suspension can alter the velocity profiles and friction losses.
Therefore, near the end of the experimental program the discharge | coeffi-
clent ¢ was calculated sgain for Rm 29, for which the average concentra-
tion of sediment in the discharge was 3,6 gr/l. The discharge, 0,521 cfsa,
was calculated from velocity measurements at 69 different points in one
cross section of the flume, The head differentisl was h = 0,483 ft,
making C = 04950, compared with 049k determined previously for Run Cbe
This is considered‘an excellent check, since the difference, 0.6 per cent,
is well within the experimental error involved in calculating the discharge

for sn open chanmnel flow,
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The Reynolds number has a slight effect on the discharge coeffi-
cient, but the range of Reynolds mumber, Ry» attained in the present ex-
periments, was smalls Defining Reynolds number for the Venturi meter as

Qp

Re Iy o
where )V = kinematic viscosity snd the cther quantities are as previously
defined, R, = 167,000 for Run C6 and R_ = 206,000 for Run 29, The smsllest
R, for any of the runs was for Run 10, R, = 77,000; and the largest was far
Run 29, just mentioned, Thus, the total variation is less than a factor of
three, and the coefficient mey be considered as a consbant for all practi-
cal purposes., MNo calilration was attempted for a run with ane of the
smaller Reynolds numbers, because the veloclties in the channel were of the
order of 1 fi/sec and could not be measured very accurately with the Pitob
tube and manometer,

Another more serious difficulty caused by the sand was the deposi-~
tion of sand in the meter at low discharges. During Run 2L, with discharge
of Q = 04265 ofs, the Venturi was rﬁ:noved for inspection; there was just a
trace of sand in the 6~inch section and no sand in the L~inch sectian.
Later, for Run 25 with Q = 0,20 efs, it was found that about 2 per cent of
the area of the 6~inch section was blocked with sand, while just a trace was
found in the l-inch section, From Eqe 3.02 it can be shown that the actual
discharge in this case was only 0.5 per cent more than calculated.

Thus the meter performed satisfactorily with .10 mm sand, and prob-
ally also with the .16 mm sand, down to discharges of 0,20 cfs, but smallexr
discharges were not used because it was feared that appreciable deposition

would occur in the L-inch section causing much larger errors in the manome-

~ ter readings.
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Considering all the sources of error, it is estimated that the
probable error in the discharge measured with the Venturi meter is 1 per
cent or less,

Go LEASUREMENT OF SEDIMENT COMCENTRATION

For all runs a mmber of one liter flow samples were taken to meas~
wre sediment concentrﬁtions. The sand was carefully removed from the sam-
ples by filtration, and then oven-dried and weighed to within 1 per cent or
less, or to the nearest milligram for sample weights under 0.1 gr. The
sampleé were usually teken comsecutively in groups of three at each point
in order to get an indicatian of sampling errors and random fluctuations,

Two samplers were used, cne for measuring point concemtrations in
the channel and the other for measuring the average concentration in the
discharge in the well over the pump.

(1) Point Sampling, When the sand bed was smooth, and the bottom

elevatlon was constant, point samples were taken in groups of three at vare
ious levels in the flow on the centerline at approximately station 26, in
order to determine a suspended sediment concentration profile (distribution
over the 'depth). This was done for the same runs for which velocity profiles
were taken, namely Rws 2, 3, L4, 6, 7, 21, and 29,

Dunes on the bed in some of the runs made it impossible to measure
concentration profiles; as well as velocity profiles. Hence, no point con—
centrations were measured at &ll for Runs 5, 8 to 13; and for Runs 23 to
28, and 30, point samples were taken only at mid-depth on the cemterline
for oomparison with the samples of the discharge.
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The tip of the point sampler was formed by flabiening the end of a
3/16-inch wass tube into a tip with a vertical opeming of ,OLO in, and
horizontal opening of 217 in. (See Fig. 6) A very narrow tip was needed
because the sand concentration gradients were large; btut ,OlO in. is only
about 7 diameters of the 0.16 mm sand, so it could not feasibly have been
any smaller. The edges of the tip were filed to make them sharp, and the
tube was bent in a right angle 2 3/h in. from the tip, so that the tip proe
Jects wpstream from the vertical shank which supports the sampler on the
movable carriage mount,

The rate of sampling was regulated to make the velocity of flow in-
to the tip of the sampler equal to the stream welocity at the same point
measured with the Pitot 'bube; The area of the tip was known, so that the
number of seconds required to draw a one liter sample could be calculated
for any given velocity. In this way the disturbance to the stream was mine
imized, and the samples should be truly representative of the flow at the
sampling point,

Vanoni (5) has shown in a similar case that if the sampling velooe
ity is only 75 per cent of the stream velocity, then the average sample con-
centration of sediment is 9 per cent too high. If the flow into the sam-
pler is too slow, there will be some curvature of streamlines away from the
tip; since the sand particles are denser than the water, they are not as
easily deflected and too many particles are drawn into the tip, thereby
giving too high a concentration in the sample. If the sampling is too fast
the converse is true.

A piece of flexible tygon tubing attached to the trass sampler was
used Yo siphon the samples out into bottles on a platform or elevator,
which could be raised or lowered to change the head on the siphon. (See
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Fig. 7) The end of the siphon was connected, at the top of the bottle
elevator, to a sliding bracket which could be set to make the flow go ei~
ther to waste or directly into a sample boitle, 1ithen the hracket is pushed
over o start f£illing a bottle, it automatically staris an electric timer,
and stops it again when pushed back to the waste positions The head on the
giphon was adjusted by trial and error using 100 cc  test samples until the
correct sampling time was obtained.

Since the point samples took between 200 and 600 seconds per liter,
it was difficult to control the flow rate precisely because tiny air bublles
tended to collect on the sides of the sampling tube and increase the re-
sistance to the flow, Furthermore, it was impractical to discard the sam-
ples when the total time was slightly in exror, because of the time required
to repeat the sample,

" Therefore, a simple analysis of the effect of the sampling veloeity
was made for the point samples of the runs with 0.16 mm. sand for which the
actual sampling velocity was more than 5 per cent too slow or too faste
The concentration obtained for each of these samples was compared with the
average for the ocorresponding group of three samples taken for each point
(including the sample in question) and the ratio of the individual to the
mean concentration is plotted on Fig. 8 as a function of the ratioc of the
average velocity in the tip of the samplexr to the stream velocity. The
concentration ratios are necessarily somewhat biased because the means are
not statistically independent of the sample being checked, but the over-all
distribution of points should be indicative of the general trend.

As expected, the samples for which the wvelocity was too small tend-
ed to have slightly too much sediment and vice versa, bub the scatter of
points is considerable, and the random fluctuations almost mask the effect of
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slightly erroneous sampling velocity completely. For the smaller sized
sand (0,10 mm) the effect should be even less. Hence individual errors in
sampling time up to 10 per cent were tolerated provided the mean sampling
time for the growp of three wes within a few per cent of the correct value.

Deposition of sand in the sampling tube was a problem in both the
point sampling and the dlscharge samplinge. Transparent tygon tubing was
used to convey the sample from the metal samplers to the collection bottles
so that it was possible to see the sand travelling in the tuling. It was
observed that dunes would form unless the flow velocity in the tubing was
high enough to prevent any deposition at &ll, or unless the tubing was
steeply inclined, All itrouble was easily eliminated for the point sampler
because the water flowed vertically two feet wp from the tip in the samplex
tube, and then steeply down sgain through small tygon tubing, to the sample
bottless (See Fige. 7) Differemt lengths of tuking were used as required
so that there would not be too much slack in the tuking. As a further pro-
cautdon at the time of sampling the sampler was allowed to run to waste for
two or three minutes, not only to fill the sampler with water from each new
sampling point, but dlsc to estatlish a new steady rate of sediment trans-
portation in the sampler and commecting tube, This was necessary because
the sediment on the average, once past the tip, did not travel through the
sampling system quite as fast as the water, However, the relatively long
sampling times helped to average out any remaining fluctuations artificially
induced by the ssmpler.

(2) Discharge Sampling. Samples of the discharge were taken at
the end of the flume for all runs except Run 2, The sampler consisted of
a copper tube of ,302-inch inside diameter with a half loop on one end.



Y

i

WIS
Y:‘\\ sty i) ﬁ\

AN To sample
= [ collecbion
~ , — o el *T g
\” / W bde

. . | — Sedlaent

/ { discharge
sgmplery
| bV

{3/0~dn, o)

L

Lt L]

Impellex

Fige 9. Longitudingl section of flume at
downsbrean end, showing position of
sediment discharge sampler.



- 62 -

The end with the loop was submerged, with the opening facing up, aboub 20
inches below the water surface in the pump well, as shown by Fig. 9. It
was believed that the sediment would be reasonebly well distributed in this
9,5=-inch dlemeter cross sec‘tioh of the flow just over the pump, but to be
sure that the sample would be represemtative, the tip was moved aromd gene
t1ly to different parts of the cross section during sampling, The head on
the siphon was adjusted to make the velocity in the sampler entrance equal
to the calculated mean velocity of flow at the sampling cross section. The
botile elevator and timer previously described were also used here.

For these discharge samples, the required sampling time ranged from
68 to 176 seconds, so that it was easier to control the rate of flow then
in the case of the point samples; but on the other hand, because the same
pling times were shorter, there was considerably more random fluctuation
between samples. The fluctuation must have been due partly to the inevite
able nomuniformity of sampling in the cross section, as well as to the real
fluctuations in the load itself,

Sand storage in the sampler caused difficulty with the sampling of
the discharge when the sampling velocities were the lowest and when the
concentrations were small (of the order of 1 to 2 gr/l). Originally, the
samples from the end tank were taken one at a time, and spaced over an in-
terval of time (Runs 3 to 7, and 9)., Between samples the flow in the sam-
pler was stopped, and the sampler was left in the water; before taking the
following samples, the siphon was started again, and run long enough to
flush out the sand entrapped in the cpen wptwrned end between samples.
Dunes were avoié.ed in the {ygon tubing connecting the sampler to the bottle
elevator, as in the case of point samples,
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The flushing procedure was checked in Run 8 by ruming two samples,
one immediately after the other, each time the flow was established in the
sampler. Three p#irs were taken: the average of the first samples of each
pair was 1.52 gr/l, while the average of the second samples dropped slight-
1y to 1,39 gr/l, The sampling time was 91 seconds. There must have been a
slight surplus of sediment in the U-twm at the bottom of the sampler at
the begimning, but the discrepancy was not ab &ll serious for this relative-
1y high sampling rate,

However, for Run 10, with sampling time of 167 seconds and a very
light load, the average concentration of the first sample of sach of four
pairs taken in the same way as Run 8, was 0436 gr/l, whereas the second
samples of the pairs showed only 0.2 gr/l. This was the anly run with
such exceptionally large differences, Because of the uncertainty end the
fact that the latter figure is probably more representative of the true
average cancentration, the mean concentration for this run is reported as
Just 0.2 gr/l. Subsequently, the sampler was always removed from the water
and hlown out when not in use between groups of samples, and more time was
allowed for the flow in the sampler to reach equilitrium before each set of
samples was started. Furthermore, after Runs 11 and 12, where the samples
were still taken in pairs, practically all the discharge samples were tak-
en in groups of three, and as a general rule the total number of these
samples taken was increased to about 10. Better results were thus obtained,
although a slight tendency for the first sample of a set to be larger than
the others still persisted. For example, Run 13 gave the following results
for five groups of three each: average first éample, 1435 gr/l; average
second sample, 1.0L gr/l; average third sample, 1.25 gr/l. The sampling
time was 158 seconds, It was later found that this trend could be com-
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pletely removed by shifting the sampler lp around in the cross section
during the initial flow adjustment period in exaetly the same way as was
done during the actual sampling,

Another cause of fluctuation of the samples was the occasional
sloughing of small bhlobs of sand from the sand bed at the very edge of the
pump well. It was discovered during Run 2ia that this could bte prevented
if a piece of window screen (16 openings per inch) was placed vertically
in the flow an inch or two from the end of the steel bed of the fiume, as
shown in Fig. 9. The turbulence induced by the screen was sufficient to
prevent the formation of a sand bed between the screen and the falling off
point; hence there was no more sloughing at the edge. The improvement due
to the screen is shown by the following comparison of the six end samples
for Run 21 without the screen with six more for Run 21a wilth a screen,
Run Zla was intended to be an exact reproduction of Run 2L, tut with a
screen at the downstream end as well as three damping screens at the up=-

gtream end as described in Sec. Be.

Sediment Discharge Concentration, gr/l

Run 21 Run 21a
(without screen) (with screen)
Average of 6 samples L85 . 493
Standard deviation 0.59 0.32

Tt is quite obvious that the screen reduces‘the random fluctuations con-
siderably, without affecting the mean., In fact, it is probably just acci-
dental that the means agree so well.
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Because of the various kinds of errors involved, and the variable
nature of the runs, it is not possible to give a blanket figure for the
probable error of the concentration measurements, It is as low as 1 per
cent for some of the average poimt concentrations measured in the central
region of the channel, bub as much as 5 to 10 per cent for some of the av~
erage sediment discharge concemirations, Individual sample concemtrations
may sometimes be wzreiiable.

H. WVATER SURFACE PROFILES

To determine the depth and especially the slope of the sbream ace
curgtely, it was necessary to measure the water surface and bed elevations
over the entire length of the flume, The graphs of these measurements will
be called water surface or bed profiles. All the measurements were made
with the point gage mounted on the movable carriage and set on the center-
line of the channel,

If the water surface was smooth and glassy, as it rarely was, then
its elevation at any point could be easily determined to the nearest 001 £t
by lowering the point gage until it just touched the surface and a meniscus
wés suddenly formed on the point. With small ripples or waves on the sur-
face the point gage was adjusted so that when the carriage was wheeled back
and forth about a foot the point gage would make contact with the water for
about half of the distances Since the meniscus, once formed, would not
break wntil the point of the gage was raised a few thousandths of a foot
above the surface, it was necessary to bias the point gage setting so that
the meniscus would e in contact slightly more than half the time, The
smgll surface ripples were usually induced by the entrance, slight irregue
_ laritdies in the walls, or sand ripples or dunes on the bed, and tended to be
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more cr less stationary. Consequently,the instantaneous average elevation
found over a short distance is more reliable than a time average at a fixed
point,

The elevations were read from the seale on the carriage, with cor-
rectiona, if any, and were recorded directly to the anearest ,00L ft on a
graph of point gage readings vs. station slong the flume. MNeasurememts
were usually made at one or two-foot intervals, depending on the accuracy
desired and the scatter of the points. A typical water surface profile for
a run with only small ripples on the water surface is reproduced in Fig., 10
for Run 27. The other cuaves on Fig. 10 will be explained in the follow-
ing sections,

If the total heights of the ripples or waves were not more than
«010 ft then the probahble error in the measured elevations is less than
«00L ft. However, in a number of runs, especially those with the highest
Froude numbers (> 0.7), the height of the standing waves often reached
020 £t and in a few exceptional cases, +050 ft.

In those cases, where the mean elevation could not be easily esti-
mated bty eye, the elevatiomsof a typical trough and crest in the vicinlty
of each station were measured. Since the height of the waves was still
small compared with their wavelength (usually of the order of one foot),
the average of the crest and trough elevations is a good first aspproxima-
tion for ihe mean elevation, Unavoidably, though, one wave may not be
representative of a group passing slovilly by a given station., Thus, many
measwrements along the flume are needed to obtain a relisble mean water
surface profile, A profile for a wavy condition is shown in Fig, il.

Since the waves always kept moving dlightly it was useless to try
to plot the exact positions of any particular waves; therefore, points for
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a crest and an adjacen‘b trough were both plotted on the same abscissa on
the graph of point gage readings vs. station. The calculated mean points.
were also plotbed, and the profile of the mean waber surface was then
plotted through these points. The scatier of the points is rather large,
but it is believed that a smooth curve drawn through them is reasonably
reliatle, In viewing the water surface profiles in Figs. 10 and 11, the
reader should note that the zeros on the vertical scales are suppressed
and that the relative distortion of the vertical and horizontal scales

is 1:200. The bed profiles, depth curves, and emergy lines are explained
in the next three sections.

One or nmore waber surface profiles were made in this way far each
of the following rmna: 2, 3, b, 6, 7, 21, 21la, 23 to 30, with sediment;
and €L to Ch, 06, and C7 with clear water, Unfortunately for the other
runs, 5 and 8 to0 13, only a mean water surface with a possible error of
geveral thousandbhs of a foot was recorded, In these cases, the flume
slope was adjusted so that the water surface was parallel to the flume, and
’c.iza average was debermined by running the carriage back and forth over the
whole length of the flume, There were no large surface waves, Accurate
water surface profiles would have been useful in obbtaining more accurate
measures of the depth and the slope of the energy grade line,

I. BED ELEVATION PROFILES AND MEAN DEPTH

In addition to the water surface profiles, it was necessary to have
bed profiles, If the tip of the point gage is lowered to measure the eleva-
tion of the bed surface when the flume is running, it simply erodes a small
hole in the bed, Furthermore, the visihility is very poor with any appre-

ciahle amount of sediment in suspension, It was necessary, themn, to sbtop
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the flume in order to take any measurements bat alle .Ii' the pump is stopped
suddenly, several large waves travel up the flume, tut the bed configuration
is practically undisburbed by the passage of the waves overhead. This was
checked both v.z.sually and with motion pictures. The sand in suspension
which settled to the bed increased the bed elevation slightly, ususlly less
then 005 £+, and always less than #0015 f£t, A correction for this was
necessary only in Rmis 21 and 29,

- Point gage readings 'l;;o the nearest 001 £t could e made m a sand
surface .nnder water with the aid of an intense oblique beam of light from a
flashlight attached to the end of the carriage. The light was focused on
the bed under the point gage and the gage was lowered until the point just
touched its omn shadow, thereby indicating contact with the bed, The ac-
curacy of the technique was tested in the window section of the flume where
it was possible to look into the flume with one's eye at the level of the
beds |

In the earliest runs with sediment, Runs 2, 3, L, 6 and 7, the sand
bed of the stream was flat except close to the walls. The bed elevation
was measured at the center of the channel without disturbing the sands The
depth at the centerline, which is just the difference between the water sur-
face and' bed elevations, was found to be reascnably representative of the
whole width when the bed was smooth, From the depth profile along the
flume, a reasonable vé,lue of the mean depth at the sampling station was
estimated.

For Runs 5, 8, 9, 10, 11, with the bed covered with dunes, the mean
elevation for the whole flume was estimated to the nearest .005 £t from
some scettered measurements and the knowledge of how much sand there was in
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the system. The mean depth, computed as the difference between the esti-
mated mean water surface and bed elevalions, was subject to errors mwp to
+ 005 f£t. Since more accuracy was desired, this procedure was changed
after Pun 11,

A bed scraper was built for leveling the dunes to find the mean
sand elevation in a given reach, This deviece is shown in Pig. 12 slong
with the carriage and point gage. The frame slides on the rails on top
of the flume and the straight-edged, double~bladed scraper is supported by
two vertical 5/16-inch rods. Each rod is threaded on top and can be ralsed
or lowered independently by twrning a wing nut. The rods are spring loaded
so that the scraper is held firmly in the position set by the nuts,

To level the bed, the scraper was pushed back and forth over a
given reach and adjusted between passes until all the sand that was origi-
nally within a given reach was redistributedtv make a perfectly flat sur-
face with no sand left over, The elevation of this artificially formed
surface was measured with the point gage on the center line, so that it was
umecassary 4o keep the Htlade of the saraper precisely leveled in the trans-
verse direction. Even if one end of the scraper happens to be set slighte
1y higher than the other, the cember elevation must still be the average
elevations This independent adjustment of the two ends was very helpful in
the leveling process because freqmrrblj in the case of dunes there would be,
by chance, a little more sand on one side of the channel than the other in
a short reach,

Since the sand is originally in a very loose state, measurements of
the density of the sand in place before and after scraping showed that the
density or the volume is virtually unchanged, (The sand density measure-
ments will be described in Chap. IV, Sec. C.) Consequently, the measured
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average elevation must be very close to the true mean sand elevation of
the configuration before scraping,.

To determine the bted profile, the bed was screped in reaches or
sections of elther 2, 3, or L feet, depending on how irregulsr the bed
appeared and how much variastion there was between adjacent reaches, Seo-
tions shorter than two feet were not used because they ere oo short in re-
lation to the wavelength of the dunes to get a good sample. For example,
if a reach is only two and ane-half wavelengbhs long, the mean bed eleva-
tion will depend quite a blt on whether there are three troughs and iwo
crests, or two troughs and three crests included in the interval being
scraped. Iwo typical soaragped bed profiles are showm in Figse. 10 and 11.

In some of the runs, long sand waves going through the system
caused the water surface and bed profiles to fluctuate cyclically over a
period of 2 few hours, Hence it was a general procedure to take the bed
profile immedistely folldwﬁ.ng a wzter surface profile in order to be sure
that the points should correspond to exactly the same flow condition.

| Talding a bed profile with the scraper destroys the bed configura-
tion and sometimes several hours are needed to regenerate it, For Rms 21
to 30, one or more preliminary sets of water surface and bed profiles were
taken to estalilish an equilibrium flow and then when the final run was made
a water surface profile was measured during the last ten or fifteen minutes
of the rm. The pump was shut off Jjust as soon as the profile was finished,
Photographs and measurements of the dune size were made, and f:‘.nélly the
bed was 1eveled for the bed profile,

A depth profile was obtained by plotting the difference betweesn the
mean bed and water surface elevations at each station, The mean depth was

calculated for the part of the flume in which the flow was judged to be ap-
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proximately uniform and in equilibrium and was used as the basis for calw
culating the shear and mean velocity for Runs 21 to 30, For Runs 12 and
13, bed profiles Wwere obtained with the scraper, tut no detailed water sur—
face profiles were made. The depth in these two ceses was based an the
measured average water surface and the mean of the bed elevations,

In conclusion, for the runs with movahle sand bed, gocd water sur-
face profiles were obtained for Pums 2, 3, L, 6, 7, and 21 to 30, and good
mean bed profiles with the scraper for Runs 12, 13 and 21 to 0. The other
runs were all deficient in one respect or ancther as outlined above, The
set of Runs 21 to 30, with 0,10 mm, sand, should e considered more accu-
rate than the first set, Rums 2 to 13 with 0,16 mm, sand, which suffered
somewhat while the author was learning good experimental techniques,

Jo DEPTH REGUIATION

The depth of i‘low was regulated by the amownt of waber used in the
system, inasmuch as the only place in the system where the water storage is
vériahle is in the open channel section itself, This is quite different
from an open eirewit system where the water is supplied from a reservoir
and the depth of flow is controlled by the discharge, the slope, and the
roughness (or a downstream control in & short flume), For a given dis-
charge, depth is an independent variable and slope is a dependent varialle
in a closed circuit flume, whereas in gn open circuit flume the situation
is reversed,

The relative volume of water in the flume was determined by the
static water level ai some particular flume slope setting. A stationary
point gage at the upstream end of the flume was used to meassuwre this level
to the nearest 001 ft.



-5 -

Fluctuatione of the distribution of sand in the system made it im~
possible to establish a fixed relationship between depth and amount of wa-
ter, But the depth for any given run could be maintained constant by keep-
ing the smownt of water in the flume constant. For every liter removed in
the process of sampling, a new liter of water was added at the same tims,
For long runs, replenishments had to be made also for evaporation and leak-
age through the packing around the shaft of the pump. Such closs control
on the amount of water is necessary because ocne liter is equivalent to
«COL £t of depth.

K. SIOPE OF THE ENERGY GRADE LINE.

The ensrgy slepe of the flow is almost always one of the most dif-

ficult quentities to measure, because the actual drop in the disitance of a
laboratory flume is very small. In these experiments the slope ranged from
<0013 to .00355 if the section of wdform flow is twenty feet long, the
corresponding drop is only 4026 to 070 ft.

| In the rwns without complete waler surface and bed profiles

(Runs 5, 8 to 13), the slope of the flume itself (which was also the slope
of the water surface) was taken as the slope of the energy line. Actually,
the water surface slope is the true energy slope only if the bed is paral-
lel to the water surface; otherwise the wvelocity head varies, since the
depth varies.A No bed profiles were made for Runs 5, 8, 9, 10, and 11, but
by visual inspection of the bed configuration this correction was judged to
be small, For Runs 12 and 13, bed profiles were made with the scraper, and
a small correction (=,00015) was made for bed slope in Run 12, The maximum
possible error in the slope values for this grow of rms is probally aboub
+40002, because of errors in determining the slope of the water surface,



and the unknown factor of the bed slope.

In the other runs, for which there were both water surface and bed
profiles, it was possible to calculate the specific energy, e, at points
every few feet along the flume,

In coordinates referred to the rails of the flume, e is defined
ass 2

e = y; +a z
wherein U = mean velocity in the entdre cross section,
g = acceleration due to gravity, and

1
yB

The velocity head coefficient a, was taken as 1.00, since a few per cent

= elevation of water surface by the water surface profile.

error in a has a negligible effect on the slope,

Depending on the spacing of the bed measurements, e was calculated
and plotted at 2, 3, or L foot intervals, and then a straight line was
fitted to the points Wy eye in the working region of the flume, The slope
of the energy line, S, is the sum of the slope of the flume, Sps and the
siope of the energy line relative to the flume, An effort was made to keep
the relative slope as small as possible, usually + 0001 or less,

In some of the rwms a simpler, although equivelent, calculation was
made in case the water swrface and bed profiles were fairly straight ale
though not quite parallel. If =x is the distance along the flume, then,
as stated above:

JEEANE SUTE Rt )
Now if q is the discharge per wnit width, and y, is the bed elevation, the
depth, d, 1s (y, = 3, ) and
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In opem channel hydraulics, the Froude number F is defined as
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2

The slope of the flume is read from the s::.ope gage, and the slopes of water
surface and bed relative to the flume (g‘g and &E) are obtained from the
profiles, In all cases, S =5, so that the last two terms of Eq. 3.03 ac-
tually represent jusl a small correction to Sf.

It is interesting to note from Eq. 3.03 that the relative importance
of the bed and water surfg.ce slope is governed ly the Froude number; that
is, as F 1, S‘--(Sf - ;5, (the absolute bed slope), and ag F—~0, 8§ —

1

T
Sp « = ), (the absolute water swface slope).

For Runs 2, 3, L, 6, 7, 21 to D, and 02, C3, Ch, and 06, for which
the energy line was plotted or S was determined by Eq. 3.03 above, the
probable error is estimated to be less than 00005 or roughly 2 per cent

of an average value for the slope,

L. OBSERVATIONS OF BED CONFIGURATION

When the first runs with dunes were encountered it was decided that
it would be worth while to make some quantitative observations of the bed
- configurations and to record them permanently with photographs, Rough
measurements were made of dune wavelength, height, and velocity of movement;
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but beecause the dunes on the bed were usually so highly irregular, (as
ghovm by the photographs in Ch. VI, Sec. B) ,it was very difficult to define
these quantities and their average values objectively. Hence, the reported
values should be considered as spproximate, for they are not the result of
tedious precise measurements on randomly selected dunes. The observations
are intended only to give relative order of magnitudes and to help show how
the bed configuretion is relsted to the other variables, especially channel
roughness. Some of the particular problems encowntered in measuring the
height, wavelength, and velocity of dunes will be discussed in the follow-
ing parsgraphss

Dune height, although apparently a straightforward measwrement, de-
fies precise definition., First, the troughs just upstream and just down~
stream from a crest are usually not at the same depth, so that the height
on the front is different from the height on the back, Furthermare, the
erests are not truly two-dimensicnal; the lateral extent is often only a
fraction of the flume width, the line of the crest is never straight, and
‘the crest elevation varies considerably along the top of the dune, often
dropping to zero at the ends., Should the maximum or aversge cresi height
be used? If so, should its elevation be compared with the deepest part of
the trough, which frequently is off to one side, or should the trough ele-
vation just downstream or upstream be used? |

In addition, there is the perplexing problem of deciding how big a
little hump of sand has to be befare it warrants being called a dune, and
being included in finding the average dune height. And conversely, how
large must a depression in the sand be before it is allowed the distinction
of being a genuine trough? This question is particularly bothersome in the

case of a large mound of sand with two peaks separated only by a very shal-
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low dip; in a case like this, is it one dune or two, and what should the
dune helght be considersd?

The foregoing questions illustrate some of the impasses encountered
in measuring dine height. In general, the author tended to measurse heights
from the highest point of the crest to the lowest point of the trough; av-
erage dune heights were estimated from a selection of representative looking
dunes. Frequently, the highest dune was located and measured, because it
is a more objective measure than the avérage dune height.

Inside the flume the elevations of crests and troughs were measured
with the point gage; next to the window they were mesaswed with a scale,
Usually the dune heights in the central region are about the same or
slightly smaller than the heights next to the window. The dune height was
measured most frequently next to the window, because it could be done with-
out stopping the flow,

¥easuring the dune wavelength was subject to some of the same dif-
ficulties as measuring the height. The usual procedure was to measure,
several times during the progress of a run, the total length of a sequence
of about ten dunes next to the wall, From the photographs it is épparent
that it was often hard to decide what should be counted as a dune, The
procedure was to omit & small crest If it gppeared more o less accidental,
and include it .if it seemed to have a definite connection with the rest of
the configuration in the chamnel, The average wavelength was debermined by
averaging all the results, Note was frequently made of the range of values
and sny obvious relation of wavelengbth to dune height in individual cases.

From the photographs it may be seen thet the wavelength at the wall
may be either a little larger or smaller than the wavelength in the central

region. In general, the wavelength was measured at the wall, as was the
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height, because it was ummecessary to stop the flow,

The average velocity of travel of the dunes downstream was meas-
ured by following several representative crests and troughs at the window
for a few minutes, Since the dunes would frequently change shape drasti-
cally or disappear before going even cne fool, they could not be followed
for long distances, Here again the average values reported for dune wveloo-
ity should be considered only spproximate; the sampling of dunes was meager
and the velocity near the wall is probably less thsn the dune velocity in
the central region. Because of the reduced visibility of the sediment-
laden water and the difficulty of measuring distances on the bed inside
the {lume when the water was running, it was possible to measure dune ve-

locities only ab the wall,

M. PHOTOGRAPHS

Several photographs were taken for &ll the runs except Runs 2, 3,

L, and 7, to record the bed configuration or the character of the water sur-
face (wavy, ripply, smooth, etc.). Some were taken overhead looking down,
and others through the side windows. Some of the best photographs are in-
cluded in Chap. VI, Sec. B. (Figs. 27 to 38).

For the overhead pictures, the water was stopped and allowed to
settle, It was not generally feasible to drain the water off, because many
puddles remain after draining and one or two days' wait is required for the
bed o dry up enough o look natural again. When the photographs were tal-
en through the water, the light was scattered some by a small amount of
colloidal matter in suspension, resulting in less than normal contrast be-
tween the iight and dark regions, The light was supplied by a flash bulb

mounted in a reflector about 18 inches above the bed, and facing downstream.
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Thus the light areas in the photographs are alwgys the upstream faces of
the dunes, and thé shadows are the downstream faces. The overhead photo-
graphs of the bed are all mounted so that the light is coming from the
readerts left, snd the domstream direction is to the right,

The window pictures were taken either with the water ruming or
still, depending on the visibility in the flow. The bed was lighted with
two photoflood lamps behind the opposite window, A steel tape, marked in
inches, was placed in all these pictures to give the scale and provide co-
ordinates for reference, For some of the runs, growps of pictures were
taken at measured intervals of several minutes to show the change and rate
of movement of the configuration, Values of dune height, wavelength, and
velocity obtained from the photographs were used to supplement or check
the values measured directly.

Some time lapse and high speec}. motion pictures were taken for the
purpose of studying the motion of the dunes, The observations from them
will be explained later, in Chap. VI, Sec. B.

N. ESTABLISHING UNIFORM FLOY IN EQUILIBRIUM:; REPRODUCIBILITY

Before making final measurements for a run it was first necessary
to establish uniform flow in equilitrium with its sand bed, With a movable
bed this was far from easy because of the changing configurations of the
bed (smooth or rippled), and the frequent tendency for the sand to spread
itself unevenly throughout the length of the flume, Equilibrium as used
hereafter implies (1) that the depth of flow stays constant over a working
section of the flume, and (2) that the pattern and distridbution of sand on
the bed has stopped changing.
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Originally, it was believed that the rate of 4ransport and the
flow velocity would be uniquely detexrmined by the size of sediment, the
gize of channel, amd the shear stress on the bed, which in turn depends
gimply on the dap‘t.h, width, and slope of the siream, As fazr as this author
has been able to ascertain, every previous imvestigator of sediment trans-
portation phenomena has assumed this hypothesis to be true; therefore, it
was quite a surprise to find that the relationship is not unique, A fur-
ther discussion will be included with the experimental results in Chap. VI,
Sece Ao

This false assumptlon led to immediate difficulty in programming
the runs to be made in the flume, The three main guantities which could
be regulated were depth, d, discharge, ), and the slope of the flume, Spe
The width is fixed and the sediment load cannot be controlled directly.

An attempt was made abt first to select various depths and slopes to be run
for each of the sand sizes; but in the course of the eXperiments it was
found that for some depth-slope combinations, there are two, or maybe even
more, @lfferent equilibrium discharges and sediment loads. These are pos-
sible becauss of the btremendous variations in the roughness of the channel
due to the gppearance of dunes of various sizes,

Over quite a range of conditions, the slope changes very little, so
that equilibria are hard to define sharply on the basis of a given slope.
Furthermore, small changes in discharge, made to adjust to a given slope,
can produce significant changes in the other variables, like total load
and bed configuration. Sometimes it was not always possible to debermine
immediately even whether or not an adjustment of discharge was toward or
away from equilibriwm, Consequently meny hours could be wasted trying to
obtain an equilibrium by adjusting the discharge to match a given depih-
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slope combination,

On the other hand, by fixing the rate of flow and the depth, it was
possible to meke the final edjustment in the slope quite simply. If the
first epproximation for the slope was in error, the amount of adjustment
required could be figured by measuring the slope of the emergy grade line
relative to the flume. The adjustment of the glope of the flume would then
cause only slight changes in the equilibrium. The slope of the energy line
was really already determined, so in effect the inclination of the flume it~
self is just being adjusted to this slope, with the only net change to the
flow being very minor redistribution of depths over the length of the
flume. The rapid convergence of this adjustment process is well illustrat-
ed by Run 24 and the two corresponding preliminary runs, as followss

Prelim, A Prelim. B Final Run

Sf = slope of the flume 0023 «0030 0029
§ = glope of the energy line .0030 0029 0028
d = mean depth of flow, £t 223 «223 .226

Q = discharge, cfs 265 «265 265

It is quite clear that a good estimate of the equililriwm slope of the en-
ergy line can be made even when the flume slope is bedly off as in Pre=
lim. As The slight drop of S from .0029 for Prelim. B to (0028 for the
final mm can be attributed in part to the slight increase in depth,

The time required to reach equilibriim depanded' on the sediment
load and f.he amount of adjustment of the bed configuration required, With
high loads, less than one-half hour was required, tut with light load w to
four hours was sometimes needed. The final configuration of the bed was
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found to be independent of the initial bed configuration, whether flat or
in dunes, evenly or wnevenly distributed in the flume. The initial condi~
tion affected only the amount of time required to reach equilibtrium,

The reproducibtility of the runs was excellent, This was well dem-
ongtrated in Run 28, where two water surface and bed profiles were taken on
two different days. Scrgping the bed for the first hed profile erased the
dunes and ripples, so that the dunes had to be regenerated and eqnilibrimn
reegstablished before any other measwrements, including the second set of
profiles, could be mades The two sets of profiles were practically identi-
cal, indica’cdné that the equililrium achieved was stabtle, well-defined, and
reproducibles The calculeted mean depths, velocities, and slopes for these
cases were practically identiczl, as shown by the following tabulabions

First Day Second Day

d = depth, f% «285 «284
U = mean velocity, £t/sec 1.31 1.32
S = glope .002)45 00242

Other runs gave similar evidence of being wvery stable,

0. SUMMARY OF PROGEDURE

T o establish uniform flow over a sand bed in equilibrium, it was
found most fessiltile to select the depth and discharge and to adjust the
slope to make the flow uniform., After running the flume long enough to
ensure that the equilibrium was well esteblished, verious measurements and
cbservations of water surface and bed elavation, velodty, sediment con-
centration, bted configuration, and other items were taken. The extent of
the data obtained and some of the procedures used for each of the runs is
surmarized in Table I,
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Table 1

SUMMARY OF PROCEDURE

2[3TLI5[6] 811221 [21a] 23] 24| 29| GL [CB[CT)
Run Numbers 7 913 Py c2
10 26 c3
ik} 27| |ch
28
k)
Bed Condition:
Smoob. x|xix| (x x| x |x X
Dunes X xix X
No sediment x |x |x
T@era’oure:
HNet controlled o x|xjxix|x] xix X |x [x
Controlled at 25 C X | x |x |x |x
Velocity by Pitot tube:
Vertical centerline profile x(x|x| [x X x |X |x
Other vertical or horiz, " x X |x [x
Hid-depth, centerline only X |X
Digcharge:
Measured by Venturi Xlxxfx| xlx |x | xi1x |x |x |#¢|x [x
Sediment Samples:
Various depths on centerline X\ x|x| |x X b 4
Mid~-depth, centerline only X |x
Diascharge samples X[x|x[x|x|x |x | x [x |x [x
Water Surface Klevations:
TEstimated over-all average x| | x|z :
Detailed profile x|\ x|x| |x X | x|x |{x |x|x [x|x
Sand Bed Elevations:
Flat bed - centerline profile | x|x|x| |x x 1 x|x X
Avergge estimated x x
Scraped for profile X (x| x|x |x|x
General character of water surf-
g_c_gmdbedobserve&' x| xix{x{x|xjx |x | x|x|x|x|[X|x|x
Bed Configuration leasurements:
“Wavelength of dunes* x| |x|x [z [ x[x [x |x
Height of duness xlx x| x [x [x|x
Velocity of dunesst x xjx [x | x |x |[x |x
Photographs:
"'T?Fcﬁ'é%?indow - gtill x |x [x
" " wwater in motion x| x[x x| x |x |x |x
Bed from overhead - still x{x|x[x lx | xix |x |x

#Dunes or ripples near wall if bed is smooth in center, or meanders in bed
*#For Run Cl, the discharge was found by integration of velocity. distrib.



- 86 -

CHAPTIER IV

SAND CHARACTERISTICS

Fortunately, the uniform sands previously prepared and used by
Vanoni (5) for suspended load investigations were still availalile and were
used in these experiments,making it ummecessary to prepare new sand,
Ismail (6) has also used these same sands, Two different wriform sands
were used: Sand No. 1 with mean sedimentation dismeter of 0.159 mm for
Runs 2 to .13-, and Sand No, 2 with sedimentation diameter 0,103 mm for
Runs 21 to 30. Setiling velocity measurements made on these sands by
Vanoni were used as will be explained in more detail below.

A. SEDIMENTATION DIAMETER AND FALL VEIOCITY FOR SAND GRAINS

The basic characteristics of sediment in all suspended load studies
is 1ts settling or fall velocity, W, in the trensporting fluids Tt is &
complex function of the size, shape, and density of the particles, the den=
sity and viscosity of the fluid, and the concentration of particles in sus-
pension. The size and shape of a sand particle are hard to describe geo-
metrically, tut the net effect of the zize and shape on settling mzy be
conveniehtly indicated ty the sedimentation diameter, D g The sedimenta-
tion dlameter of a particle is by defin;ﬁm the dismeter of a sphere of
the same density as the particle which has the same £al1 velocity in the
same fluld at ihe same temperature,

McNown and Malaika (20) have made some measurements of drag on vare
lous small spheroidal, cylindrical, prismatic, and conical bodies at very
small Reynolds numbers, From their results, it may easily be demonstrated
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for all the various shapes tested and for Reynolds numbers in the Stokes
range (<0,1) that the sedimentation diameter depends only on the size and
shape of the body itself, and not on the properties of the fluid or the
difference in densities., In the absence of any direct evidence to the cone
trary, it seems guite reasonable to assume that the same is also approxi-
mately true for sand grains even at somewhat higher Reynolds numbers. In
the present experimemts, the highest particle Reynolds mmmber, based on
fall velocity and sedimentation diameter, was about L.

For sand grains setiling in water, the variation in Reynolds number
is due entirely to temperature change, and in all practical casses this varie
ation is less than a factor of 2 or 3, Thus, even though it may bte found
that the sedimentation diameter of a given particle changes somewhat over
a wide range of Reynolds mmbers, still it is believed that the essumpticn
of constant sedimentation diameter will be found to be fairly good for the
purpose of maldng temperature corrections of fall velocity.

. Since the sands used were predominantly quartz (specifie gravity
2465); With only a trace of heavy minerals, the chart prepared by Rouse (1)
for the fall velocity of quartz spheres in water at various temperatures
was useds It is based on calculations from the well-defined drag coeffi~
cient -~ Reynolds number diagram for spheres. From the measwred settling
velocity of any sand grain in water at a known temperature, the sedimente-
tion diameter, or the diameter of a quartz sphere having the same f£all ve-
locity, mey be read from the charb;

McNomn and Lin (21) have shown that the settling welocity of uni-
form siged particles decreases markedly as the concentration of the par-
ticles increases, This effect is called hindered settling because of the
interference of the flow patterns estsblished by each falling particle, As



a particle subsides, the swrounding water must flow upward; but when there
are a great many particles settling, more water must be displaced upward
through a constricted cross section, Hence the fall velocity is reduceda
Although their enalysis epplies strictly only to suspensions of small iden-
tical spheres, it undoubtedly gives a good first spproximation for a fairly
uniform suspension of natural sand grains,

Table 2, based on an interpolation of McNown and ILin's results,
gives the reduction in the settling wvelocity as a function of concentration
for quartz spheres of diameter 0.103 mm. in water at 25°C. These values
are the corrections which will be used for Sand No. 2. Since point concen—
trations as large as 28.5 gr/l were measured, it is importent that hindered
settling be teken into account in analyzing the experimental results.

Unfortunately, the snalysis of McNown and Lin does not ertend to
high enough particle Reynolds numbers to permit tabulation of reductions in
fall velocity for Sand Noe 1 also. Nevertheless, the trend in their re-
sults for increasing Reynolds numbers indicates that the peréentage reduc-
'bioﬁs would not be as large.

Be MEAN SEDIMENTATION DIAMETER FOR A MIXTURE

The problem of finding a mean sedimentation diameter for a sand
mixture has been handled in essentially the same way as done by Vanoni (29).
First a sieve analysis of a sample was made with a fourth root of two se-
Ties of standard Tyler laboratory sieves, which were shaken for 10 minutes
in a Tyler Rotep machine, For each sieve fraction, Vanoni had found a mean
sedimentation diameter, D 5’ from directly measured fall velocities of a
nuber of randomly selected sand grains, Results of his which are used
here are tabulated in Table 3. Note that for the small sieve sizes the



Table 2

Effect of Concentration on the Fall Velocity
Z Spheres in in vater

{based on McNovm and Lin)

Diameter = 0,103 mm Temperature = 25°ci.

Poer cent
Concentration Fall Veloecid Reduction

gr/l I%/sec

0 0300 0

0.1 20299 0.2

1 0290 3

5 0275 8
10 2026l 12

20 #0250 26

20 0242 19

Table
(after Vanoni)

Relatian between Sedimentation Dismeter
- and Sleve Diamster

Tyler Sieve s lMean D, Mean i’ Fal
Sieve Noe fex Sieve %1 Velocity
Retained on Above Ret. on Diem., Sed. Diam. &bt 20°C
mn T m m on/sec
80 208 175 191 .198 2.38
100 JA75 k7 61 .168 1.86
115 a7 a2k a3 JA53 1.61
150 Ja2h .10k a1l 129 1.2
170 .20k ,088 096 107 0489
200 088 .07k 081 096 0.7h
250 O7h 061 067 086 0.61
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mean sedimentation diameter is substantislly larger than the mean sieve
di ameter,

The average setiling velocity, w, abt 2000, for any mixture is cal-
culated as the'mighted arithmetic average of the sieve fraction settling

velocities, 3 that is
W o= éi Wipi N (h.()l)

where Py is the fraction of the total weight of sand in the ith sieve frac-
tion, and fpi = 1, The mean sedimentation diameter D s is then taken as
the sphere diameter corresponding to w, instead of the weighted mean of the
individuad Dsi as Venoni suggested., However, with the sands being fairly
wniform, the calculated mean sedimentation diameter is practically the same
by either method.

Since we are directly concerned with settling veloclty, it seems
more reasonabile in general to average the fall velocity instead of the sed-
imentation diameter. Furthermore, w, as defined above, fits conveniently
into an energy dissipation formula., If ¢ is the total concentration of
& dlute suspension, expressed as weight per unit volume, the rate of emer-
gy dissipation per unit volume due to the quiescent settling is simply

E = ?.wi(cpi) = ¢ é"ipi = CW . (L.02)
This equation will be used in a later chapter,

Values of the mean settling velocity of a mixture at other temper-
aturesmsy be found by using the mean sedimentation diameter and the fall
velocity chart for quartz spheres (1), Theoretically, it might be better
to find first the individual W, at different temperatures using the Dsi s
and then epply Eq. 4.0l again; but for the well-sorted sands used, the re
sult by elther method is nearly idemtical.
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It should be noted here that the use of a mean sieve dismeter, a
mean sedimentation diameter, or a mean settling velocity for a sieve frac-
tion is theorstically unsound. Baslcally, a sieve is supposed to trap all
the send grains in a certain size range. Suppose, for the moment, thet it
ls possible to define the size of the grains precisely, and that the sieve
nakes a clean-cul separation of sizes, Now the average size of the mate-
rial caught on a sieve will be precisely the average of the upper and lower
slze llmits only 1f the distribution of sand sizes within the sieve inter-
val is symmeirical, The distribution curve for a sieve interval, under
the restrictive 'assump'bi ons above, is simply a segment of the over-all size
distribution curve,

In a sieve interval, the distribution is nearly symmetrical only
if (1) the sieve interval considered is near the center of the over-all
size distribution or (2) the sieve interval is very small compared to the
size range of the sample, Bub if a particular sieve size is substantially
smaller than the mean size of the whole sample, then the average size of
the material caught on that sieve will be biased toward the upper limit of
the sieve interval, or the size of the sleve above, The converse is txrue
vhen the sieve size is larger than the mean;

For example, consider the sieve analysis of Sand 1 plotted on
Fige 13: | 97.6 per cent of the sand passed the 80 mesh sieve with 0.175 mm
opening, and only 55 per cent passed the next sieve, 100 mesh with 0,147 mm
opening, The median size of the sand in this interval is represented Yy
the 76.3 per cent point on the curve, which corresponds to (155 mm, On
the other hand, the average of the upper and lower limits is .16l mm, oxr
i per cent too high. If a larger sieve spacing had been used, such as in
the /2 series, the discrepancy could have been much more serious.
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Thi's effect may account for some of the irregularity of the jumps
between successive values of the mean sedimentation diameter given in
Table 3. Nevertheless s> Vanoni (22) checked his computation procedure for
finding the D s for a mixture from the Dsi for individual sieve fractions
(D, = 21 Dsi pi) by making laborious direct settling velocity measurements
on samples of the complete mixture, The DS values found hy the short and
the long method differed by less than 1 per cent on the average for 5 cases.
Apparently, with the l\‘/T series of sieves used, the bias was small, or
else whatever bias there might be in Vanoni’s values of the mean sedimenta~
tion diameter, Dsi (Table 3), is probably largely cancelled with the sands
used here because the original calibration of the sieves was done with a
similar sand.

Co ANALYSIS OF SANDS USED IN EXPERIMENTS

Before using, each of the prepared sands were dry-sieved to remove
any debris,and a small representative sample of each was obtained for sieve
analysis by splitting the entire body of sand successively in halvgs with a
Jones sampler splitter. The sands were then thoroughly washed in a dilute
gsolution of sodium oxalate, a peptizer, to remove the dust and get the par-
ticles completely wetted. The dry weight of Sand No. 1, placed in the
flume for Runs 2 to 13, was 115 pounds, and the same smount of Sand 2 was
used in Runs 2L to 0. The entire available supply of each size was used,
but the average thickness of the sand bed with the sand distributed over
the LO-foot~long flume section was still only ,OUS i‘ﬁ or slightly over
1/2 inch. In hindsight it is reslized that more sand might better have
been used, inasmuch as & few bare spots sppeared on the bed when large
dunes were formed, The possible effect of these bare spots will be dis-
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cussed in Chep. VI, Sec. B (3).

The sieve analysis of the two sands used are plotted cn logarithmic
probabdility papexr in Fig. 13, as suggested by Ctto (23). Since the loge~
rithms of the sand sizes are zpproximately distributed according to the
normal error law, the sieve analyses plot as straight lines except for
the talls, Thus the geometric mean is the median (by weight) or the
50 per cent size, 1).50', and the geometric standard deviation, o"g, is the
ratio of DSO to D, ¢o the size for which 16 per cent of the sand is finexr,

Table li swmarizes the main properties of the sands used.

Table 4

Sumary of Sand Properties

Sand No. 1 Sand Noe. 2

Geometric mean sieve diamster, Dy, mm «1l5 088
Geometric standard deviation, 6 2 1.1 117
Mean sedimentation diameter, D_, mm «159 2103
Yean settling velocity (ao°c) ,W, cm/sec  1.69 0.83

' Ave, density in place in flume, gr/cc - 1.h46
Main constituent Quartz Quartz
Specific gravity 2465 2.65
Amount used in the flume, 1b s 145

A very slight decrease in size has resulited from the extensive use
of these sands; Vanoni originally reported the geometric means as 147 mm
and ,091 mm for the two sands, while the corresponding values just prior to
these investigations were 145 mm and .088 mm, There has alsc been a slight
increase in the geometric standard deviation, _

The dry weight of sand per unit volume in place under water on the
bed of the flume was measured for Sand No. 2, With the sand bed flat, the
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depth of the sand layer was measured carefully with the point gage, A
short piece of 3-inch-diameter thin-walled brass tube, 1 1/2 in, long, was
sharpened on one end and pushed down through the sand to the steel bed.

'~ The volume of sand thus enclosed was determined from the cross-section area
of the tube and the depth of the sand layer,

The sand Inside the cubtter was easily removed Yy siphoning since
the top of the cutter was beneath the water surface, The siphoned water
was filtered, and the sand dried and weighed, The calculated density in
place ranged from l.43 to 1.50 gr/cc for five determinations, with an av-
erage of 1.46 gr/cc or 91 1b/ou £t, This is a typical value for loose uni-
form sand. Consequently, it is presumed that the density of Sand No. 1,
which was not measured, was approximately the sane,
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CHAPTER V

CALCULATION OF BED SHEAR AND FRICTION FACTOR

A. DEFINITION OF SHEAR

One of the most difficult, but most important quantities to deter-
mine for a flowing stream is the shear stress exerted on the bed., This
shear is the force which causes loose granular maberial to roll and slide
along the bed of a stream., Furthermore, the internal sheai- stress in the
water generates turbulence which enables the stream to carry sediment in
suspension. The intensity of the turbulence and the strength of the turbu-
lent diffusion are directly related to the shear,

Even 1f the bed of a stream is a flat surface, the bed shear stress
at any point varies with time because of the turbulent fluctuations of the
local stream velocity., C.M. White (24) has shown that these shear fluctu-
ations can be of the order of magnitude of 100 per cent, However, of neces—
sity, only the time average shear will be considered here,

‘ If the stream bed is not smooth but is covered with obstacles, such
as dunes or large particles, part of the resisting force will be due to in-
ereased pressure on upstream faces of obstacles, and reduced pressure in
the wake behind them. Iooking at the stream as a whole, it is impossible
to separate the direct shear from the components of the normal forces par-
allel to the stream. Thus, the term, shear stress (or shear), as used here-
inafter will refer to the resultant of all normal and t_angential stresses
acting on the bed in the direction of flow, and averaged over an area large
compared with the obstacles, This is the usual way that the shear is de-
fined by the hydraulic engineer, bubt it will be shown later that this meas-
ure of shear is inadequate to determine uniquely the sediment transporta~
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tion rate of fine materials. For a given tobal shear stress, more sedi-
ment is entrained from a flat amooth surface than from a surface covered
with dunes, because in the latter case only a small part of the shear is
actually tangential stress effective for moving sediment,

For a channel with a uniform flow, the shear force on the ted is
equal to the downstresm component of the weight of the water. If the cross
section avea of the stream is i, the unit weight of water is ¥ , and the
slope of the stream is S, then the shear force per unit distance in the
direction of flow is ¥AS; if the wetted perimeter is p, the aversge stress,

"Ero at the boundary is
- YAS
T T

The hydraulic radius r is defined as A/p.

= K!'S . (5001)

If a stream is very wide with constant depth, 4, then at an appre-
cleble distance from the side walls the flow is two-dimensional and the

shear stress is

T, = Yds. (5.02)

Unfortunately, the laboratory flume used was not wide enough to make the
flow two-dimensionel in the central region. The shear at the center in
this case is larger than the average, ¥rS, but smaller than ¥dS, the maxi-
mum possible. Some discussion of the distribution of shear in rectangular
open channels with uniform roughness is now in order,

B. SHEAR DISTRIBUTION ON THE BOUNDARIES QF RECTANGULAR CHANNELS
oF "UNIFORM ROUGHNESS

In elementary hydraulics it is assumed that the shear is uniform
around the periphery, and egusls IrS. This assumption is exactly true
only in the case of axial symmetry, as in flow in a circular pipe, or two=



dimensional flow, In all other cases the shear varies in some manmner which
depends on the turbulent structure of the stream. At present so litile is
known gbout turbulence in three-dimemsional chanmels even in the absence of
suspended sediment, that a good analytical solution to the shear disitribu-
tion problem iz not yet possitle, The discussion which follows in this
section is necessarily confined to clesr flow,

(1) Theoretical Solutions, Nevertheless, the Bureau of Reclema~

tion (25,26) has recently attempted an analytical solution of the problem,
using severe assumptions which makes the results subject to scme doubt.
The essential points of their derivation and the restrictions on it, may be

sumuarized as follows:

Jet x = digtance in the horizontal direction
transverse to the flow

¥y = distance in the vertical direction

4. = ghear gtress acting in the direction of flow
on a vertical plane

w = ghear stress acting in the direction of flow
on a horizontal plane.

First they show, quite correctly, that equililwium of forces in the direc-
tion of the stream requires

2 o,

.

x + 2y £ L] (5003)

¥S being the downstream component of the weight of a unit volume of water.
Tt is then assumed that there exists some scelar function ¥(X,y) such that

Y dY '
'tx‘“BgfsTy"Bs‘f- (540k)

vhere B is some constant. Substituting Eq. 5.0L into Eg. 5.03 & Poisson
partial differential equation is obtained:
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[34
_ 5y
{(2) ¥ =0 on the wetted perimeter., Condition (2) is equivalent to taking

The boundary conditions are (1) Ty ™ 0 = 5% at the free surface, and
% = 0 gt the boundary on &ll planes perpendicular to the boundary and par-
allel to the axis of flow.

Eq. 5.05 is then solved either by classical mathematical methods,
vielding solutions in the form of infinite series, or by the method of fi~-
nite differences, or with a membrane analogy. Very good salutions to this
equation may be obbained by these mebthods, i the important question here
is whether the Poisson differential equation even applies to the physical
situation. Since there is no known physical basis whatever for Eq. 5.0.,
the sclution for ¥ and the calculsted values of the shear at the boundaries
must be checked against experimentally determined values of shear for a wide
range of conditions before sy confidence can be put in either the basic
equation or the solution. The Bureau of Reclamation report (26) does not
give any verification of the shear values caleulated, although at first
glance they zppear qualitatively reasonable, The Bureau's calculations
will be compared with scme experimental results in the next subsection.

In this same Bureau of Reclamation report (26) a further assumption
is made vegarding the velocity distribution w (x,y), namely that ¥ = Ku',
where X and n are constants, The value n = )i appears to give the best fit
for comparison with observed velocity distributions., This assumption has
no bearing on the problem of the shear distritution, and does not make
Ede 5.0L any more tenable, In fact, a comparison with the theory of turbu-
lent flow proposed by von Karman (27) for the case of a wide rectangular
channel is illuminating., On the tasis of his similarity hypothesis,
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von Xarmen derives

Ts k2 o E-:-lzf- (54006)

u

where k is the von Kerman wniversal constant (about OuL), p is the mass
density, and u' and u" are the first and second derivatives of the velocity
wiith respect to y« On the other hand, Eq, 5.0L with the substitution
7 = K" reduces for two-dimensional flow to _

Ty =-¢=-B%(Kun)a-}mnun'l uf (5407)
The results are quite different., Since Eq. 5,06 is based on assumptions
which have a de?inite physical 'ba_sis in relation to the nature of turbulent
flow, and Eq. 5407 is not, Eq. 5,06 is preferred and can easily be shown
from measured velocity distributions to be much more accurate. Eq. 5.07
does not lead to the simple power law for the velocity dlstribution as ime

plied by Lane (25)0

(2) Experimental Determinations, The shear distribution on the
boundaries of a chamnel can be gpproximately determined from a measured wve-

ldcd.'by distribution, using the logariilmic velocity formula of von XKar-
men (27)s For two-dimensional or axially symmetric flow, von Karman givés
the velocity distribution, u, in terms of the shear velocity u, = m
and the distance from the wall, y, as

u#?(ln}-'- +G ) (5.08)
for a hydrodynamically smocth wall, and
'l.l ' )
u 'TC_ (l‘l’l + 32 ) (5409)

for a rough wall, where Ks is a characteristic length for the roughness
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elements, ¥hen u is plotted against .'Logl0 ¥, the slope, m, of the straight
line profile in units of velocity per cycle of 10 is

22301 )
m = X X Y (5 010)

The assumptions made ares (1) thabt Egs. 5,08 eand 5.09 also spply near the
wall or bed of 2 prismatic channel whers T and u, are variable; and (2)
that the value of k is the same everywhere in the flow, The value of ¥y for
each point is taken as the distance to the closest solid boundary, Conse-
quently, by plotting the welocity profiles at various points normal to the
periphery and measuring the slope m for each, the relative distribution of
u, can be found by Eq. 5.10. The value of k is still considered unknown,
but may be found by integrating the shear in the following way:

The boundary shear Ty at any point is

T, = g2 = ;k__f n? (5411)
and the average value is, by Egs. 5.11 and 5.01,
- K 73
':,o = -——-5 m = ogrs (5012)
2.3 '

If an over-all shear velocity is defined as

u = Vi /o = VEFS (5.3
ehen ¥ 3 2 |
. = U (51k)
and k = -2—.-39——11—*— . (5415)

JE

Substituting Eqe 5.15 into Eqe 5.10,
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F

.3 (5.26)
VE:

Mthough this result may be spplied to any :shaped‘ channel, the subsequent

discussion is confined to rectangular open channels,

For Buns Gl and C6, two runs with clear flow and smooth boundaries,
the velocity distribubion was measured in sufficient detail to find the
shear distribution by Eq. 5.16. The walls and bed were smooth. In each
case the andlysis was made for only half the channel, since velocity meas—
urements showed that the flow mas symmetrical about the centerline, The
vertical and horizontal velocity profiles are shown in Fig. 1l and the val-
ues of the velocity on which they sre based are tabulated in Appendix D.
More data on Runs Cl and C6 may Ye found in Table 7 in Chapter VI,

All the profiles except one in each case were straight lines on
semi-logaritimic paper with the only significant deviations occurring for
(1) points near the surface, (2) points on a horizontal profile which are
actually closer to the bed than the wall, or (3) points on a vertical pro-
file which are closer to the wall than the beds Curiously, the two pro-
files which were definitely not straight were both the vertical profiles,
0.30 £t ‘:Erom the centerline, or 0.lh4 £t from the wall., They could both be
fitted quite well with a troken line with the turning point at about 0,035
feet above the bed with the lower line having the smaller slope, It is be-
lieved that this is the result of some large scale secondary circulation in
‘the stream which has a fairly fixed pattern. In these two cases the slope
used was the slope of the straight line which gives best fit over the en-
tire profile, excluding the retarded zone near the surface.

To utilize Eq. 5.16 it was necessary first to find \/ m2 . This
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was done by plotidng m2 arcund the boundary, and integrating the area un-
dexr the curve by Simpsont!s rule to get the average. The values of k ob-
tained by Eq. 5,15 were 0,395 and 0.365 for Runs (1 and C6 respectively.
The shear distributions finally obtained are plotted in Fige 15 in terms

of u, /U, , the ratio of local shear velocity to the root-mean-square shear
velocity, or vgr & .

For comariaoﬁ, the shear distribution caleulated by the Bureau of
Reclamation (26) and reported by Lane (25) has also been plotted in the co-
ordinates of Fig. 15 for width-depth ratioc of L. For R Cl the width-
depth ratio is 3,75 and for Run 6, L.9. The agreement between the experi-
mentel and theoretical cwrves is surprisingly good,

All the curves show a meximum shear in the center, tut the Bureau
curve is & little too high in the central part of the bed and toc low near
the corner and slong the wall. In fact, there is no & priori reason why
the shear should be zerco in the corner; hemce the experimental curves were
not made to pass through Zero,

| There are several limltations on the method illustrated sbove for
finding the shear distribution experimentally. First of all, it is rather
difficult to determine the profile slope values accurately, because they
are very sensitive to small errors in the measuwrement of velocity or dls-
tance from the wall. Near the corner, the slope values are especially hard
to measure because the logarithmic law applies for such a amall part of the
profile due to the interference of the adjacent wall, Furthermore, the
large number of measured veloclties required, especially near the bounda~
ries, makes it a tedious procedure,

It is interesting to note that the diascharge calculated from a
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given set of velocity measurements is far more accurate than the shear dis—
tribution calculated from the same velociiy measurements, This resulis
from the fact that the discharge calculation is an integration of velocity,
vhereas the shear distribution depends on slopes or essentially differen-
tiations of the weloecity field,

Since many of the Pitot tube measurements are fairly close to the
wall, scme of the velocities are subject to 2 small bubt undetermined error.
The wall causes too much constriction to the flew around the nose of the
Pitot tube, resulting in too low a presswre at the s tatic pressure opening
and thus too high a measured velocity,

A further limitation is the possilile error in the assumption that
von Karmanis equations can be gpplied. Certainly his similarity hypothesis
treaks down when the velocity u becomes a function of two wvariables, and
the walls upset the symmetry of the turbulent flow pattern. It is encour-
aging, though, that the profiles gemerslly are straight, but it is still an
assumption that the slopes are proportional to the toundary shear and that
k is fiXed for a given flow, | |

The scabter of points in Fig. 15 shows that the experimental errors
are rather large. Hence the curves should be considered only approximate,
It is even doubtful whether the inflection of the u, /u* curves in the bed
section is a real effect,

Keulegan (28) has also studied the distribution of shear in rough
rectangular channels with Bazin's data. Using experimentally derived val-
ues of k = 040 and C, = 845 in the velocity equation, Eq. 5.09, he com—
puted the boundary shear velocities, u,s from single velocity measurements,
instesd of from slopes of velocity profiles. Some minor adjustment of his

results is needed, however, because the average value of (u* /I:[}(_)2 found
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by integration over the boundary is only .90 to .98 for the six cases tabu—
lated instead of 1.00. Consequently, the reported values of the parameter
u, /U, must be, on the average, from 1 to 5 per cent too low, This may Ye
the result of k = 0,40 being 1 to 5 per cent too high. Nmmetheless,
Keulegan's results are substantially in agreement with the two experiment-
ally determined shear distributions in Fig. 15.

Available experimental data on shear distribution are so few and
the errors are so large that it is still impossible to predict exastly just
what the shear distribution will be in any given case, The method outlined
above is still an indirect approach, and future research would be more val-
uable if the wall shear stress could be measured directly as a force, as
has been done recently by Liepmann and Dhawan (29) for a flat plate in a
wind tunnel,

(3) Comparison of Mean Bed snd Wall Shear. In this study, the

difference between the average bed and wall shear, and the value of the
shesr at the center of the bed are of particular interest, If Eb and :Ew

are the mean values of the shear stress on the bed and wall, respectively,

then
- -3 ‘
b My
—= =, (5.17)
-ro mz

and -w ;13 :
. A S (5418)
'ro m2

where m, and m, are the slopes of the velocity profiles along the bed and
the wall. The corresponding bed amd wall shear velocities Usp and U, May
be given by the equations



and
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(5a19)

(5.20)

The values of these shear velocity ratios were calculated far

Runs €1l and ¢6 and are tabulated in Table 5,

For comperison, the same

Average Bed and Wall Sheaxr Velocities, and
Shear Velocity on the Bed

——

Table 5

(Clear flow in rectangular
channels of uniform roughness)

Source

Run C1
Run ¢6
Series 6l, Bazin
v 55, ]
4] 57, ]
n &5, ®
o5,
" 59 n
UsS eBeRe

- T . R
% % yEs

3.75 1403 094 04,96 20167
La9 0.99 1,01 0493 20180
L0 1,03 0492  0.93 <026
Le75 1403 0493 0497 035
L.75 104 0,90 1,01 060
La75 1.05 0487  0.97 060
6.7 1,02 0493 094 0175
Te7 1,01 094  0.95 013
Lo 1.05 0490 0497 -

quantities were calculated for the shear distributions given by Keulegan

(28) for Bazin's data and the theoretical distribution proposed by the

Bureau of Reclamation (26) for width-depth ratio, b/d, equal to L.

In

these casés, the reported shear values were averaged directly instesd

of using Egs. 5,17 and 5,18; in addition, en adjustment was made in
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Keulegan's calculated data by using the actual caleulated average value of
(u, /0,)2 as the relative average shear instead of 1,00 as it should have
been, Simpson's rule was used in sll cases to obtain average valuesfrom
plotted curves. |

From Table 5 it may be concluded that the average shear velocity
for the bed elone (U,,) will only be a few per cent higher then the value
U, = v/ &S in the range of width-depth ratios listed. There is obviously
some discrepancy in Run C6, because Uy > Uy, is physically impossihle
for b/d = L9« It must be concluded that either the slopes of the velocity
profile are in error, or that the slope is not directly proportional to
the shear veloclty because of three-dimensional effects such as secondary
clrculations.

The tabulated values for the Bureau of Reclamation theory agree
quite well with the other values, although the difference between the av-
erage bed and wall shears is perhaps a little too large,.

(1) Maximum Bed Shear. In the fourth column of Table 5, the maxi~

mum shear velocity, W which should be at the center of the bed, is com-
pared with the maximum possible for a wide rectangular channel, i.e.,
V&XE . The ratio of these two values is easily found from the relation

. S SN R YN A
veEs U @G Y eed

No adjustment of the values given by Keulegan was made here, because it

was believed that the calculated values of u, /U* Wwere probally more ac-
curate than the other reparted values of w, /U* upon which the integration
of the shear sbtress was based, and found to be slightly in error.
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There should be a consistent trend for the maximm shear vejge-
ity ratio of Table 5 to gpproach 1,00 as the charmel becomes vefy wide, but
it is apparently masked by the experimental errors, or the effect of other
variatles, such as channel roughness, In Bazin's daba, the higher values
are assoclated with larger friction factors, f, which are also tabulated in
Table 5. The Darcy-Welsbach friction factor, £, may e defined for any
shaped cross section (30) as

U* 2 :
£ = 8(g) (5.21)
vwhere U 1s the average channel velocity and U* is the average shoar vee
locity,  gv8 .

On the tasis of these six series of Bazin's data, Kewlegan (28)
suggested the formula

Yem U 4 ‘
T ttey B (5422)

vhere ¢ is a constant equal to about 11, Since there is insufficient evi-
dence to prove or disprove Eq. 5.22, and because it can lead to valyes of
L / V83 greater than 1,00, it will not be used here. Another method
for finding the value of u, at the center of the channel for runs for which
only one vertical velocibty profile was determined will be described in

Sece D after consideration of the case of nonuniform roughness,

C. BED SHEAR AND FRICTION FACTOR FOR OPEN CHANNEIS
- OF NONUNIFORM ROUGHNESS

In the preceding section, only chamnels with wniform roughness on

the walls and bed wers considered. If the wall surface is not as rough as
the bed, as was the case in all the experimental runs with a movable gand
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bed, then the distribution of shear is aliered., #As the ted becomes rougher,
the shear on the bed increases and the shear on the wall decreases because
the bed offers more resistance to flow, 1In the central region the flow be-
comes more nearly two-dimensional and the effect of the walls diminishes,

No attempt will be made to derive the entire shear distribution for
‘the case of variable roughness. The method given previously, based on
EQS. 5.08 to 5,16, could still be used provided the value of the von Karman
constant Xk has a fixed value; but when sediment is carried in suspension
the value of k is reduced and probably may no longer be considered a con=
gtant throughout the flow, For a flow carrying suspended load in a closed
rectengular channel, Tsmail (6) found that the k value was significantly
larger near the wpper boundary than it was near the bed, where there was
more sediment in suspension,

However, for the present investigation, calculation of the average
bed shear and the maximum at the center will be quite sufficient.s It will
be assumed that the roughness of the bed is uniform and that the wall
rdughness is different, but also uniform. In such cases, methods for find-
ing the mean bed shear from the over-gzll average shear have comoﬂly been
called "gide-wall correction methods", and will be the topic for the re-
mginder of this section.

(1) Existing Side-Wall Correction Methods. Einstein (31) has pro-

posed a method of side-wall correction for finding the mean bed shear,

based on the Manning flow equation,
v . L8 LY 2 (5023

where n is the roughness coefficient and the other variables are as pre-



viously deflned, Einstein assumed that the cross section area, A, of the
stream could be divided into a wall section, A and a bed section, Ay as
illustrated in Fig. 16, and that the Manning equation could be applied to

Aw

T/’ /

Pw2 /

Ve

b Pw*'P )

Fig. 16. Definiticn sketch for side-wall
correction methods.

each, using the same slope and mean veloclty for each section. Letting the
subscript w demote "wall section® and b denote "bed section", Eq. 5.23

gives ) _
Uy = -J-'-:;Ez rb2/3 S?'/a = -2-'-;1;-)':?2 rwz/a 51/2 (5021#)

vherein the hydraulic radii ere defined in terms of the areas A.D and Aw and
the wetted perimeters Py and Py for the bed and wall sections respectively

as
by Ay
rb = E; s and Z‘w = 1—); (5-25)

An additional relation which is needed is

A = A+ A . : (5426)
Given U, S, A, Pys Py and either m, or n, the remaining five unimowns,
Ty s Ty Aw, ‘A'b’ and either n orn, can readily be found from these five
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equations. The shear wvelocities for bed snd wall are then
Uyp = VeEr s 5 U, =Vegr, s (5.27)

This procedure can be used with sny other flow equation, although
perhaps not quite sc easily, However, the Manning equation is poor in the
case of hydrodynamically smooth boundaries, such as the side-walls in the
present investigation, and the Einstein method will not give good results,
especislly when the temperature is variatle, Johmson (32) pointed this out,
and showed the advantage of using the Karman-Prandtl resistance equations
in place of the Manning formula, The Darcy-Weisbach friction coefficient
f, used in the Karman-Prandtl equations, has a further adventage in that £
is dimensionless, whereas the Manning n is not, Therefore, Johnsont!s meth-
od was used in this investigation to correct the bed shear for the effect
of the walls,

Although the coefficients in the Karmen~-Prandtl equations end the
corresponding resistance dlagram giving £ in terms of the Reynolds numbexr
and. the relative roughness are based on experimental data for flow in
pipes, still they may be used with reasonable accuracy for flow in chane
nels. Keulegan (28) has shown that when the hydraulic radius r is used as
the characteristic length for the channel cross section, the resistance for—
milas are practically the same for various shapes of cress section., Hence,
if the pipe diameter, D, is replaced by Lr (since r = D/L for a pipe),
the pipe resistance diagram may also be used with good approximation for
chamels, |

One good test of any side-wall correction method is to see how well
it mrks in the limiting case of wniform roughness on the whole boundary.
By either Einstein's or Johnson's method we find that in this case
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r, = r, = r, and therefore, by Eqe 5427, U, = U, = U, o But it
has been shown in Tahle 5 in Section B that for rectangular chammels several
times as wide as they are deep that U,y can exceed U, by 10 per cent, and
exceed U, by several per cent. This slight inconsistency is largely the
result of assuming that the mean velocity of flow in the wall section, Uy
is equal to the mean velocity in the bed section, Ub’ when it may be exX-
pected that Ub is slightly greater than Uypo

0.Gs Haywood (33) tried to teke some sccount of the velocity dis-
tribution in a method of side-wall correction he proposed., He subdivided
the flow as Einstein did into a wall section and a bed section, but as the
result of various conflicting assumptions, he arrived at results for which
U,,, 4d not even equal \/-E;S- « His method is thus completely inadequate,

In Appendix C 1t has been shown how the Johnson method of side-wall
correction, using the Darcy-Weisbach formula, can be modified to include
LS /U and U, /U es parameters, U being the aversge velocity for the whole
channel, Using U, /U = 0.9, & ressonsble velue estimated from velocity
distributions, it was found for all the experimemtel runs that U, Was never
more than L per cent larger than the value calculated using U /U =10, As
expected, this difference is of the same order of megnitude as(U,, = U,)for
channels of uniform roughness., As the present studies do not require such
precision in Uy it will be assumed for simp%idty that U= Up = Us; hence
the method outlined below is essentially that of Johnson (32) . The main
usefulness of the equations derived in -Appendix C is in determining what
error mgy be involved by taking the velocity in the wall section, Upr equal
to the velocity in the bed section, Uy,e



(2) Derdvation of Equations for Side-Wall Correction. First it

will be convenient to define here a few new terms snd to recgpitulate some
definitions and formulas already given.

5 = slope of the energy line

Y- = kinematic viscosity

g = acceleratlon of gravity

U = mean velocity
These quantities apply to either the entire flow, the bed section, cr the
wall section,

Each of the following quantities and formulas may be used eithexr
with subscript b for the bed section or subscript w for the wall section,
or without any subscript for the whole channel:

A = area of cross section
P = webtted perimeter
. * = Afp = hydraulic redius (5;25) .

U, = V&8 = shear ar friction velocity (5429)
£ = 8(U, /W? = Darcy-Weisbach friction factor  (5.30)
R = L Ur/y- = Reynolds mmber (5.30)

The following assumptions sre made:

1., The caross section can be divided into two sections, one
producing shear on the bed and the other shear on the walls, The bounda~
ries between the bed and wall sections are comsidered surfaces of zero
shear, and are not included in the wetted perimeters Py and Poge

2. The wvelocity in the wall section, ;Iw, equals the velocity in
the bed section, Uye (Cf. Appendix C if this assumption is unsatisfactory). -

e The formulas above for r, Uy £, and R can e applied to
each section as if it were a channel by itself,



L. The roughnesses of the walls and bed are sach homogeneous,

although different.
| The derivation wihich follows applies to any reasonable shape of

open channel se.c‘tion. It may also be extended to cases with more than two
types of roughness,

The fellowing fundamental quantities are taken as known variables:
U, S, 8 V5 Py Pp» 80d A, In addition, the quantities r, U,, f, and R,
for the whole section, may be determined directly by Eq. 5.28 to 5.3l. The
principal unknowns of interest are U

*b
Tps the bed hydraulic radius, and fb’ the bed friction factor.

5 the friction velocity for the bed,

To solve the problem, fw mast also be known, If the equivalent
sand roughness of the side-~walls is known, then the value of £, can e de-
termined with some awtlliary calculations from a generalized pipe resist~
ance or Stanton diagram, such as the one given by Rouse (30). Since the
gide-walls were hydrodynamically smooth in the present investigations, the
prqcedure which will be ocutlined for finding £ - will be somewhat simplified
by the elimination of the relative roughness as one of the variables, How-
ever, the general case can be solved, with the same type of approach.

For smooth walls, f will be a function only of the Reynolds num-
ber for the wall,

_ b Ur, ) W,
Ry = 5 >
Inasmuch as Ty is still unknown, rewrite Bw as
o
R, = Rg~ (5.32)

By Eqse 5029 and 5030

£,
gr,s = & UV, (5.33)



end grs = § 0% . . (5.30)
Hence r £ '
r“""w = f,i 3 (5435)
and Eq, 5.32 becomes
;’f -2 . (5436)
T .
Thus the quantity RZ.E can e found directly, but neither R, nor fﬁ‘ in-

W
dividually, Consequently, it was necessary to construct a special curve,

Fige 17, giving f as a function of R/f for smooth-walled charmels. Fig.l7
is based on the graph of f vs, R given by Rouse (30) for the Karmem-Prandtl
resistance equation for turbulent flow in smoéth pipes. Hence, knowing

f and R, it was possible to find f_ by Eq. 5.36 and Fige 17.

Now, the geometry requires that

If r=A/p is substituted into Eq. 5.3k,
2

. pfU
R
2
phbe
8gs

Similarly, Ab =

Py Iy v®
and A gt T .
' 8 gs
Putting these expressions for the area into Eg. 5.37, and cancelling the

common factor U2/ 2gS, the result is
pf = py £, +p. £ {5438)

Since fb is the only unknown, the sclution is

aP. s . Pw R .
£, Pbr 5 A . (5+39)






For rectangular channels of width b and depth d, where
P = b+2d,
Py = D
and pw‘ = 24,
EQs 5439 may be further simplified to

g2 s+ @ (razg ) (5.40)

By analogy with Eq. 50353

£

I‘b = X .f— a (SOLQ-)

To complete the solution, may te found from its definition, Eq. 5.29,

Ux—b

U*b By grb 5 e (5»’42)

Any other desired quentities, such as Ty A».W, and A‘b may be readily found
from the fundamental equations.

(3) Sample Calculation. The application of this side-wall correc-
tion method will be illustrated for Run 28, for which the bed is covered

with dunes. The pertinent quantities which were measured directly, by

methods outlined in Chep. III, are as followss:

= 0,328 cfs
= 0.28’-‘ £%
= 0;875 ft

@n o & O

= 00242

T = 25°%
From these, the following quantities are calculated, using Eq, 5.28 to
5.31:



= bd = (0.875) (Q;_28h) = 0.2L8 sq £t
Q/A = g—:%%g- = 1,32 ft/sec _

= b+ 24 = 0,875 + 2(0.28L) = 1.4h3 £t
= Afp = ?{%‘g= 0.172 £%

U, = V&S = V(329 (O 17D (L002L2) = 0,116 ft/sec
U, 2

H Y o b
¥

£om 8 (= = 8 (MO . 6o
R (1.32) 2

YV = 0,965 x 1070 i"bz/sec

Lux 1(1432) (4172)
B &% e = _ = 9)4’000
v 968 x 10~

The next step is to find £, the friction factor for the smooth

walls, By Eq. 5436

2 -} om 2 - Lsmom.
w

From Fige 17, the value £ = +0226 is read from the curve for R, /i'W "

l.52 x 106.

Now by Eqe 5.0,

fb = £ + 21? (f - fﬁ’) - 0062 + 2 0(2.281; (0062 - .0226)
fb = .088

And by Eq. 5.L1 and 5,42,

f N
b 088
r =T = °'172._03§ = 0,2l £t

U*b LAY grb s LAY/ ZEEQQSlOQQEISIoGamﬁs = 0;138 ft/sac
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The ratio of the mean bed shear stress to the over-all average is

T, T, %y, o088 |
T TF TF T wom C ol
%,

T, r £
. w w 0226

T = m ™~ = 565 = 0436 ,
©

Since the average bed shear is now almost four times the wall shear, it 1s
c¢lear that a very significant redistribution of shear stressses has been
caused by the increased roughness of the bed due to the dunes,

A side-wall correction is obviously indispensable; Johnson!s method
(32) as used here is the simplest and most reliable one. 4 slight im-
provement of the method, allowing for different bed and wall section veloc-
ities, has been ocutlined in Appendix C, but has not been used in calculat~
ing the experimental results which are reported in full in the next chapter.

D..‘ METHOD FOR CALCULATING BED SHEAR ON THE CENTER LINE

For the runs in which velocity and gsediment concentration profiles
were iﬁeasured on the center line only, it was necessary to know Uy the
shear velocity at the center of the bed, in order to calculabe values of
the von Karman k, and the diffusion coefficient for sediment. The method
of calculating the shear distribution given in Sec. B cannot in general be
| used because of the variability of k with sediment in suspension, Furbher—
more, that method is tedious, and detailed velocity distritutions far the
whole bcross gection were obtained for only three runs,

For channels several ti.més as wide as they are deep, the value of

u,, Will be several per cemt less than VES, the shear velocity for twom
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dimensional flow, unless the bed is very rough., (Cf. Sece B (1) and
Table 5 for channels of wniform roughness). However, Wy 18 stdll more

than the averags for the bed, Uy

In the absence of any other objective method for calculating U
the fdllowing procedure seemed reasonable:

1. Find the friction factor for the bed, L5 W Eqe 5410,

2., Determine the mean velocity, u, on the center line vertical
from a measured velocity profile, Since the profile could be fitted with
the von Karman logardthmic formula, EqQ. l.l4k, T could be read from the
profile at y/d = 1/e or y = 0.37d.. The slight retardation near the sur-
face was neglected.,

3. Caleculate Lo from the Darey-Weisbach formula spplied to a

central strip, using f and ¥; i.e.,
w, = Wy I /8 . (5.43)

The complete calculated resulis are included in the following
chapter, tut a short sumary is given in dimensionless form in Table 6 for
the runs where U, Was needed.

As expected, the shear velocity ratios for the runs with sediment,
and hence“ larger f‘b’ are slightly larger than the clear flow runs for come
paratile width~-depth ratios. For example, for b/d between 3,6 and 3,9, the
average value of w. / V 835 for Runs Gl and Ch is 0.94 and for Runs 3, b,
T, and 21, it is 0.97.

The previously calculated maxinmm shear velocity ratios for Runs
Cl and C6 in Table 5 were 0,96 and 0,93 respectively comparéd with 0,95
and 0496 here, The check is very satisfactory and so it is. believed that
the error in the values of u, found from Eq. 5.l:3 does not exceed a few

-per cent.
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Table 6

Shear Velocity at the Center of the Bed

L bl \Eb—fﬁ_

b ....%.‘3.“..
Run k4 Fo _EE

cl 3.75 2017 0495
c2 5.1 L0185% 0.99
c3 7.6 D205 0497
ch 3.9 ~0195¢ 0.92
b 4.9 0185 0.96
2 3.1 JO18 0.91
3 3.6 «0275 0.97
4 3.7 023 0.97
6 b5 0225 1.00
7 3.6 0225 0.98
2 3.7 022 0.95
29 3.1 019 0.89

*Es.timated from resistance diagram; total dis-
charge was not measured for thsse runse.

**Based on estimated discharge.
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CHAPTER VI
EXPERIMENTAL RESULIS

.The experimental results will be presented in three interrelated
sections, In Section A the characteristics of the stream as a whole wWill
be reported,with particular emphasis on the basic relationships between
sediment load and discherge, depth, slope, mean velocity, and other vari-
ables which pertain to the entire flow, In Section B, observations of the
water surface and bed configuration will be swmarized, and illustrated
with photographs. In Section G, velocity and sediment concentration pro-
files, measured for the runs for which the sand bed was smooth, will be
compared with the theory in Chap, I. A brief summary is given at the end
of each main section, instead of at the end of the chapter.

A. CHARAGTERISTICS OF THE STREAM AS A NHOIE

(1) Summary of Data. Each run represented a stable uniform f£low

in equilibriun with its movable sand bed, Runs were established and the
measurements were made according to procedures outlined in detail in
Chape IIT.

The‘bed was composed of a uniform fine sand of mean sedimentation
diemeter D = 04159 mm for Runs 2 through 13 and D_ = 0,103 mm for Runs 21
through 30, The properties of the sand and the methods of analysis have
been described in Chep. IV. |

The sand was so fine that the rate of suspended load transport was
much greater than the rate of bed load transport, except possibly in
Runs 10 and 26 where the total transportation rate was very small, This

does not mean that an insignificant amownt of materisl was in motion on the
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bed; on the contrary, seversl layers of sand grainswere glmost always slide
ing along the bed, bub at a relatively low rate compared with the velocity
of the waber. If the same amount of material was in suspension, it yielded
a much larger transportation rate, (expressed as a weight per unit time
passing any cross sectian) because the sand then traveled at the full speed
of the watera

Anyway, the distinction tetween bed load and suspended load is quite
netwilous, and no attempt was made here to meke an artificial separation.
All the values of transportebion rate and discharge ooncentration reported
in this section refer to the entire sediment discharge, bed load includeds
At the point where the sediment discharge was measured, in the forebay of
the pump, all the load was in suspension and wes measured as such, Hence,
the sediment discharge concentration, by its definition, is the total rate
of sediment transportation divided Yy the discharge, and thus, is not nec-
essarily thg same as the average concentration of sedimemt in s@ension in
the channel., Measurements of point concentrations in the chemnel will be
répor’bad in Section Ce

Tn Table 7 are tabulated the most important measured and calculated
quantities for each flow, In carder of their sppearance in the table, the
items are as follows:

1. Q = discharge, in cubic feet per second (cfs), as measured vy
the Venturi meter (cf. Chap. III, Sec. F.).

2. 4 = average depth in feet in the reach of stalle flow, deter-
mined from water surface and bed profiles (cf. Chap. III, Secs. H and I).

3. repa; = hydraulic radius in feet, (b = width = 0,875 £t for
all runs. )'



Summary of Experiments

Table 7

127 -

Q 4 r s U v f T Ty Uy, EN 3 G F
Dis- Dapth | Hydr. Zope | Joear | Averaga | Friction | Water Bad Bad Bad Yo, of geds Sedizert | Prouds| Water Bed
Run No, | charge Radius vel. Vel. | FPacter | Temp. | Mydr. | Snear | Friction|Seduisch, Disch. | Diseoharge Yo, | Surface Conditicn | Run Ne
Radius | Vel. Factor | Samples Cane. Condition .
ofs It £t ft/sec | ft/sec °¢ o ft/sec Lgr/l 1bs/min
Clear Water
=Y &% | w232 | .52 | L0050 | 157 EE 0167 18 156 59 | .67 - - - 1.27 | Saeoth Yo sand (=)
c-2 e | |23 L0500 | Lua | 300 - 8.5 - - 85| - - - 1.3 e | Smooth No sand c-2
3 W2he L5 KoY 0050 J121 2.4 a - 18 - - ,0205 e - - - 1.3 e | Smooth No sand c-3
G- Gee | .225 148 00125 | 077 Lbe - .5 - - L0195 e - - - 0.6 & | Smocth No sand C-4
-6 &7 179 127 00L9 W2 3.00 L0180 27 131 5 0185 - - - 1.25 |Smooth No sand c-6
-7 4350 | | ass | .oou9s | o9 2,06 0183 1 257 | 099 | L0185 - - - 7% |Swall waves |No sand -7
Sand Ped, P, = 0.16
2 She | 284 AR 0018 100 2156 | L0176 17 JA74 €| 200 018 e 0 - - .Tle | Small waves |Swooth H
3 435 |2 | ase | o0 | 12 2,04 o2 | 2 am | a2 | L0275 5 1.95% 3.1 B |vaves Swooth 3
4 43 236 | .53 | L0024 | 108 2,08 022 12,5 61 12 | .02 5 25 |0 39 75 |waves Smooth 4
5 .28 18 a3 0031 115 1.8 033 26 s 12 .038 5 1.9 2.0 .7 {Lge Ripples |Meanders 5
6 345 | .95 | 35 | oo | 103 2.0 o2 2 a3 | .06 | L0225 6 2.5 3.1 .80 |Lge waves et 6
7 W35} .3 | 56 | 02 | 03 2,04 020 L5 | | 07 | L0225 ™ 215 | 3.5 .73 | Waves Swoth 7
8 375 2 W55 .0023 2 1.75 .030 27.5 2185 .12 036 3 L5 2,1 .63 | Ripples Meanders 8
9 285 |5 | 55 .06 |5 [ 235 | 059 25 | | s | om 1 11 1.2 47 |Ripsles oimea " 9
1 20 25 .16 0020 |0 0.93 1095 2% 225 | .2 235 4 0,2 0,15 .33 |swoth Dunes 10
n 205 a5 |5 f.0033 | L5 043 26 a3 | a2 050 6 | a7 2.1 67 |Lie Ripples |ueanders n
w | ar |0 |am ooz [ [ | o0 | 2 28 | am | o ¢ o2 | 10 5 |Rippies  wmes e | 12w
13 o215 197 136 0035 BEY 1,25 .078 26,5 178 auz 4102 15 1,2 0,95 .50 |Lge Ripples |Dunes 13
Sand Bed, Dy_w 0,20 mm
2 435 2236 W154 00225 106 2,10 40205 25.0 166 L0 022 [3 4,85 7.9 "‘76 Waves | . Smooth 21
21a 435 236 154 .0022 108 2.10 020 25.0 165 .08 J0215 [ b9 8.0 216 | Lie waves Smooth 2a
23 325 .9 | 32 | .oas | L102 1.96 0215 250 | .3 | .06 | 023 © 51 6.2 79 |Les waves  [Smooth 23
af |65 |26 | wo |00 | e | L | .00 250 | a7 |33 | .0® 3 & A .50 |Riprles Dunes 24
af s |ar | a2 N - 1,8 - 250 | - - - 3 7 7 76 |Smnll waves |Low ripples |  24F
2 20 Ja87 | a3 | L0033 [ .us 123 o7 25.0 | .68 | 3 | 095 10 5.3 4,0 .50 |Lge Ripples |Dunes 2
2% 20 27| A | L0013 | J08k 0,82 084 250 | .5 | a0 | L2 s 0,19 014 .27 | Smooth Dunes 26
27 .20 W231 W51 ,00235 W107 0.99 094 25,0 207 126 W13 1 1,35 1.0 .36 | Small ripples|Dunes 27
28 .33 28 | A ooz | .6 132 062 25.0 | a4 | e | .oee 12 3.6 Lt 44 |Rippies Dunes 2
29 .52 260 | am L0085 | L300 2.13 L0180 25.2 | .78 | 03 | 019 15 3.45 6.7 7L | Swooth Smooth 29
30 ¥265 +281 A7 .00215 .108 1,08 .0804[ 25.0 246 #130 115 1 1.75 1.7 .36 | Small ripples|Dunes 30
9 - sstimated
* Also 5 samples at 17.5 °C, & = 2,1 &/1; and 5 at 12,5 °C, 8w 2.35 gr/1

** Moo 7 oamplos at 28 °C, Gul.8 /1 3 and 10 at 26° ¢, T = 1.6 gr/1

# Dual equilibriwa due to a long flat sand wave, See text,
M Long flat sand wave present, but. data pertains only to rugged dune section.




4e S = glope of the energy line, or the slope of the water surface
if the flow was perfectly wiform. Frequenily a small correction for non-
wiformity was gpplied as outlined in Chap. III, Sece Ke

5. U, = vV &8 = shear velocity for the whole chamel, feet per
gecond,

6. U = Q/bd = average velocity of flow for the entire chamnel,
feet per second,

7. £ =8(U, /0% = Darcy-Welsbach friction factor for the whole
channel..

8s T = water temperature in degrees Centigrade. Dwring the second
sequence, Runs 21 to 30, the temperature was controlled by immersion heat-
ers at 25°C,
. 9« T, = hydraulic radius for bed section in feet from side-wall
correction procedure, Eq. Sell.
0. Uy = \ﬁ&'bﬁ" = ghear velocity for the bed section, feet per
seconds

1. £, = 8(0,, /02 = friction factor for the bed alone, caloulabed
from the side-wall correctian procedure, Ege 5.L0. |

12. Number of ‘discharge samples on which the aversge is based,

13, © = average sediment discharge concentration in grams per
liter. For procedure, see Chep. IIT, Sec. G (2.

e @ = 3.7k TQ = total sediment transportation rate,or discharge,
in pounds per minute, 3.74 is the conversion factor for units.

15« F =U /+ed = Froude number.

16 & 17. Water swface condition and bed condition emtries are in-
cluded here because of their importance in the. results., These conditions
will be fully explained and illustrated in Sec. B.
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In the subheadings, Dy is the mean sedimentation diameber of the
bed material. (Cf. Chap. IV). D, for the sediment load is usually slightly
less,

Vhere entries are missing in Table 7, either the item does not spply
or the data were not obtained, Whenever there is a reasonalile besis for
meking good estimates, when the data are missing, estimated values have
been entered and designated by %ev,

For 21l the entries in Table 7 only the significent figures are re-
ported. The accuracy of the figwres is thus indicated directly; for exam-
ple, the discharge is reported to the nearest ,005 cfs. Of all the runs,
Runs 5, 8, 9, 10, amd 11 are the least accurate, as shown by the entries
for 4, v; Uy Ty, and U, , which are given only to the nearest 5 units in
the third place, Runs 21 to 30 are the most reliable; in these cases the
slope was generally measured to the nearest 00005, instead of 0001 as in
the previous runs,

Because of the limitations of the flow system, it was not possible
to cover a wide range of conditions. Discharges less than 0,20 cfs were
- not used because of the problem of sand storage in the pipe; depths greater
than 0,30 £t were not used because the effect of the walls becomes too
large, and difficulty was encountered with the inlet econdition. In addi-
tion, velocities giving Froude numbers F in excess of 0,80, caused high
standing surface waves, which made the flow completely urmeanageable, - None=-
theless, in spite of these three restrictions, enough conditions were cov-
ered to lead to some valuatle conclusions, which are believed to be quali-
tatively valid over a much wider range of conditionse No atbtempt was made
to derive an empirical formula for the transporiation rate on the basis of
these flume data.
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' In this chapter, the conclusions drawn refer specifiecally to
the laboratory flume. An abttempt was made to understand only what
heppens in the laboratory flume, leaving the additional complexities
of the mechanics of natural rivers in the realm of conjecture and the
subject for other research. However, comparison of the laboratory
results with a few observations of natural rivers in Chapter VII
("Discussion of Results"), indicates that the conclusions drawn here

are probably true to a large extent for streams in genersl.
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(2) Impossibility of Taking Slope or Shear as an Independent Vari-

atle. The data given in Takle 7 have been plotted in several different
ways on Figs, 18 to 25, to make several different conclusions clear. ‘

First of &ll, from Figs. 18 and 19, it gppears that the mean veloe-
ity, U, and the sediment discharge concentration, €, are nobt uniquely de-
termined by the depth, d, end slope, 5, For exgmple, on Fig. 18, the
points (U = 2,0k, € = 1,95) and (U = 1,35, © = 1,1) have practically the
sgme d and S values, but quite different velocity and concentration values,
This result is completely contrary to present concepts of open channel hy-
draulics; it is commonly believed that if the depth, width, and slope, and
hence the shear, are known in addition to the size of material, that the
velocity of flow and the sediment transportation rate can be calculated
uniquely,

In applying any flow formula, such as the Manning equation or the
Darcy-Weisbach formila to a flow over a movable bed of fine sand, the usual
assumption of approximately constant roughness leads to a gross misconcep-
tion gbout the relationship of velocity to depth and slope, Actually, the
“constant! roughness can change more than any of the other variables, be-
cause of the changing bed configuration. For example, increasing the slope
of a stream with depth constant is supposed to increase its velocity, bub
from either Figs 18 or 19 it is spparent that higher slopes are frequently
associated with lower velocities for a given depth. Similarly, if the
depth is increased, holding the slope constant, then the velocity should
increase, whereas the experimental results show that this is not the case,

Because the walls have a significant and variable effect on the
flow, it is perhaps prefera’ble to compare the data on the basis of the hy-
draulic radius for the bed, T and the bed shear, obtained from the side-
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wall correction computations. (Cf. Chap. V, Sec. C). In Figs. 20 and 21,
U and G have been plotted again against S and r,, instead of against S and
d. ILines of constant shear, or simply constant r 8, are dlso ghom, The
same conclusions may be drawm, If anything, one might even be led to con-
cdlude that the higher concentrations and veloclities are associated with the
smeller shears, a result completely contrary to widely held beliefs,
However, it may be noticed that there is no longer a direct conflict

of points of greatly different velocity at identical and S, This is the

Ty
result of the limitations on the range of conditions which could be in~
cluded in the runs, A1l the points for which the bed was covered with
dmes {and U is small) lie to the right of points for which the bed is
smooth (and U is higher), There is no doubt that if runs could have been
performed at even smaller discharges, the slope values for the runs with
rough bed and large slope would have decreased again to the point where
there would e a conflict of points with runs having smooth bed.

Fige 21 shows this effect most clearly, The tiwee points at the top
of the chart far rough dune-covered bed show that as U is reduced, S is re-
duced, because in all three cases the dwnes are large and well established,
and the roughness does not change radically. By analogy, starting with
the point {U = 1,23, € = 5,3) at the right in Fig, 21, decreasing the ve-
locity sufficiently would undoubtedly reciuoe S from ,0033 to 0022 for
Ty, = 0.165 £t. The concentration would be substantially reduced also.
But two existing points for smooth bed for the same Ty and S show that
U = 2,10 ft/sec, T = L.9 gr/l is also a possible comhination, Therefore,
the evidence indicates that U and C are not uniquely determined by either
r, end S or d and S.

b
In the range of experiments conducted, it may be noted from Table 7
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that the shear velgcity for the bed, U*b’ has remarkably little varia-
tion compared with the velocity or transportation rate, It may indicate
that in the range of sediment loads encountered the bed configuration tends
to adjust itself in a way which greatly reduces the variabtion of shear that
nﬁg}rb ordinarily be expected. This being the case, it is improbable that
the suspended load transport of a stream can ever be expressed directly

in berms of the shear,

(3) Depth and Velocity ag Independent Variables., Since velocity

and sediment discharge concentrabtion cannot be expressed uniquely as a
function of the slope and either the depth or the hydramlic radius, an at-
tempt was made to find out which quantities could be most logically used as
independent wvariables, It was found that any two variables representing
two of the following three groups could be considered as independent:

(2) dorr; (b) UorQ; and (c) G or G For Figs. 22 and 23; d and U
were used as coordinates and for Figs. 2L and 25, Q and G. These two par-
ticular combinations of indepehdent varigbles seemed most logical and made
the results the easiest to interpret,

The sand size is, of course, a very significant variable, but since
only two sizes of sand were used, litile couid be deduced about the affect
of the sand size on the sediment load, No information was obtained on the
behavior of a graded sand,

‘_ Temperature is a variable of secondary importance, which will bte -
- discussed in more detail subsequently. However, the temperature had suf-
ficient influence that it was found advisable to regulate it at 25° ¢ for
the second series of runs, Runs 21 to 30, to avoid any possible confusion

resulting from too many variables changing at once. For the searlier runs,



- 138 -

Runs 2 to 13, with 0.16 mm sand, the range was 21 - 27.5°C, except for
three runs; thess three cases are specially labeled on all the figures in
this section,

For Figs., 22 and 23, U and d are taken as the independent variables
and two of the dependent variables, f, end G, are written in for each of
the plotted points, From these two figurss the following falrly definite
qualitative conclusions may be drawn:

(8) £, and § ave uniquely dstermined bty U and d, for the flume,
From these all other quantities listed in Table 7 may be calculated, so
that the character of the flow is completely determined by a selection of
U and do This was slso borne out by gemeral experience in operating the
flume; by choosing the depth and mean velocity, one, gnd only one, de~
finite equililwium flow could be obtained. (Cf. Chape. IITI, Sec. N.)

(b) Por a fixed depth, C increases as U increases in most cases,
Also, fb decreases markedly as U increases, because of the changes in ‘the
bed configuration. For example, in the case of the 0,16 mm sand, Fig, 22
shows that increasing the velocity from about 1,25 to 2,0 f/sec,for
d # 0,195 £, results in a drop in f, from ,102 to .0225 because the dunes
are washed away, and the sand bed becomes flat, At the same time, the dis-
charge concentration € is increased from 1.2 to 2.45 gr/l.

(¢) For a fixed velocity, G decreases slightly as d increases.
fb does not gppear to depend much on the depth in the limited range studied,
except when the bed becomes smooth. In this case, i‘b decreases as d in-
creases for fixed U because the Reynolds number increases,

(@) The above conclusions apply equelly well for both sand sizes,

(6) For a givenm d and U, the sediment discharge cancentration G

for the 0,10 mm sand, is roughly 2 to L times as much as for the 0,16 mm
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sand, in the range of condltions covered.

(H £, @ppears Yo be numerically the same for both send sizes for
any glven d and Us. Since ;Eb nay be influenced by the asmount of sediment
load as well as the dune configuration, no further conclusions may be dramn

here regarding the factors governing fba

(L) Water Discharge and Sediment Discharge as Independent Varisbles.

Some corcllaries of the conclusions above can most easily be deduced ty re-
plotting the data as in Figs. 2L end 25. The discharge, Q, and the total
sediment transporiation rate, G, are used as the independent veriables, and
the values of fh and 4 are recorded opposite the plotted peoints, Note that
the scales are logaritmmic snd that the length of the cycle in the ) scale
is Just twice that of the G scales Additional conclusions based on Figures
2h and 25 are as follows:

(a) :tb, d, and all the obher varlables can be uniquely detexrmined
from Q and G, For example, to transport 1.5 lb/min of 0,16 mm sand with a
disdxérge of 0425 cfs in the laboratory flume, it may be estimated from the
neighboring points on Fig., 24 that the required depth will be sbout 0.19 ft
and £, = .07+ For the same load of 0,10 mm sand, there follows from Fig.25
that d = 0,27 £ and £, = «12, with Q = 0,25 cfs, as before, The required
slope in each case can te obtained by working back through the side-wall
correction equations in Chap. V. Sece Co It may be noted that in an open
circuit flume, Q and G are the only two varialiles which are independent and
can be directly controlled, Everything else adjusts to these values.

(v) Maintaining a constant sediment discharge, G, while the water
discharge, Q, is increased, requires that the depth d increase, although

not as much a5 Q. 7The velocity U also increases,
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(c) For a constant ), an increase in G requires a decrease in d,
This is a significant condlusion, for it implies that the depth of flow
depends on the gediment load for any given discharge; hence, a unique
stage~discharge relation did not axist for the laboratory flume, For ex-
ample, Run 23 and Run 28 have practically identical slopes and discharges
(see Table 7), tut two different depths, 0,189 £t and 0.284 £t respective-
ly. G for the former is 6,2 1b/min emd for the latter L.L5 1b/min.

(d) For a given discharge, §, the largest £, values are associated
with the smallest sediment transportation rates, G From Fige 25 it ap-
pears that f,o reaches an upper limit of about .12 or .13 (very large vale
ues), and a furbher decrease in G will not increase £, any further. Physi-
cally, there mst be & limil to the roughness of the channel, because the
height of the dunes is certainly limited by the depth of the water.

(e) The above conclusions are qualitatively the same for both sand

gizes,

(5) Effect of Temperature on Load. The effect of temperature vari-

ation on the sediment load was investigated triefly with Runs 3, L, and 7.
With lower temperature, the viscosity of the water is higher, and the set-
tling velocity of the particles is reduced, It may be expected, then, that
the sediment will be more sasily carried in suspension at lower tempera-
tures, and the load will be larger.

This general trend is borne out by Fige 26, in which the sediment
discharge concentration C is plotted as a function of temperature for
Runs 3, L, and 7, including the additional concentration measurements noted
in the footnotes in Table 7. All these runs are essentially the same ex-

cept for the temperature and the load, tut inevitably there is also slight
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variation of the friction fackor and the slope also. Except for the last
"point, the frend of the concemtrations is definitely dowwerd as the temp-
eratﬁre T increases, with a total drop of sbout 30 per cent between the
values T = 12° and 25%, It is very puzzling why C should suddenly in-
crease again, as T rises to 31.5°C; it may possibly be due to an experi-
menbal error, Even though the temperature has quite an sppreciahle effect,
it is still a veriable of secondary importance when compared to other vari~
ables like depth and velocity., Temperature was measured for all the runs
and later controlled for Runs 21 to 0, bub no fwrther effort was made to
investigate temperature as one of the variables affecting the suspended
loads

(6) summary. Considering the laboratory stream as a whole, the
most important results may be summarized as follows:

(2) The velocity and the sedimemt transporbation rate are not
unique functions of the shear, or any combination of depth, bed hydraulic
radius and slopee This is demonstrated by Figse 18 to 21, |
(b) By using wvelocity as an independent variable in place of slops,
an orderly relation between the various variables was found (Fige 22, 23).
Or, the water and sediment discharges may be considered as the independent
varisbles as in Fig. 2k, 25,

(¢) At low transportation rates and velocities, the bed friction
factor I becomes exceedingly large (up to .13) as the result of large dunes
ﬂdch form on the bed, Since the roughness varies more than any other
quantity izg a flow equation, the common assumption of constant roughness
can lead to gross misconceptions about the hydraulics of a stream flowing
over a bed of fine sand,



- 1h7 -

(d) Various qualitative relationships between d, £,, U, Q, G, and G
are set forth in subsections (3) and (L) above,
(e) Other things being equal, a decrease in tempefature will in-
crease the sediment .'lsrans,portation rate somewhat., However, temperature is

the least signifieandt of all the varigbles mentioned,

B. OFSERVATIONS OF THE WATER SURFACE AND BED CONFIGURATIONS

It hasv been showm in the .previous seq'i:.ion that changes in the rough~
ness of the bed have a profound influénce on the hydraunlics of a stream
flowing over a bed of motfable sand, In crder to reach some understanding
of the mechanics of such streams, it is imperative to study the mechenics
of the dunes themselves, and the muiual interactions between the dunes and
the stream,

For almost sll of the runs, some observations and photographs were
made of the bed configurations, according to the procedures outlined in
Chap. III, Secs. L and M. In general, time prevented the accumilstion of a
large amount of detailed statistical information on the sizes, shepes,
wavelengths, and veloclities of the dunes for each run; instead, il was
hoped that some roﬁgh measurements used in conjunction with photographs
would give a good qualitative account of the phencmena, At present the
author is stiil unable %o explain completely why dunes behave the way they
do, but an attempt will be ﬁade to give some objective information about
them in this section; ‘ '

Some observations of the nature of the water surface are alsc in-
cluded here, because it, too, has some bearing on the mechanics of sediment-

laden streams, especially ét flow velocities approaching or exceeding the
eritical velocity for the chamel,
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A1l of the photographs illustrating the experimentzl results,
~ Figs. 27 to 38, have bteen grouped together on the following pages to help
the reader get an over-all view, while the detailed explanations for the
figures are necessarily spread over a mumber of pages of the text, Bx—
cept for Flg. 35, the illustrations are dramn entirely from the series with
0el0 mm sand, Runs 21 to 20, for which better photographs were obtained
than for the first serieé. Ne significant differences in bed configura~
tions were detectalle on the basis of sand size alone for the two sands
useda

Each illustration represents an equilitwium condition, which pre-
vailed at the time the photograph was taken, or just before the flow was
stopped o clarify the water for tsking a picture, Practically no disturb-
ance to the configuration resulted from suddenly stopping the pump., The
photographs are all mounted so that the downstream direction is to the
right, except as noted in Fig. 35.

(1) General Description of ‘Bed and Water Surface Conditions— -

Photographs. The over-all range of bed and water surface conditions en-
countered in the course of the experiments will be swmmarized first before
the detailed discussions of the observations are presented,

When the velocity and the transportation rate are low, the dunes
which form are fairly large and haphazardly placed. As the velocity in-
creases, the dune wavelength increases slightly, the pattern of the dunes
becomwes more regular, the dunes move faster, and the friction factor de-
creases. (See Figse 27 to 31). With further increase in velocity, a
point is reached where the sand no longer spreads itself uniformly through
-hhg system, but has a definite tendency to form a long, flat sand wave,



(b) R 30: d = 4281 £t, U=1.08 ft/sec, £, = (115, T = 1.75 gx/1

(c) Run 28: d = o268k £4, U = 1,32 ft/sec, £, = 088, T =3.6 g/l

Fige 27. Overhead views of typical bed configurations (water still).
Note progressively better alignment of dunes with increasing veloo-
ity and sediment concentration, with depth fixed.



(8) Bun 26: d = ,279 £1, U = 0,82 ft/sec, T, = 12, € = 0,19 g/l

7

(b) Run 30: d = .28 £5, U =1,08 ft/sec, £, = J15, T = 1,75 gr/1

(c) Run 28: d = 428L £+, U =1.,32 £t/sec, £, = 088, C = 3.6 gr/1

Fige 28, Side views of typical bed configurations (water still),
for same runs as shown in Fig. 27.



(a) Run 26: dw .279 ft, = 0082 ft/sec’ f-b " .12, a = 0019 gr/l

(by Run 28 d = 4284 1, U = 1,32 £i/sec, £, = 088, T = 3.6 ex/1

Fige 29. Enlarged views of bed configuration from Fig, 28 (a).(c).
Note the more streamlined appearance of the configuration for
Run 28.



d = 4279 £5, U = 0,82 ft/sec, £, = .12, T= 0,19 gr/l
Time elgpsed, 10 minutes

Figs. 30. Side views of Run 26 with water flowing
showing very slow movement of dunes,

i

d = o281 ft, U=1.,08 ft/sec, £, = 15, T =1.75 g/l
Time elapsed between successive pictures, 6 minutes

Figs 3l. Side views of Run 30 with water flowing,
showing more suspended load and more dune movement
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d = 0231 ft, U = 0,99 f’c-/sec, fb - 0133 'ﬁ = 1035 gl"/l
Time elapsed, 6 minutes

Fig. 32, Example of actively-changing dune
configuration, Run 27.

®

d = 4261 £, U = 1,08 ft/sec, £, = ,115, T = 1.75 gr/1

Fige 33. Very large dune next to wall, Run 30.
Note leeside eddy and entrairment of sedi-
ment behind crest.,



{(a) On top of thick sand wave

d=,17ft, U =1,8 £1/sec, £,om =, C=17gr/1

(b) End of sand wave, transition to dune section

(¢) Typical ame configuration away from sand wave
d = 4226 £, U = 1 34 ft/sec, £y, = «079, C = L g/l

Fige 34, sSide views of Run 2L at three different times, showing
the sand wave moving through the system. The flow was in
equilibrium on top of the flat sand wave, as well as over
the dune region.



d = .18 ft, U = 1.8 fi/sec, £, = 4038, €= 1.9 gr/l

In the center of the picture, the thickest part
of the sand bed is on the near side of the chan-
nel, and at the ends of the picture at the far side,

Overhead view showing
thick part of bed weaving
back and forth (looking
downstream) .

Fige. 35. Example of meandering bed,
Run 5



A= 4280 £, U = 2,13 ft/sec, f = 40180, T = 3,15 gr/1

(2) sSide view, water flowing, Note decrease of sediment
concentration near water surface.

(v) Water still,

'Fig. 36. Smooth water surface and bed for Run 29, with ve-
locity high enough to eliminate dunes, tut not high enough
to induce standing surface waves.
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(a) Stations 8 to 15. (Inlet is at Station 2)

(b) sStations 21 to 27, same time as (a)

d = 4236 £, U = 2,10 ft/sec, £, = 025, T = L9 g/l

Fige 37« Overhead views of bed, Run 2la, showing entrance
disturbance and final equilitrium, which is typical of runs
with smooth bed.
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(a) 0 seconds

{(b) L0 seconds

(e) 5 seconds

(d) 78 seconds

’ (e) 109 seconds ] ‘
d = 236 £, U = 2,10 ft/sec, £ = 025, T = L9 gr/l

Fig. 38, Time sequence showing growth and collspse of stand-
ing surface waves, Run 2la,
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which has a steady thickness, length, and velocity when equililrium is
established, Run 2L is a good example of this condition, and is illus-
trated in Fig, 3, Meanders in the sand bed, as shown by Fig. 35, were
~also observed érb this intermediate range of velocilies.

At still higher velocities and transportation rabes, the sand again
spreads itself uniformly throughout the flume, with the surface of the bed
now quite smooth axcei)t for scme small ripples near the wall, as shown in
Figss, 36 and 37, _

Up to Froude nmmber F = 0,7 to 0,75, the water surface is relative-
ly calm, At the lowest F = 0,27, (Run 26, Fige 30), the surface has a
glassy smoothness, in spite of large bed irregularities, At higher veloc-
ities before the dunes dlsappear, the surface becomes quite rippled as a
result of the disturbance to the flow by the bed, (Fige 31) But when the
Froude mmber reaches some critical value between 0.7 and 0,75, large stend-
ing waves gppear and disappear, as demonsirated in Fig. 38, At still high-
er Froude numbers, the waves get extremely high, sdne‘times as high as the
average depth of flow, and long,low, rapidly-shifting antidunes are formed.
o runs were performed at this extreme condition, because it was impossible
‘to ascertain whether the flow was in equilibrium, and most of the usual
measurements were impossiltle. It was also noted, however, that even at
velocities substantially above aritical (i.e., F > 1), the water surface
never flattened out agéu’.n as i£ would for clear water ﬂow, but continued
to be intenselj wavy as long as there was a sand beds

The individual features will now be considered in more detail,

(9 Growth of Dunes from a Flat Surface., If the sand bed is ini=-

tilally flat; then at low velocities, the grains stert moving, first mainly



as bed load, =nd gradually build up a system of dunes, 4s long as the ve-
locity is sufficient to cause any movement at all, dunes will always form
in this fine sand, As the dunes grow, the transporting power of the stream
is visibly increased in two ways, even with the velocity of flow kept con-
sbtanta First, the localized increase of shear stress in the vicinity of
the crests causes increased bed load movement therse, In addition, many
tﬁrbulam; eddies are formed bshind the dunes, vhich are sometimes strong
enough to lift the particles into suspension, When equilibrium is finally
reached, perhaps after several hours, the rate of entrainment of particles
from the bed is exactly belanced by constant redeposition from the stream,
Thus, no particle is truly suspended for all time, but may stop on the bed
vhile other particles move to maintain a steady average concentration of
suspended sediment,

The gppearance of the dunes camnot be attributed to any outside dis-
turbance, No matter how carefully the bed is smoothed prior to the start
of & run, still the dunes will form. Because of the turbulence, the ini-
tial movement of the sediment is inherently nonumiform over the bed surface,
and slight irregularities develop on the surface, These in turn grow into
tiny ripples spaced very close together; they keep growing in height and
wavelength until the shear on the cresis is large enough to prevent any
further deposition and increase in height. If there are some irregulari-
ties in the bed at the beginming, the process of dune development is ac-
celerated, but the end result is still completely independent of the indi-
tial condition of the bed., It is interesting to note that just one arti-
fieial trough in an otherwise flat bed is sufficient to generate a ripple
train downstream rather quickly, The initial trough starts an oscillation

of some sort in the flow which facilitates the formation of more ripples,



like images of the first one, Consequently, the front of the wave train
advences many times more rapidly than the individual ripples, by formation
of new rippies on the front, This observation demonstrates quite clearly
that the dune configuratkions are closely interrelated to the internal flow
pattern of the stream, for otherwise i} wouwld be impossihble to propagate
a disturbance in the bed downstream so rapidly.

" Time-lag color motion pictures were made to show the development of
the equilibrium bed configuration of Run 26 (Fig. 27 (2), 28 (&), 29(a),
and 30) from an initially flat bed of sand. The frames were taken abt 20-
second intervals, so thalt at a projection speed of 20 frames per second,
the "iime magnification® is 100, and an hour's events in the flume could ke
shom on the screen in 9 seconds. From the motion pictures it sould be
seen that the bed changed most rapidly near the begimming, and approached
the final configuration asymptotically. The development was by no means a
smooth funetion of time, but rather jerky. While some parts of the bed gp~
peared to change slowly, nearhy a depression might be scoured relatively
r@idly. It was believed that some sudden change in the flow pattern oc-
curred when an existing pattern had beccame unstable, and that the bed was
locally scoured to make adjustments,

(3) Characteristics of Stable Dune Configurations. Since it is

difficult to describe the dune configwrations verbally, a number of typical
photographs have been included as Figs. 27 to 33 to show the dune charac-
teristics visusdlly., It may be noticed from the photographs that there is
considerable variation of sizes, shapes, and wavelengths, and that the pate
tern is by ho means strictly two-dimensional., In spite of the variations,

though, the configuration in equilibrium sppears to maintain a definite
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over-all characteri perhaps the best proof of this is the fact that once
equilibrium ig reached, the slope of the stream and the friction factor
remain practically constant, with variations only of the order of magni-
tude of the experimental errors.

Although all the various details of the figures cannot be de-
scribed, still some generalizations are possible, Flg. 27 demonstrates,
as mentioned previously, that as the velocity is increased, the dune pat-
tern becomes more regular. Runs 26, 30, and 28 all have practically iden-
tical mean depths, as noted in Fige 27 In Run 26, the dune crests are
curved, irregularly spaced, and of limited lateral extent, They are some-
times diagonal in the channel instead of perpendicular to the direction of
flow, and there is evidence that the flow lines near the bed are tortuous.
The Wwiroughs" are often more of the shape of round depressions than lateral
troughs,

As the welocity is inereased from 0.82 ft/sec for Run 26 to 1.32
ft/sec for Run 28, (Fig. 27(c)), the aligmment of the dunes improves and
the crests become smoother, resulting in some decrease in the friction fac-
tor £ With higher velocity the dune crests are generally more nearly per-
pendicular to the direction of flow, and the flow near the bed must be
straighter., Many of the crests are now continuous across the entire width
of the channel., Fig, 29 shows that the dune crests in Run 28 are more
Tounded than for Run 26 for which the velocity and load were smaller,

The measured heights, wavelengths, and velocities of the sand dunes
are sumnarized in Table 8 for the 10 runs which had stable dune patterns,
Three cases where meanders were observed were excluded; in two additional
cases, Runé 12 and 2L, where there was a solitary long, thick sand wave in
the system, gll the data per‘baix; only to the rugged, dune-covered reachs
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The first three items, depth, bed friction factor, and sediment dis-
charge concentration, are taken directly from Table 7, and are included
here for comparison purposes. The maximum sand depth, the next item, is
the maximm observed height of surface of the sand bed above the steel bed,
The meximum sand depth 1s larger next to the window than in the central
part of the flume because there was a general tendency for the sand bed to
be slightly thicker on the average near the walls than in the center, The
average sand depth was determined from the mean elevation of the bed after
it was leveled with the bed scraper described in Chep., III, Sec, Ie

The dune heights given in Table 8 must be considered as approximate
because of the difficulties in defining the height discussed in Chap, III,
Sece Le The average heights were determined from a number of representa-
tive-looking dunes, and are thus subject to errors of judgment of this ob-
server., The maximm dune height is a more objective measure, because the
observer simply has to locate the largest dune, and measure the height from
the highest point of the erest to the lowest point of either of the two
t.rb'aghs, fore and aft, or possibly to one side, Minimum dme heighis have
no meaning, inasmuch as bumps or irregularities of sny arhitrarily small
size can be found.

Maximum and average values of dune height are tabulated for the cen-
tral region and for the longitudinal eross section of the bed made by the
windows In determining the average height for the earlier runs, Runs 9,
10, 12, and 13, no distinciion was made between the window section and the
central region, although it was sometimes noted that the dunes were slight-
ly higher at the walls, The last column under dune height gives the height,

h, which is believed most representative for the flow as a whole,
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It is indeed surprising that there is so little variation in the a&- '
srage height, h, considering the variation in depths and welocities repre~
sented by the runs tabulated. This is believed to be the result of a short-
age Qf sand in the flume, Since the average amount of sand on the bed of
the flume was only abtoub O.L to 0.5 inches, i?. was certainly impossible to
have the average height greater than 0.8 to 1.0 in,, and it is perhaps pos-
gible that the short supply restricted the average height still further, A
number of bare spots on the bed in sach run showed that the development of
the dunes had been stopped somewhat short of the limit, However, the total
area of the bare spots, away from the inla‘p, very rarely amounted to more
than a very few per cent of the total area, Naturally, they were the éxos*b
prominent for the runs for which the bed was the thinnest, i.e., Runs 12,
13, 2k, and 25, and are not as mumerous for Runs 26, 28, and 0, used for
the illustrations., It is recognized that this shortage of sand was a
shorteoming of the experiments, bub nevertheless it is the opinion of the
writer that the resulting limitation on the growth of the dunes was nob
very great. Furthermore, if the dunes had been even larger, the nain con
clusions would not be weakened, but would be made even more striking.

Of all the measurements of the bed configuration, the average Wave-

length, the next item in Table 8, is probably the most reliable. It was
| usually vbaséd on severszl measurements ‘af 8 or 10 dunes at a time at the
window, From the figures» it may be observed that the average wavelength in
the genter of the channel is the same, or pei-haps slightly less than at the
walle There vma.s, of course, considerable wvariation in wavelengths, with
the low dunes generally being short and the high dunes long, The maximum
observed wavelengths ﬁsua.lly associated with very high dunes, have also |
- been tabulaied in 'i?able 8 as a matter of interest to show the extremes



possible,
The velocity of the dunes will be discussed in subsection (5) along

?ﬁ.‘lﬁh mechanisms of dune movements

(4) Relation of Friction Factor to Dune Configuraticon, By far the
most direct aeffect of the dunes on the stream hydraulics is the great in-
crease in resistance tc‘ flow, The Darcy~Weisbach friction factor,f, for
the bed may be expected to depend cn the average dune height, h, the ave
erage spacing or wavelength, A , the arrangement znd shape of the dunes,
and perhaps the suspended load of the stream. Since f,, is a measure of re-
lative roughness, h and A will be expressed in terms of the depth of the
stream, de In Fige 39, f, is plotted as a function of h/d and A/d with
the discharge oconcentration T also recorded under each point, The shape
and arrangement are not included as variables because there is no Sil@l&
way to describe them quantitatively,

‘ In spite of the roughness of the dune measurements, Fig, 39 gives
support o the following two conclusions, which are quite naturally to be
bexpec'bed. A

(1) with the relative dune height constant, the friction factor in-
creases when the relative spacing or wavelength of the dunes decreases,

(2) With the relative spacing constant, ~the friction factor in-
creases when the relata‘.vbe dune height increases,

The interesting question of whether the suspended load per se af-
focts the friction factar cannot be resolved on the basis of the experi-
mental data presan‘bed here, Any change in the load is glways accompanied
by scme changes in the bed configuration, so the effects of the two can-
not be separated without a specially designed experiment. Even in the
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~ case of the two points very close to h/d = ,18 and A/d = 1l.L, (Runs 26 and
28), it cannot be concluded that the drep in £, from 212 to ,088 is due to
the increase in.ﬁ; from 0,19 to 3.6, because there is a noticeable improve-
ment in the alignment of the dunes and smoothing of the crests also asso-

clated with the drop in f,. (Cf. Fig. 27 (8,6) and 29.)

(5) Mechanisms of Dune Movement and Their Relation to the Sus-
pended Load, The measurement of the average velocity with which a dune
configuration moves downstream is difficult to define precisely because
it is impossitle to establish an unhiaseé. reference point in the ever-
changing pattern, Dunes are incessantly growing or shrinking, sppearing
or disappearing, getting longer or shorter, merging or splitting, twisting
or turning at varying rates at the same time they move ahead, Just in the
course of moving shead a foot, most dunes will deform so much that they
are unrecognizable; occasionally a duné's lifespan is not even long enough
to travel a‘i‘co’ol _The faster the dunes travel the more quickly they change
thse:.r shape, Figs. 30 to 32 show the movement of the dunes in short ine
tervals of time as noted., Fige 32 shows a pattern for Run 27 undefgoing
an especié.lly rapid alteration, The process is uneven, for at any one
time there are some regions deforming much more actively than the neighbor-
ing ones. As mentioned in the section on growth of dunes, it is believed
that the unevemness may be linked to the changing structure of the large
scale eddies, | |

The velocity of the dunes was measured direetly by following indi-
vidual features for a few; minutes by eye, or from examination of photo-

graphs taken at intervals. The range of values observed in several mess-
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urements for each run is tabulated in Table 8, The largest speed observed
is usually greater than twice the smallest. Even for Run 26, illustrated
in Fige 30, where a casual look at the phobtographs reveals no significant
changés in the configuration after ten minutes, a close inspection vwill
show that the amount of advance between pictures varies from about 0.5 to
1,5 in. In the time lapse motion pictures of Rwam 26, this variation of
the rate of movement was shovm very clearly; the sand appears practically
to flow adleng with sudden thrusts st various points,.

The dune velocity can be used to obtain a rough estimate of the bed
load. For etample, consider the run with the smallest load of 0,10 mm
sand, with average dune velocity of about 0,1 in./min and total measured
sediment discharge C,ll 1b/min, The maximm possibtle bed load discharge
may be found by assuming that the entire bed of sand is moved forward zt
the average rate of Q.1 in./min., Since the average bed thickness is 0,53
in, (see Table 8) and the width of the flume is 10,5 in., the volume rate
of transport is Ol X 0.53 X 10.5 = 0.56 in.3/min. The specific weight
of the loose sand is 90 1b/;£‘t3' (see Table L) so that 0,56 in’/min corres-
ponds to 0,56 x 90/1728 = 0,03 1lb/min, the estimated meximum possible bed
load discharge. ‘By comparing this figure with the total measured sed:l.ment.
discharge, G = 0,14 1b/min, it may be concluded that even at this very low
rate of tramsport, the suspended load discharge is still the major part.
However, a similar calculation for Run 10, the run with the smallest load
for the 0.16 mm sand, gives the maximum estimated bed load discharge as
0,18 1b/nrl_n sgainst a measured total G of only 0.1F lb/min, indicating that
the suspended load discharge for this run is not very significant. For all

the other runs, however, the bed load was relatively minor,
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An inspection of Table § for each of the sand sizes shows that the
dﬁne velocity inereases as the sediment discharge concentration increases.,
But it is rmrious that the dune velocities for the 0,10 mm sand are con-
sistently lower than for the 0416 mm sand in spite of the larger sediment
concentrations for the former. A possible explanation for this observed
fact may be found by considering the mechanisms of dune motion.

A dune can progi'ess downstream only by erosion from the upstream
face and deposition on the downstream face, In the case of wind-hlowmn
send dunes and larger-sized sediments in water, there is practically no
entrainment of sediment from the lee side of a dune; sediment blown ovexr
the crest falls out on the lee side and sediment pushed over the crest by
bed load movement slides down the les slope, In either case, the sand is
not moved again until the entire dune passes over and the sand particles
emerge agaln on the wpstream face,

However, in the case of fine sand in water, the material supplied
to the domnstiream face is not at gll dormant, It was observed both hy
eye and photographically that the turbulent eddies generated in the wake
of a dune are strong enough to 1lift particles out of even the deepest part
of the tfpugh up into the siream where they are carried away as suspended
load, Thus the amount of deposition on the lee side of the dune, and hence
the rate of forward movement, is reduced by the erosion caused by the lee-
side eddies, Consequently, with the finer sand it is reascnahble to expect
that the lee-side eddies will cause more erosion, and hence lower dune ve-
locities than in the case of the 0,16 mm sands Lower dune velocities

actually were observed,
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For dunes of any given size, the strength of the lee~side eddies,
as indicated by the embraimment of sand, varied considerally; at times
the erosion was so severe that it azppeared to the naked eye as if an eddy
were bor:.ng a hole in the bed of a trough., Figs. 33 shows the cdloud of
sediment raised by a wigorous eddy behind an extraordinarily large cune
next to the windows The line of separation of streamlines in back of the
dune is sharply defined by the suspended sediment, From the figure it is
apparent that the rate of erosion is much less on the upstream face than
on the dowmstream face at the instant the photograph was taken, |

From some high speed closeup motion pictures made of the dune motion
ab low rates of transport, one could observe two principal Ways in which
the sediment became suspended., One was the erosion in the trough Yy the
lee-side eddies just described, The motion pictures gave the sppearance
that the trough was being bombed; sometimes the bed would lie almost quiet
for a while, and then suddenly a large group of particles would seem to
spray up in gll directions from some point on the bed, and finally be swept
away by the current. The other mechanism was the sweeping of the Yed load
of f the crests of the dunes at sufficient velocity so that with the aid of
the turbuience in the wake of the dune, a substantial part of the material
could be carried off in suspension a consideratle distance downstream, in-
shead of failing to the bed just beyond the cresh,

For a flow in equilibrium the rate at which the sediment is lifted
into suspension must be just balanced by the rate of redeposition.- How?
ever, it was not noticed that the particles tended to return to the bed
al any particular points, After the particles are swept into suspension
in clouds, they are gradually diffused and each grain returns to the bed
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by its own devious path, lany of them undoubtedly come dovn on the up=~
stream faces of the dunes, there to retard the rate at which that face

is being eroded in the process of moving the dune forward. Actually, this
result is a necessary consequence of the fact that the growth of the down-
gstream face is retarded by the eroding action of the lee-side eddies, for
if the progressicn of the upstream face were not in some way also retarded
the dune would soon devour itself}

To summarize the interrclationship of the dune mechanisms and the
suspended load, it could be said that the dunes provide an efficient me-
chanism for getting the fine sand into suspension at low flow rates, and
that in so deing the velocity of the dunes is reduced.

(6) Sand Waves and Meanders in the Bed. As the velocity of flow

is progressively increased, there comes a point where the sand tends %o
collect in a single long, flat wave, which travels perpetually through the-
system. The wave is a long, thick deposit of sand with a flat top, over
which the water flows with reduced depth, and increased wvelocity and sedi-
ment loade In the remainder of the flume, the bed is still covered with
rugged dunes, and the mean thickness of the sand bed is much less, It is
not known whether this is a system effect or a real transporbation phencmenon,
or a combination,

Solitary sand waves were prominent in Runs 12 and 2L, and were also
present on a much smaller scale in conjunction with meanders in Runs 5, 8,
and 11l. No other run for the 0,10 mm sand, in addition to Run 2, was per—
formed for a flow condition that produced a sand weve, simply because there
were too many experimental difficulties, However, preliminary runs for
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reconnaissance, not reported in detail, showed that this was certainly a
common phenomenon., In Fige 23, the gap in the range of velocities covered
between 1.35 and 1.8 ft/sec is due to the fact that runs could not be per-
fomed in this range whlch did not produce a very sizeable sand wave, The
essential features of all of them were quite similar to Run 2L, which will
be described at this ppirrt,.

Three views of Run 2 are shown in Fige 34. The middle of the sand
wave with its flat bed surface is shown by (a), the transition by (b), and
the typical configuration of dunesfor the rest of the flume by (¢)o The
mean thickness of the sand bed in the sand wave is gbout 0,80 in,, while
it is only 0.35 in, in the dune section. The dimensions of the wave re=
mained constant after eqzﬁ]ibﬁum was established, even though the wave
periodically had to pass through the pump and return pipe.

The flow had apparently reached a new equilitrium on top of the sand
wave since the sand depth and surface configuration remained uniform over
a section sbout 8 £t long between the transition regions at the two ends
of the wave, All the usual measurements could be made for this section
except the slope, because the reach was so short. They are reported in
Table 7 dlong with the data for the dune section, and the relevant figures
in Sec. A include a point for this szdditional equilitwrium eondition.

At each end of the sand wave the transition section was only aboub
L or 5 £t long, indicating that the adjustment between the two separate
equilibria was fairly repide The wave progressed downstream bty continual
erocsion in the upstream transition region and deposition in the downstream

transition region.
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The rate of travel of the sand wave should be determined by thé dife
fgrence in the total sediment discharge, G, between the flat section on the
wave and the dmé regicn. Inasmuch as G was 7 1lb/min over the wave, and
L, 1b/min elsewhere, 3 1b/min or 60 in.>/min must be the rate st which ma-
terial is moved from cne end of the wave to the other. Bul the volume
rate of accumulation is also the width of the chanmel (10.5 in.) times
the increase in mean bed thickness (.80 ~ .35 = .U5 in.) times the velocity.
The *jrelocity corresponding to the measured load difference is then
6040248 x 10,5) = 13 in,/min, However, the actual average rate of edvance
was only 5e3 in,/min, One possible explanation for this inconsistency may
be that the sand wave accelerates at the end of the flume where the total
load was measured, but there is no other evidence :t‘or' supposing this. The
argunent above shoul& te quite sound, besause it is based only an a con~
tinuity principle for the sand, Further imestigatien is needed to under-
stand why the calculated and measured velocities are so different.

The velocity of the individual dimes in the rugged section was found
'ﬁo ‘be about 1 in./min or only one-fifth of the sand wave velocity. Conse-
quently, the dunes shead of the sand wave must have been buried in the
ﬂonmsh**,‘_ and new dunes must have appeared behind the sand wave.

The solitary sand wave is a baffling phenomenon; it is not gpparent
what determines its length and height, or even vwhy it existed at all ab
some flow rates and not others, 7

The meanders in the sand ted, illustiéted in Fig. 35, were equally
puzzling. Here the sand distributes itself nonuniformly across the chan-
nel by forming a central ridge which weaves back and forth in the channel.
The surface of the bed is covered with small ripples. Definite rhythmie
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patterns were cbserved in Rms 5 and 11 for the 0,16 mm sand, but in the
course of the experiments with the 0,10 mm send, only faint suggestions
of meandering were seen. The average wavelengths in Runs 5 and 11 were
3.1 and 3.9 £ respectively, Some meanders also appeared in Run 8, but
the pattern was not so well defined, In all three of these cases it may
be noted that the Froude numbers were fairly large, ranging from 0,63 to
0.7k, but were not quite large enough to induce standing waves on the

water swrfaces

(7) Water surface Configuration and its Relatlon to the Bed, The

character of the free water surface is largely dependent an the Froude
number, F, because gravity is an important force. Consequently, F and
the water surface condition are tabulated in zdjacent columns in Table 7.
At very low F values, around 0,3, the water surface was very smooth, with
only a few scattered dimples due to tiny vortices, in spite of the fact
that the bed was very rough in these cases (See Fige. 30). As the Froude
mumber incresses, the surface becomes more and more sensitive to disturb-
ances to the flow resulting from the dume configuration. (See Figs; 1,
32, and 33) » The surface ripples for F values up to about 0,7 reflect
directly the wavelength of the bed configuration; in contrast to the large
standing waves, the ripples are generally not over 0,015 ft high, and |
shift about quickly, giving the water surface a ripply sppearance -
hence, the designation Yripples". |

When £he Froude number gets up to 0,70 or 0.75, then large standing
waves develops A typical wave train would move very slowly up the strean,
with the waves becomiﬁg gradually steeper, and finally disappearing rather
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suddenly, without breaking, This process is well illustrated by the timed
sequence of pictures showm in Fig, 38, At other times, the waves would per—
sigt without much changs in heights they would move upstresm slowly as be-
fore, Abu’r, the waves would gradually die out at the upstream end of the

train and new ones would he generated at the lower end, The wavelengbhs
were not carefully measured during the runs, tub from the photographs it
was found that the wavelength was 10 to 11 in, for Runs 6 and 23, and 11

to 12 in, for Runs 21 and 21a, The heights in exceptional cases exceeded
ocne inch,

The standing waves were always more pronounced at 'l:heidomstreem end
of the flume; furthermore, when the turbulence damping screens were used
ab the inlet, the surface waves were larger and extended farther upstream,
It is probable that the wave trains could develop only where uniform flow
is well established; with the damping screens the inlet condition is im-
proved, making the reach of uniform flow longer,

Standing waves on the surface tended to erase whatever dunes might
otherwise form on the bed, In 2ll cases with wavy water surface, the bed
was smooth in the center, with little ripples about 1/l in, high near the
walls oniy, as shown by Figs, 3% or 37. If the waves were very high, as
in Run 23, the bed would be slightly undulated, with the same wavelength
as the sﬁrface wavess

However, at the largest depth used, d = 0,28 £t, it was found that
the sand bed would bte leveled by the flow itself even before the Froude
nunber was high enough to make swrface waves, Run 29 was the only run
performed with the good fortune of having both s smooth bed and smooth
water surface, as illﬁstrated in Figs 36. With depth of d = 0,24 ft, a
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smooth bed condition could not be obtained without moderate surface waves,
but it was still possible to carry cut the usual measurements. At

d = 0,19 £, whenever the bed was smooth, the waves were large, making
the fiow practically unmanageable, At still smaller depths, it was im-
possihle to obtain an equilibrium flow with a smooth bed, for the waves
were so large that small antidunes started to form.

It was concluded, then, that the Froude number, at which the bed be-
comes smooth, decreases as depth increases. Had a larger flume been used,
permitiing greater depths, it would have been much easier to establish a
number of uniform flow condltions with a flat bed without interference
from swface waves,

The foregoing remarks about the waves and the smooth bed apply for
Froude numbers up to aboubt 0.8 only, For higher F values, the waves were
always too large to permit measuring the depth and the sglope with any ac-
curacy, and the shifting patbiern made it impossible to measure point ve-
locj.ties and eoneentrations, At still larger P, the suwrface waves are ac-
centuated by large, rounded antidunes, and reach heights as great as the
mean depth, Occasionally a treaking wave could be seen; others would just

disappears

(8) | Summary. At low velocities, dunes will always form on ‘the
bed, making the bed roughness very large. As the wvelocity and transporta-
tion rate increase, the dunes become more regular snd rounded and the |
friction factor decreases gradually; long sand waves are formed next, and
finally the bed is smpt smooth at high velocities and transportation

rates, with a pronounced drop in the friction factor, At Froude numbers.
.0f 0,7 to 0,75, standing waves appear on the surface,
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As the most important observations are illustrated by Figs. 27 to
38, the reader is referred to these figures for a visual review of the
phenomena described in this section,

| In addition to increasing the roughness of the stream bed tre-
mendously, the dunes provide two efficient mechanisms for getting the bed
sand into suspension. At low stream velocities, the particles on the down-
stream face of the dune may be lifted into the stream by the lee-side ed-
dies. When the velocity is somewhat higher, the bed load material is swept
off the crest directly into suspension, and kept in suspension over the
trough by the lee-side eddies there,

The dunes wers observed to move domnstream a'b. velocgities from
1/500C to 1/500 of the mean stream velocity, being the dlowest at low
transportation rates, For the runs with 0.16 mm sand, they generally
moved faster, even though the transportation rate was smaller than it
was for similar runs with the smaller sized sand., As the dunes moved,
they continuously deformed so much that individual dunes became unrecog-

nizable before traveling even a foot,.

C. DISTRIBUTION QF VELOCITY AND SUSPENDED SEDIMENT WITHIN THE STREAM.

In this section the results based on measurements of point veloc~
ities and concentrations will be reported. Centerline profiles were ob-
tained only for the runs for which the sand bed was flat, because of the
experimental difficulties in determining representative profiles in the
presence of an irregular, changing dune configuration. Consequently, the
data reported here cover a very limited range of conditions, and perhaps
should be taken only as suggestive of what might be found by a more ex~
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tensive investigation., Nevertheless, some positive conclusions can te
mede, especially regarding the reduction of the von Karman consbant by
the suspended load.

| The velocity measurements will be tzken up first, in subsection (1),
and the concentration measurements in subsection (2)., The formulas de-
veloped in Chap, 1 fozf integration of the suspended load discharge from
the measured profiles will be spplied to the experimental data in sub~
section (3),

A discussion of the experimental procedures by which these point
veloclties and point concentrations were measured, may be found in Chapter
IIT, Secss E and G (1). A1l the basic data upon which the curves in this
section are based have been tabulated for reference in Appendix D,

(1) velocity Distribution. Velocity profiles were generally meas-

wed only in the center of the flume, wherse it was believed that the flow
would be most nearly two-dimensional. However, detailed veloeity traverses
were made over half of the entire cross section for Runs Cl, €6, and 29,
The velocity contours have been plotted in Figs LO for Run 29 to
show 'hhat’_'bhe flow is very closely two-dimensicnal in the central region
of the flume, except for the upper third of the depth., Inasmuch as the
sand bed in Run 29 was smooth and the depth (04280 £t) was practically the
largest used in any of the runs, the fraction of the cross-sectional area
which should be assigned to the walls for thé wall shear is as large in
this case as for any of the runs, This ratio, 'A&/A, may be easily de-
termined from the values of the depth, d, and the bed hydraulic radius, 2y
caloulsted from the side-wall correction procedure of Chap. V, Sec, C(2)
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as follows:

m ] e

aFa

‘because Ab = rbi'a and A = bd, ‘

For Run 29, it is found from Table 7 that r, = 0,178 £t and d = 0,280
£b3 hence, A, /A = 0,36, In Fige I0, the dashed line shows how the cross
section could be divided in this ratio by assuming that the boundary curve
between Aw and Ab is a straight line through the corner, From thé conbowrs
in the figure, this division ssems reascnable,
| In spite of this large wall area, Aps the conbours are gtraight and
parallel to the bed in the center of the flume, It may also be noted from
Fige 10, that the thickness of the sand bed was not perfectly uwniform o~
cross the chammel; nearthe wall, there are some small ripples, alout
«020 £t high (see Fig, 36(1)), which, when leveled ocut, give a slightly
lower than average bted elevatlon near the corner, The hump in the average
bed elevation near the abscissa 4300, comes approximately at the limit of
the lateral extent of the ripples. This irregularity of the bed near ’c.he
corney is reflected by the contours nearest the bed,

The velocity measurements orer the cross section for Runs 1 and
06 have already been plobted as semi-logarithmic profiles in Fig, 1l for
the purpose of obtaining the shear distribution around the boundary of a
uniform chanmnel with ciear flow, The data wpon which those curves were
based have also been tabulated in Appendix D, In addition, a few velocity
measurements off the centerline for some of the other runs have been in-
cluded in Appendix D, but are not shown on any of the figures.

The centerline profiles have been plotted semi-logarithmically in
‘Fige 1 for both the runs with clear flow (Runs Cl, €2, 3, Ch, and c6)
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and the runs with a smooth sand bed and suspended load, (Runs 2, 3, L, 6,
7, 21, and 29). In &1l cases the veloecity distribution can be well gp-
proximated by a straight line, except for minor deviations near the sur-
face and also near the bed for the runs with heavy suspended load,(es-
pecially Runs 21 eand 29)» The retardation near the surface is believed
to be mainly the effect of the side walls or secondary circul#ticm induced
by them, for at the smallest depth (0,115 £+t in Run C3), this retardation
is very slight,

For some of the runs with sediment, for which velocity profiies
are plotted in Fig, ll, there were persistent standing waves on the water
surface, because the Froude numbers were all between 0.7 and 0,8, Under
the trough of a standing wave, the depth is reduced and all the velocities
are increased, snd under a crest the opposite is true, If the point ve-
‘locities are measured without regerd to the position of the Pitot tube
relative to the surface waves, there is consideralle scatter of points, as
in Run 6; however, since these are not random errors, a bettér profile is
obtained by taking a pair of readings at every level, one with the Pitot
tube under a trough and one under a crest, A good linsar first approxima-
tion for v'.bhe true mean velocity is then found by averaging these crest and
trough readings; This was done for Runs 7 and 21, vhere the waves were
also large enough to cause substantial fluctuations in the velocity. The
piotted means define a more reliahble profile,
\ The sﬁraigh‘b lines for the wveloecity profiles may bé fitted to the
logarithmic law by the proper choice of U and k in Eqe l.Ll, which is

vuaﬁ+%-1-c‘3‘:(1~n1n%) (6;01-)
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The mean velocity, U, was read directly from the profile at y = dfe,
as noted for each one on Fig. Ll. The shear velocity on the centerline,
Yo WaS calculated for sach run by {he procedure outlined in Chap. T,

Sec, D, and has been tatulated in Table 9. The wvalues are generally a
Llittle less than +/gdS , the shear velocity for a wide rectengular chan-
nel, or the maximum pqssible, s may e seen from the tabulated ratio,
W / Vv e& .

The value of the von Karman k was calculated from the slope of
the profile, m, in feet per second per cycle of 10, from the relation

2,30 w

k = - (6.02)

The measured slopes are given directly on Fige. ll, and the calculated k
values are listed in Table 9, The sediment discharge concentration C
for each run is also included in Table 9 for comparison purposes,

The reduction of k by the suspended load is unmistakable. For
the runs with clear flow the k values lie in the narrow range 0,375 to
04390, with an average of 0,382, which is very close to the commonly
accepted spproximate value of O.lis On the other hand, with suspended
sediment, k ranges from 0,246 to 0,322, The reduction is clearly signif-
icant and. certainly cannot be attributed to experimental errors, or the
 method used to caleulate the values of uo.

Furthermore, i'li appears, on the basis of the few values found, that
k is less for the runs with 0,10 mm sand (Runs 21 and /29)- than for the
runs with the 0,16 mm sand, This may be either the effect of more sus-
pended 1oa<_1 or the difference in sand size., Although the number of runs
for which k values could be found was too small to permit any conclusions

about the effect of concentration or size, still there is no doubt that
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Table 9

vyon Karman Constant for

d £, a LY k [l
Bed Mean Shear \/gdS Ton Sedinmend
Frict, Profile Veloec. Xarman Disch,
Run No, Depth Factor Vel, on on GI. Const, Conce
G, |
g ft/sec fi/sec gr/1
Clezx Flow
¢l 2232 2017 3096 03-83’ 0 095 390 0
c2 o171 0185  3.40 Q6L 0.99 .385 0
c3 J15  ,0205e 2.41 o132  0.97 +375 0
ch 2225 L0195 1,78 088 0,92 .382 0
c6 A79 L0185 337 162 0.96 .36 0
(&ve.= ‘
.382)
Sand Bed, D_ = 04,16 mm
2 - 28}4 00183 2 J-ln? ¢ll? 0 091 . 290 -
3 23 0275 2.32 JA36  0.97 292  1.95
L .236 .023 2.43 130 0.97 285  2.05
6 . W95 L0225 2,35 JA2h 1,00 +208 2.45
Sand Bed, D, = 0,10 mn
pal 236 022 2.37 A2 0.95 | 26 L85
29 019 2,36 J1l 0.89 26 385

+280

e =» estimated
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the presence of suspended load does substantially reduce the von Karmen

(2) Sediment Concentration Profiles. The sediment concentration

profiles for the center of the flume for the seven runs for which profiles
were obtained, are shown in Fig, L2, The concentration, ¢, has been plot-
ted logarithmically against (& - y) /v, where y is the distance from the
bed, in order that the points may be fitted to the two-dimensional sus-
pended load equation (Eq. 1.18) with a straight line, It may te recalled
from Chap. I that the slope of the ‘proi‘ile, 2, is the mumber of cycles of

¢ per gycle of (d~y) /v, and that
w

z = m . ‘ (6003)

To show that the distribution of suspended sediment was approximately
two-dimensional, the concentration was measured at a few points off the
centerline (see Appendix D). There was little variation of concentration
in the horizontal direction compared with the vertical dirsction. For -
ample, in Run 29, at 0,103 £t from the bed, the concentration was »2.73, gr/1
on the centerline and 2.8k gr/l at the same level only 0,035 £t from the
walls

For the lower half of the flow (i.e., @-y)y > 1), the plotted points
may be fitted well by a straight line, wb in the upper half the points
deviate, especially for the runs with the 0,10 mm sand. This is to be
expected because of the effect of the walls on the velocity distribution
and because the assumption, that the diffusion coefficient for sediment,

€ s 15 proportional to the kinematic eddy viscosity, € _, is not ace

mn
curate in regions where the shear and the velocity gradient are both small,
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Secondary circulation and selective sorting of the material can also
» cause significant deviatlons in the upper levels, However, since the a-
mount of sand carried above the mid-depth was smell compared with the
load bbelcw mid-depth, it is much more important to have the formula fit
the observed concentrations in the lower part thean in the upper part.

Since the profiles are best defined by points near the bed, care
was taken at the time of the sampling to determine accurately the dis-
tance, y, from the bed to the sampling point, For Runs 21 and 29 it ‘
was necessary to deduch 0,001l £t from the bed elevations measured in still
waber to allow for the amount of material that was in suspension when the
waber was flowing,

The ratio of diffusion coefficiemts, B = € / € Mey e calcu~
lated from Eqs 6403+ The values of v, and k have already been discussed
and are listed in Table 9, The values of 2z are determined directly from
the straight line profiles, and are noted on Fig, 42 and in Table 11, The
mean fall velocity, w, for the suspension was found in the manner outlined
belov,

 There are two factors which make the mean fall velocity vary, One
is the :f.'écft that in a suspension of nonuniform particles, the mean size de-
creases going toward the surface because the concentration gradients are
less for the smaller sized particles. This phenomenon was analyzed ab
length in Chaps I, Sec. Bo Tsble 10, which demonstrates that effect for
Run 29, gives, for five values of ¥y, the mean sedimentetion diameters, Dg»
which were calculated from sieve ahalyses of point samples by the method
outlined in Chap. IV, Sec. By There is definitely a regular decrease of

Ds as y increases.
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Table 10
Vaﬁation of Mean Settling Velocity with y for Run 29

v D e 4 w
Reduction Faal
Distance Mean Sed, inw Velogg
above bed Diameter for Conc, ab
Tt ™ ?"57369
1,018 0,098 15 20235
.033 0,096 13 20235
2063 " 0.094 8 L0235
103 0.091 : 5 »023
163 0,085 3 2021
Discharge ,
sammile 04095 6.5% 202485

Total depth, d = 280 £4, For bed materiel Dy = 0.103 mn.
*pased on sediment discharge concentration

Table 11
B Values for Sediment Concentration Profiles on the Genterline

b, T % w z &

a .
‘ Run Mean Sed. l%lg:per Reg;c;l * ggf 2%3? “ - _f__q
- MNo. Diameter ¢ for Conc. Profile €m
' mm o T%/sec
0el6 mm Sand
2 0.159%e 17 a 0525 1,58 0.98
3 0.157 22 a $0565 1436 1404
L 0.158 12.5 8 O 1.2 1.08
6 0.160 2 a 057 1.9 1.07
7 0.163 3.5 a .070. 1.78 0.97
(Ave. 1.03)
0.10 mm Sand ,
21 0.098 25.0 8 0255  0.76 1,03
29 0.095 25.2 6.5 0245  0.83 1.05
e = estimated (Ave. 1.0L)

a = No basis for calculating, sinee McNowm and lin (21) analysis
does not extend far enough. Estimated to be not more than
ly per cent, thus reducing § values L per cent at most.
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Very close to the bgd, it is believed that D g 1S the same as for
the bed materials Ab y' = 018 £t for Run 29, D o 1s only 0.098 mm compared
with 0.103 mm for the bed sand; however, a sieve analysis at y = ,011 £t
(for Run 21) yielded D, = 0,102 mm, which is practically the same as for
~the bed material itself,

Counteracting this decrease in Ds is the hindered settling phenom-
enon discussed prevliously in Chap. IV, Sec. A, The per cent reduction of
w is the most near the bed where the concentrations are largest., Table 10
shows the per cent reduction in w for Run 29 from Table 2 (Chap, IV, Sec.h).
With the aid of a fall velocity chart for quartz spheres (1), the mean set-
tling velocities, given in Table 10, were calculated with the required re-
duction to show the combined effect of sorting and hindered settling. For
the example chosen, the two factors are in perfect bala.nee in the lower
part of the flow inasmuch as w remaéns constant at ,0235 ft/sec for all
practical purposes up to y = 0,103 £t or 37 per cent of the depth.

If the mean settling velocity had been computed for the bed material
inétead of from the actual suspended load samples, and no correction for
- particle interference is made, then w would have been .030 ft/sec for
Run 29, or fully 30 per cent higher than actual, Hence, the neglect of
these two i‘actoi's s sorting and hindered settling, can lead to erroneous
values of B. »

Since meking sieve analyses for all the sampling péints is a te~
dious procedure, an approximate method for finding w was devised; A
single sieve -analysis was made of the composite of the sediment discharge
samples, and a reduction corresponding to the discharge concentration was

made for the hindrance effect. Far Run 29 this spproximate method gives
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ér = ;02).15 ft/sec, compared to ,0235 ft/sec found frém sleve analyses‘for ’
the individual sampling points, It was decided then, pending further in-
vestigation, to assume for the other runs that a representative w could be
determined in this simplified way.

A1l the values of D s and w given in Table 1l were determined on this
basis. Unfortunately, the analysis of hindered settling by McNown and Lin
(21) does not extend to large enough particle Reynolds numbers to permit
deteﬁinaﬁon of the amount of reduction required for the hindered settling
for the 0,16 mm sand, Therefore, no correction was included in the cal-
culations, but it is estimated that the corrections are not more than L per
cent,

From the values of L k, w, and z given in Tables 9_and 11, the
values of B, also listed in Table 11, were computed by Eq, 6,03 for each
run, Since the variation in the values is small considering the experi-
mental errors imrolved, the original assumption that €q is proportional
Cto e is borne ou'p. Furthermore, this af.‘actor of proportionality, B, has
a value close to 1.0 for both sand sizes,

This result was checked in ano'therrway for Run 29, From the sieve
analyseslbf the samples at various levels, it was possible to plot the con—
centration profile for each sieve fraction, as has been done in Fig; L3,

It may be noticed righ'b away that the points do not fit a straight line

as well as the points for the total concentrations in Fig, L2, bécause

now the effect of the concentration on the fall velocity is not counter—
balancéd by the sorting., If a smooth curve were plotted through the points,
the slope of the tangent z would decrease when (d~y)/y becomes large, in-

dicating by Eqs. 1.1 and 6,03 that the settling velocity w is decreasing



- 192 -

T T 1
RN | |
a RUN 29 BY
SIEVE FRACTIONS
/ 104 -124 mm
| |
Pge]
g” 2
> e 088-104mm ||
3 | I g 0 /|
’_
5.0 4
< :
< g 074-088mm |
= 9 \.0
r A7 0/
£ | 4
[ d ©
L)
m
y ¢ Pz
L 2 .
5 : /c/,’o 061-074mm
W A/
(] 5 Vel
[
© 4
—
& '&‘o < 0.6lmm ||
w // 8]
(" “
E I 1A 10
[+]
5 7
Z 4 £
/4,
|l>
. | /
o/
4
0.0l 004 0. 04 | 4 10

¢, CONGENTRATION, GR/L

Fig. 43. Sediment concentration profiles for
individual sieve fractions on the center-
line for Run 29.



- 193 -

as‘ axpéc’oed; This is evlidence, then, for the fact that the good fit of the
profiles in Fig, )2 is partly forbﬁtous. While it is true that the 0,16 mm
sand is more nearly uniform in size than the 0,10 mm sand, still it is be-
lieved that the points would not fit a straight line so well were it not
for the two countersacting factors of sorting and hindered settling,

The value of B for each sieve fraction was obtained approximately
by fitting a straight line to the points in Fig. L3, end assuming a uni-
form correction for the hindered settling of -10 per cent. Table 12 shows

Tabla 12

sis of Concentration Profiles
‘ y Sieve Fractions for Run 29

Tyler Mean $of D 5.3 Sed., W Fall 2, o
Sieve Sieve Sed. i Vel Slope of =
No.  Diam. Disch. Diam.w *".  Prefile g-s-
' , : ‘ : o n
) i “Tt/sec
150 0.1l 5.9 04129 +039 1,27 1.10
170 0.096 25.1 0,107 .0285 1,03 0499
200 0.081 345 0,096 024 0.93 0493
250 0,067 1l.4 0.086 = 020 0476 0.93

Pan = 22,6 (0.07¢) (eOlhe) 0453  (0e9Le)
(Ave.= 0.99)

e - estimated

¥gor W25°C, including an estimated 10% average reduction
~ for hindered settling for all sieve fractions..

**By Table 3.

the relevant data and the values of B obtained, The average is 0,99 com-
pared with 1405 reported in Table 11 for the combined profile for Run 29;
the difference may be largely abtributed to the use of w = L0245 fi/sec
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in‘Table ll,v vhich was determined from the sediment discharge samples in
order to te consistent with the other runs, whereas the actual saverage
velue of the setbtling veloeity in the lower part of the flow is shown by
Table 10 to be 40235 ft/sec, or L per cent less, malking B = 1.0,

Thus, the conclusion that B 8 1,0 is verified by the profiles for
the individual sieve fractions,

(3) Application of Load Integration Formulas. In Chap. I, Secs D,
a detailed a.ﬁalysis was given for the problem of finding the suspended losd
“discharge per unit width, s by integration of the product of concentra-
ti’on and velocity over the depth. Eq. 1.53, based on the suspended load
equation will now be applied to the experimental runs with warious choices
of the lower limit of integration, W . o

A rigorous comparison of experimental results with the cé.lculated
suspended load discharge is not possible because the measured sediment dis-
charge concentration, G, includes also the bed load, and because the cen—
terline profiles of concentraticn and velocity on which the integration is
based are not truly representative of the whole aross section, Neverthe-
less » with the high transportation rates associated with the runs for which
profiles were obtained, the bed load is believed to be small, Further-
- more, 1t has been observed that the concentration does not vary substan-
tially going across £h‘e channel at any given level. Since most of the load
is ecarried dlose to the bed anyway, the distortion of the velocity dis-
fri'bxrtion by the walls at the upper levels does not introduce a very large
error. Consequently, the order of magnitude of the measured G should be

the same as the caleulated ratio of suspended load discharge to water dis-
charge, q  /q.
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When using any of the integration proced:ure, it is important to have
the suspended load egquation fit the observed concentrations well only where
the concentrations are large, If the curve deviates large amounts when the
concentrations are relatively small, as is often the case in Fig., 42, the
error introduced in the total transportation rate is still small.

The results o;E the calculations are summarized in Talle 13 in di-
mensionless form. In part (a) of the table four wvalues of the lower lim-
it Mo have been listed for each run; they were calculated from Eqs, 1.56
to 1,59, and represent the various physical possibilities for the lower
limit of integration. Column 1 is based on Einsteint's bed layer concept
(16) giving the lower limit at two grain dlameters above the bed level
¥ = 0. The next column gives the walues of m ° corresponding to the up-
per edge of a hypothetical laminar sublayer, In column 3 Mo I8 the level
at which the velocity is zero ly extrapolation of the velocity profile,
and in the last columm %  is the level at which the concentration equals
the bed concentration by extrapolation of the conecentration profile, The
values of the dimensionless ratio, 9 /qc:md, listed in Table 13 (b), were
calculated from 2z, k %—; s and No? and may be compared with the ﬁeasured
ratio /e e

From an inspectlion of the table, it is clear that the agreement be-
tween the values is not perfect, but quali‘bativel& quite good. Vhen the
value of the exponent z is small (less than 1) and hence 9 /qz:md is small,
the agreement of &ll the velues is exoellent; for the theoretical calcu~
lation it sppears that any one of these choices of the lower limit would
be satisfactory.

However, for the higher z values (greater than 1.3 or 1.k), the

caloulated q_ /qcmd is significantly larger than the experimentally de-
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able 13

Iu‘begration for Suspended Sediment Discharge

o
s o % f cu ay
qc d -
md. v, Cpg & .
(8) Values of Lower Limit 5? o™ E?-

o (1) o (%“6;’ (3 (L)
No. o " T [l uﬁ; u(70)= g 3(770 =%

2 00338 | L0005 | .00082 200325

3 .0039 0036 .00255 0015

Ly 00l0 20050 .0018 +001L

6 00l9 0051 .0018 00325

7 0039 | 40032 +0008L +00Ll

21 .0025 .0038 20024 .00029

29 .00205 | 0035 .00235 00033

(b) Values of the Integral for Various 7
Run | = 3 s = Sus. sed, disch, conc, e/ md
Nos | Pro- |k = CIN mid-depth conec. (meas.sed.
file ¥* ! disch.concs)
slope Calculated for v  as above T G
| (@) (2) (»* (1) |

2 1158 [6.1 | 1945 18 25 19.5 -

3» 1,. 36 SQG 6 - 65 6075 6 » 75 6 » 65 905

L 1.20 5- 3| h'n }45 hq 3 hc? L7 lh 55

6 |1.k9 [543 | 10,2 10.3 12 1.5 Boli5
7 |1.78 |61 | L3 Ly 5% 395 23.5

ZL ) 0476 500 1.69 1070 1065 1057 lgéa
29 10.83 |5.0 1.88 1.86 1.85 1.81 1.82

*Values read directly from Fige 2.
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termined concentration ratio, G/c_.. The discrepancy results from the
fact that when 2 is large, a major part of the load travels wvery close to
the bed where th_e extrapolated concentration and velocity profiles may
not be accurste, None of the choices of the lower limit gives a good
value of q /qcmd when this ratio is larges

It may be noted that the caloulated values of qs/qohd given in
the third colum (for ﬁ( ‘rlo) = 0} were read directly from Fige 2, where-
as 211 the others required a laborious calculation based on Ed. 153 and
Einsteints charts {16) for the integrals I, end Ie Tntid such time as
further investigation of a wider range of conditions shows that some o~
$her particular choice of the lower limit is more reascnaliie, the writer
suggests that the chart of Tig. 2 may be conveniently used, For low z
values, q /qc= by the chart is fully as good as any of the other cal-
culated values, and when z becomes larger, none of the values are very ao-
curate anyway.

It should be remembered that o for which u(vl ) =0 gives the
maximun value of f cu dwz s since the integrand is zero at this
lower limit., In Table 13, the few instances where the value of qs/qc
in the third colum is not the largest of the four are the result of slight
inevitable errors of calculation.

A further example of the application of Fige 2 has been included
as Tahle 1l for the individual sieve-fraction concentration profiles for
Run 29, (Cf. Fig. 43). ';‘he exponent % varies from 0.53 to 1,27, and the
values obtained from Fig. 2 compare favorably with the mesgsured ratio of
the discharge concentration to the mid-depth concentration for each sieve
fraction,



Table 1k

Integration of Suspended Sediment Discharge
for Individual Sieve Fractions for Run 29

k:":- = 5,05
u%

Tyler sieve retained en 150 170 200 250  Pan
%, exponent ‘ 1,27 103 0,93 0,76 0.53

q, fa0, DY Fige 2 5.3 282 2.26 1.65 1.2
C/c, 4, measured 3.92 2,66 1,92 1ll.43 1.30

For all the present runs where the sand bed was smooth, the level
Mo *® 2n/d (Ta}ble 13, col. 1) is higher than the level for which
u(vle) = 0 (cols 3), and thus it might be reascned that the former would
be a better choice, However, when the bed becomes covered with dunes,
the friction factor increases and the situation is reversed, For example,
assume the fypical values £, = (08 and k = «30; by the Darcy-Weisbach for-
mila (or directly from Eq. 1.55),

u 8 ,
k ?‘; = k fb = 3,0
By Ed. 1458,
- 3;0 -1 "
Mo ™ © = o019

Now v is consideratly more than 2D/d for any of the runs, and the use
of y, = 2/d in a cage like this would include negative values of the
integrand in the load integral., Consequently, if it is found that the
suspended load equation can be gpplied reasonably well to flows over dune-
covgred bed, then the use of »Z o for which u(‘rl o) = 0 and the chart in

Fig. 2 is recamended in place of the lower limit wo = 2 D/d.
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(L) Summary. The main results of this section on veloeity and
suspended sediment distributions are as follows: B

(8) The Prandtl-Kermsn logarithmic velocity law (Eqs 6.01) and
the suspended load equation (Eq. 1,18) fit the measured centerline profiles
fairly well, except near the surface,

(t) The von Karman constamt k ramged from 04375 to 04390 for
clear flow, and from 0,?)46 to 0,322 for flows carrying suspended load,
with a smooth sand-covered bed,

(¢) From the sediment concentration profiles, the ratio of the
diffusion coefficient for sediment to the eddy viscosity, B, was found
to be close Lo 1;0. Careful consideration was given to the effects of
sorting and hindered setiling on the mean fall velocity of the sediment.

(d) The integration formulas developed in Chape I were found
to be reasonsbly sccurate for z < 1, and only qualitatively correct for
2 >1lelie Inview of its reasonatle accuracy and its simplicity, the use
of the integration chart of Fig. 2 seems jJustified.
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CHAPTER VII

DISCUSSION OF RESULTS

In this chepter, the discussion of the principal results of the
experiments will be extended with particular reference to the work of
other investigators, and the relationships with other sediment trans-
vortation problems will be indicated. Chapter VI, "Experimental
Results," already includes a comprehensive discussion and explanation

of the mechanics of the streams observed in the laboratory flume.

A, BASIC SUSPENDED SEDIMENT TRANSPORTATION RELATIONSHIPS

The most important result of the experiments is that the
velocity and sediment discharge of the 1aboratory stream could not be
expressed as a function of the shear stress or any combination of .
depth, hydraulic radius, and slope. Because there are such large var-
‘iations in roughness due to changes in the dune configuration, the
standard fixed-bed open channel hydraulics is no longer adequates,

(1). Field Observations of Natural Streams. It is believed

that the bed configuration of a natural stream, and hence the depth
and velocity with which it flows, are greatly affected by the amount
of sediment load the stream must carry. In Chapter VI, Sec. A (Le),
it was pbinted out that two of the experimental runs had identical
discharge and slope, but two quite different depths and sediment
discharges. Leopold (34) has reported severél similar situations
observed on large natural rivers.

For example, lLeopold's Figure 28 gives the following informa-

tion. Vhen Hoover Dam vwas built on the Colorado River, the sediment
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load below Hoover Dam was sharply reduped because of the desilting
action of the reservoir behind the dam., At Yuma, Arizona, the annual
suspended sedimeht discharge after the dam closure was only one tenth
of what it had been previously. For a typical flow of 12,000 cfs,

the depth jumped from about 5 to 9 feet, the velocity decreased from
about 5 ft/sec to 3 ft/sec, and the Manning n increased from about

,013 to ,030 (which corresponds to a fivewfold increase in the Darcy-
Weisbach f,) The slope did not change, although the stream bed ele-
vation dfopped about 8 feet in the first 10 years after constructicn of
the dam, Here is a case where for a given discharge and slope, the
stream responded quite differently when the suspended load was reducad,
Qualitatively the changes which have occurred are in perfect agreement
with the conclusions based on the laboratory data plotted in Figs, 2l
and 25 (Chap. VI, Sec, A(L).)

Leopold suggests that the increase in roughness was an effect
of the decrease in suspended load., However, it is doubtful if the
effect is direct; probably the bed of the stream has become covered
Wifh irregular dimes giving inereased resistance to the flow, Actually,
it is fortunate that the stream can adjust its ted, change the hydraulics
of the stream,-and thus greatly reduce its transporting capacity; for
otherwise, the degradation at Yuma would undoubtedly have been much
nore SeVere,

Another example is given by Leopold (3&)\in his Figure 23,
shéwing the éhanges in the hydraulic characteristics of the Colorado
River at Grand Canyon, Arizona, occurring during the flood of December,
1940 to June, 1941, On the rising stage, the suspended load was very

large, and the stream bed aggraded; on the falling stage the load was
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much less, and the bed was scourad, For two approximately equal dis-

charges, the following data may be read from two sets of points on his

curves:

| Riging stage Falling stage
Discharge, cfs 13,000 12,000
Suspended load discharge,

tons per day ' 500,000 47,000
Depth, ft 9.5 16.5
Velocity, ft/sec 5 2.6
Gage height, ft 8 7.5
Stream bed elewvation, ft , -1 -9
Width, ft 290 290

Presumably the slope of the river was approximately the same
in both cases, as the stage was not changing rapidly. Assuming a
constant slope, then, it may readily be shown from the Darcy—?feisbéch
formula (Eq. 5.21) that the f value is 6,5 times as large on the fall-
ing sﬁage as on the rising stage; and on the falling stage, when the
transportation rate is small, the shear is actually much larger.

A further examination of Leopold's Fig., 23 reveals that for a
gviven depth, the discharge depends on the amount of load, For instance,
when the depth is 16,5 ft, the discharge on the falling stage is
12,000 cfs, as indicatedl in the tabulation above, whereas it is 40,000
cfs, by interpolation, on the rising stage, when the sediment discharge
is lai'ge,

In this second example also, the observed changes in the

Colorado River during the passage of a flood agree qualitatively with
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" conclusions drawn from the experimental results in Chap. VI, Sec. 4,
The Colorado River is an especially good example for illustrating
these effects because the sediment load,carried mostly in suspension,
is large and variable; the bed is predominantly fine sand,

On another point, however, there is an apparent contradiection
between Leopold's observations and the results of the flume experi-
ments, From a massive collection of data on natural rivers, he cone
cludes (34, p. 2L) that "a wide river having a particular velocity is
observed to carry a smaller suspended load than a narrow river having
the same veloclty and discharge." 1In other words, for a fixed velocity,
the suspended load discharge concentration increases when the depth is
increased. This is just the opposite of what has been concluded from
the flume experiments where the sand size is held fixed, (See Chap. VI,
Sec. A (3c).)

However, Leopold's statement applies to streams as found in
thei;rf natural condition; it does not mean then that if any given stream
were artificially made narrower and deeper that the sediment discharge
ﬁould increase. Since Leopold compares a number of different streams,
the size of the bed material is a variable which is not taken into ac-
count., Perﬂaps it might be construed on the basis of both Leopold's
conclusion and the results of the flume experiments that the narrow
streams carry more load ohly because they are typically cut in finer
material than the ‘wider streams; but when the béd material is the same,
£here is evidence in Chap. VI to show that a wide shallow stream would

carry more load at a given velocity.
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oS

When’the sediment size is essentially fixed, the writer's con-
clusion regarding the effect of depth on concentration is supported by
field observations of Hill (35) published in 1926, for the Colorado River
at Yuma. A curve given by him shows that as the depth increases from 10
feet to 30 feet, the average silt concentration decreases from about
1.1% to 0,4%, with the velocity remaining constant. Even though the
frietion factor did not change much for a corresponding laboratory sit-
uation, still it may be deduced from Hill's curves that the roughness
must have increased to offset the increase of depth in order to keep the
velocity of flow effectively constant,

The decrease of sediment concentrations associated with an in-
crease in the temperature of the water is another effect which has been
observed for a natural stream as well as in the laboratory flume. Lane,
Carlson and Hanson (36) report that on the Colorado River below Parker
Dam the suspended load discharge concentration is about 2,5 times as great
in the winter when the water temperature is about SOOF, than it is in the
summer, when the temperature is aboutl BSOF. Since other conditions are
nearly constant because of the regulation of the river by Hoover Dam,
there is no doubt that this is mainly a temperature effect., This is more
variation than was observed in the flume where, at ShOF the discharge
conecentration wés ohly 1.4 times as much as it was at 80°F. The in-
_crease in the suspended load is believed to be mainly the result of in-
creased fluid viscosity and the consequent reduction of settling ?eloci-
ties at lower témperatures. In the suspended load equation, £he exponent
é is lowered and the distribution of the suspended sediment is more nearly
uniform; thus for a given concentration near the bed, more material will

be carried overhesad when z is smaller,
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On the basis of field data of the kind presented above, this
writer concludes that the qualitative relationships found between
the transportatioﬁ rate and the various other variableé in the labora-
tory flume are also ﬁrue for natural streams with movable beds of fine

sand,

(2). Results of other laboratory Experiments, The multi-

plicity of the relation between sediment discharge and depth and slope
discovered in the present experiments has not been pointed out by any
previous investigators, as far as this author is able to ascertain.
Either the roughness effect causing this multiplicity has not been
noticed or else it has not been nearly so pronounced, if existent at
all, for some of the other sand sizes heretofore used in sediment trans—
portation experiments.,

With coarse material, the sediment moves primarily as bed load;
although dunes have been observed, it is possible that the roughness
may not ﬁndergo nearly such radical changes. In this case, the bed
léad transportation would be more or less directly related to the shear,
as first suggested by Du Boys, and checked by countless investigators
during the past several decades. (See Reference (1).) However, the
large scatter of the points in all graphs of bed load transportation
rates fvhich is usually'ignoréd) is evidence that some other effect,

such as roughness has not been taken account of. In bed load formulas,
notably the Waterways Experiment Station (Vicksburg), the Manning
~ roughness coefficient n has been included in the formula as an inde-

pendent variable. Einstein's bed load theory (16) takes account of
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variable channel roughness in a manner which will be described in detail
in the next subsection.

"Ina veryrrecent report describing laboratory flume experi-
ments on the transpoftation of Missouri River sand, Straub (37) re-
affirms the theory that the bed load discharge depends only on the bed
shear. Since the median sieve diameter of his material is 0,18 mm
most of this material moves as bed load at low rates of transportation,
but at higher rates the suspended load must become appreciable.,

Straub states as conclusion (1) "...the tractive force equa~
tion of the Du Boys type using the Straub values of the parameters ¥
and 7, agreed well with the experimental results ..."; in other words,
the transportation rate is uniquely determined by the shear, regardless
of the discharge, However, an inspeétion of the basic data reveals some
large deviations from this conclusion; for example for Test No, III,
with a tractive force (bed shear) of 0,0373 1b/ft2, the transportation
rate was 26,5 lb/hr per foot width, whereas for Test No., D - 1, with
practicaily identical tractive force (0.0372 1b/ft2), the measured
transportation rate was LOO 1b/hr per foot width, or about 15 times as
much, There was a significant difference in the roughness, presumably
resulting from éhanges_in the bed configuration. It would appear, then,
that an important effect has been negzlected.

Since the report states that the load is mainly bed load, it
appears that some of the same roughness effects found in the present
experiments with finer sand may also be found to apply to streams carry-

~ ing predominantly bed load.
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Straub also eoncludes from experiments that the tractive force

- is practically constant for any given transportation rate, This may well
be true, buﬁ that does not give any assurance that the shear 7T, will
not also be the same for other transportation rates as well, It was noted
.in,Chap. VI, Sec. A(2) that there is surprisingly little variation of
the shear velocity (V[E;é;') for the experiments performed by this writer,
For example, for Runs 26 and 29 (Table 7) the sediment discharges are
0.14 and 6.7 lb/min respectively, in spite of the fact that the values
of the bed shear velocity, U%B,are 0,101 and 0,103 ft/sec respectively.

The effect of temperature has also been observed by Straub (37)
in his recent laboratory experiments described above. He concludes
that the suspended load discharge is 2 to L times as much at LO®F as
it is at 80°F for the same discharge. As expected, the distribution of
suspended sediment in the vertical was more uniform at the low>tempera-
ture, indicating a lower exponent z and reduced settling velocity.

It is doubtful whether changes in roughness play a very signi-
fiéant part in the mechanics of streams with beds of silt or clay, or
the finely ground silica flour used by Hsia (1h). It seems that dunes

.may never become very large in this material because it is so easily
moved by flowinngater even at very low velocities, For nine different
flows over a bed covered with this extremely fine material, Hsia found
thét the lManning n varied only from .0119 to 20098, with one of the
highest values being for the run with the smallest sediment discharge
concentration (0.64%) and the smallest n for the run with the largest
concentration (11,1%)., He found that the transportation rate did have

a direct relation to the bed shear, increasing when the shear increased.
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Hsia described the bed with the terms "ripples? "rugged and
irregdlar“, and "smooth" successively as the velocity increased, although
His roughneés values indicate that the changes in the bed configuration

were not nearly as significant as they were in the present experiments
iand did not result in two different discharges and transportation rates
being possible for the same depth and slope,

Consequently, the results of the writer's investigations should
not be construed as contradicting the results of these previous ex-

periments on the transportation of extremely fine suSpended load.

(3). Evaluation of Theories for Suspended load Discharge.

From the forgoing discussion and the experimental results presented in
Chap. VI, Sec, A and B, it is evident that any workable theory must in-
clude a way in which to determine the stream roughness, for it is not
adequate to assume that it is constant,

The bed interchange theory advanced by Lane and Kalinske (13)
(and described briefly in Chap. I, Sec. C) is simplified by considera-
tion of the pickup mechanism from a flat bed surface only, whereas it
has been observed that the existence of dunes greatly facilitates the
suspension of bed material as explained in Chap. VI, Sec. B(5). Thus,
a more general theory is needed which takes account of the changing bed
configuration and its effect on the pickup mechanism,

Einstein and Barbarossa (38) have made a significant attempt to
analyze river channel roughness. A basic implication of their approach
is that there is a definite stage~discharge relationship for a stream,

and thét there will be a particular roughness associated with each
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point on the rating curve. This is equivalent to assuming that there is
a unique relation between depth, slope and discharge, irrespective of
ﬁhe sediment load., There is now strong evidence both from the field and
thé laboratory, indicating that this is not a basically correct physical
law. It may appear true for any particular natural stream, inasmuch as
it is not easy to isolate the effects of the various variables until
something umisual happens to th@ stream, such as being dammed,

The analysis of Einstein and Barbarossa appears consistent
because their basic curve for finding the channel roughness is based
on stream data calculated from a stage-discharge curve for each streanm.
Consequently, their snalysis will probably be found adequate for apply-
ing %o the natural streams from which it was derived, but of limited
help in predicting what changes would occur in the stream whose equi-
librium is drastically upset by manmade works.

Einstein's basic transportation theory (16) is based on this
analysis of roughness. An examination of his theory will reveal that
for a given bed material, there is only one equilibrium rate of flow
and sediment transportation rate corresponding to each combination of
bed hydraulic radius and slope. Experiments performed by this writer
show that this is certainly not true for fine sand in the laboratory
flume, and it is ths opinion of the writer, with some substantiating
evidence from Leopold (3L), that this assumption is not always correct
for natural rivers either. Therefore, it is believed that Einstein's
basic approach to the determination of channel friction and suspended

load discharge will have to be modified,
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Blench (39) in his regime theory for canals has avoided consideraw
tion of basic quantities such as the shear., Since his analysis is purely
e;mpirical, it may be that he has arrived at some results which are just as
reasonabille as those of other investigators, who have assumed that transpor=
tation of suspended sediment depended on the shear, However, it is diffi-
eult to evaluate his work because he has not reported any of the basic
datﬁ, but only scme of the constants in various smpirical equations.

In view of the complexity of suspended load phenomena, it is no won-
der that there has been considerable difficuliy in finding a reasonable the-
ory for determination of the suspended load transporting cgpacity of streams
i;lovd.ng over movable beds, This suthor has no basic theory to propose, and
has sought only to estalilish some basic facts with which to evaluate existe
ing theory. Al present, there is great need for more good information on
exactly what happens in such streams; without it sedlment transportation
theory will remain a jumble of approximate theories based on a great vari-
eby of different assumptions.

Bs DUNES AND CHAMNEL, ROUGHNESS.
(1) Field Observations on Large Natural Streams. As pointed out

in Chsp. VI, dumes play a very important role in the mechanics of streams
flowing over a movable bed of fine sand because they cause extreme varia-
tions in the channel roughness, _

The maximum size of the dunes is probably governed largely by the
scale of the turbulence, and hence the size of the stream, Some observa-
tiong of large naturel rivers indicate that the dunes formed in beds of
fine materigl are of gpproximately the same size relative to the depth as
the dunes m the laboratory. Lane and Eden (L0) who surmarized some infore
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mation ovtained in the lower Mississippi River, reported sand waves or
dunes wp to 20 £t high in 100 feet of depth at Vicksburg, and 13 f{ high
in 30 feet of depth at Bullerton, The ratio of depth to average dune
height for the laboratory dunes is showmn by Fig. 39 to be about L to 5 for
the runs with the largest dunes, or substantlially the same order of magni-
tude as these large Mississippi River sand waves., However, in the Missis-
gippi River the wavelength-towheight ratio was commonly of the order of

50 to 100, wheress in the laborstory runs it was of the order of 10.

Same recent observatlons by the Missouri River Division of the Corps
of Engineers (lil) showed how rugged and irregular the bed of a river can
be, In a sediment transportation study reach on the Missouri River neaxr
(maha, periodic soundings of the sandy bottom hzve shoﬁl that the charac-
ter of the bed surface is quite changezble, being smooth zt some tﬁ.mes or
places and rugged and irreguler, much like the bed of the ﬂme; at other
times or places; A numbexr of exaxapleg show that the elevation of the bot-
tom of the stream changes by as much as six or seven feet in distances of
less than 50 feet in a flow 10 to 15 feet deep on the average.

Hence, although it was not possible to make a thorough anelysis of
large river dunes, the evidence indicates that the size of dunes in fine
materisl is more or less proporticnal to the depth of flow, Since the dune
size is relative, the Darcy-Weisbach £, which is a fumction of the rele-
tive roughness, should be used to characterize a dune configuration instead
of the Manning n, which is directly related to the actuzl size of the
roughness elements by Stricklerts formula. If the channel roughness for
the laboratory runs had been reported as the Manning n, the values obtained

would not seem at &ll large compared with values obtained for natural riv-
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ersy a bed surface covered with dwmes 0.5 in, hlgh in a flow 3 in, deep is
very rough, whereas in a flow 5 £t deep, the same bed configuration would
be considered relatively smooth.

(2) Dune Mechanisms, The mechanisms which cause the formation of

dunes and sand waves have not been well understood, The observations of
the auwthor indica%e that the turbulence generated in the wake of the dunes
prevents the trough from £illing uwp, and maintains a balance tetween the
erosive power of the stream in the itrough and over the crest, where the
Bernoulll effect gives the stream locally increased transporting powers

von Karman (42) suggests that sand ripples in the desert arise from
the stratification of the flow, with a dense, sediment~carrying layer of
elr close to the ground, He hypothesizes that the gravity force acting on
this layer as it slides down the lee face accelerates the fluid sufficient-
1y to give it the necessary erosive power to keep the trough scoured out,
However, since observations of subaqueous dunes show that the turbulence
generated by the ripples is a far more important factor, the writer be-
lieves that it is also an important factor for wind-blown ripples and
small dunes,

Anderson (43) has proposed a theory relating subaqueous sand waves
to water surface waves in open channels, One of his results is a relation-
ship between the wavelength-depth ratio amd the Froude number; as the
Froude number increases, the wavelength increases also by his equatione
As the Froude number F approached one in the flume, and standing waves de-
veloped, as shown in Fig., 38, it was observed that the low undulations in
the bed are directly related to the surface waves, Langbein (L) has showmn

that F # 1 is critical for the formation of these low symmetrical sand



waves, which are called antidunes when they get large enough to move up-
stream and cause the surface waves to breaks

| Nevertheless, the character of these sand waves is quite different
from the dunes which are observed at lower velocities, To be sure, the
water surface is ripply as the result of the dunes on the bed; but the
dunes are not caused by the surfece ripples, This is clearly demonstrated
by the fact that similar dunes form in closed channels. They were observed,
incldentally, in the transparent section of the return pipe in the flume
circuit, and have also been reported by Ismail (6) and Craven (L5), among
obhers. Furthermore, at very low Froude numbers, such as F = 0,27 for
Run 26, the water surface was observed to be practiecally smooth in spite
of very large dunes on the bed,

Therefore, unless the Froude number is near the critical value one,
it appears that the surface waves or ripples cammot be the cause of the
sand dunes., However, the experimental data used by Anderson, and alsc the
data obtained in the present investigations, do indicate that the wave-
length does increase when the Froude number increases, However, two fac~
tors, an increase in wvelocliy end a decrease in depth, cause the Froude
mmber, as well as the transportation rate, to increase; hence, it still
cannot be cqncluded that the gravity surface wave phenomena affect the
bed configuration at low Froude numbers,

In relating the friction factor to the bed configuration, it is im-
portant to consider the wavelength as well as the height, as demonstrated
by Fige 39 in Chape VI, Sece B (L). Morris (L6) has made a recent study of
types of conduit roughnesses, and shows that it is not possible to char-
acterize all different types of roughness by a single length, such as the
comnonly used Mikuradse sand roughness,
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This writer strongly recommends the use of the Darcy-Weisbach frice
tion factor, £, for open channels with a movable bed, instead of the HMan-
ning or KXutter n, or the Cheay C, because fy which is the only dimension=-
less coefficient, is esgsentially the same as for pipe flow and is direct-
ly relzted to skin friction coefficients in toundary layer theory,

. TURBULENGE CHARAGTERISTICS OF SEDIMENT-LADEN FLOVS

{1) wvon Kaxrmen Constant. In the present experiments it was found

that the von Karman k was gignificantly reduced by the suspended load.

(of. Chap. VI, Sece C (1))« The values ranged from 0,375 to 04390 for
five runs with clear flow, and from 04246 to 04322 for seven runs with sed-
iment. Similar reduction of k values by the suspended fine sand was also
found in the laboratory by Vanoni (5, L7) for open channel flow, and by
Ismail (6) for closed channel flow., Both Vanonits and Ismail's data show
that k decreases as the concentration inereases. This trend could not be
verified conclusively by the writer because of the limited number of runs
for which k was determined,

A recent study by the Missourl River Divisioﬁ of the U. S. Corps of
Engineers (48) showed that the average k value, based on 291 determinations
in the study reach of the Missouri River near (Cmaha, was sbout 0.26, Be-
cause of the difficulty of measuring the slope of the river accurately, and
the variability of the suspended load, the values varied considerably, with
90 per cent of the values between 0.15 and O.48. For the St. Clair River,
& nonalluvial stream, the average of 100 k values was 0,43, with 90 per
cent of the values in the range 0.3l t0 0.59. Here again the slope measure-
ment posed a difficulty, but the average of a large number of values should
still be relisble.
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Although it is generslly agreed that the suspended sediment, at least
in the sand sizes, causes a reduction in k, it is not clear exactly what
the cause is, Vanoni (L47) has ascribed the reduction to the damping of
the turbulence by the suspended sediment, but Laursen (L9) contends thab
the effect i1s due 10 inereased roughness. While it may be %rue that large
roughness elements will reduce the k velue, certainly thls camnot be taken
as = explanation for the decrease of k while the friction factor £ also
decreases in Vaneni's experiments. The present investigation also demon-
strates that a change in friction facbor is not necessarily assoclated with
a change in k; for examplse, from Tsble 9, pége 185, it»is seen that for
Run C6 with clear f;ow, k = 0,376 and £, = #0185, while for Run 29 with
0,10 mn sand, k = 0,246 and £, = ,019.

Kalinske and Hsia (1L), in their study of the transportation of
silica flour. (median sedimentation diameter 0,011 mm), found that the k
value was not noticeably reduced by the suspended sediment, although the
k velue varied from 0,32 to 0.kl Hoviever, since the rate of energy dis-
sipation by a turbulent suspension of particles is apprbximately ew per |
wiit volume (cf. EQ. L402), a small concentration of coarse maberial prob-
ably has as much effect on the turbulence characterisitlcs as a large con-
centratian of very fine material, Thus, the results of Kalinske end Hsia
do not need to be ‘taken as a contradiction of the finding by Vanoni (5)
and others that k is reduced by fine sand in suspension,

(2) Turbulent Diffusion Coefficient for Sediment. The ratio

f= € /€ has been found in this investigation to be close to 1.0s
Ismail (6) found that B was 1.5 for the 0,10 mm sand and 1.3 for the 0.16 mn
sand, but his values are in error for iwo reasons. First of all, for the



shear veloclity on the centerline, he used the avérage value for the whole
closed chammel (10,5 in. wide by 3 in. high) instead of the maximum shear
velocity u, which should occur at the cemter of the channel (cf. Chap. V,

" SeCs B)s It is estimated, them, that the values used by Ismail were

Yem
8 per cent too small, resulting in k valuss also 8 per cemt too small by
Eqs 6.02. Eq. 6,03 shows that the calculated value of § will then be

18 per cent toc large.

Secondly, he did nobt correct the settling velocity for the selective
sorting in the flow and the hindered settling effect. On page 190 it has
been pointed out that the neglect of bobth of these factors can result in a
settling velocity 30 per cent too large for the 0,10 mm sand, Combining
these two corrections (in Eq. 6,03), it is possible that his values of B
for the 0,10 mm are fully 50 per cent too large, indicating vtha"b B should
also be near 1,0 for his data.

Laursen (49) has stated that experiments at the Iowa Institute of
Hydraulic Research have showmn values of B greater than one, even when the
sorting and concentration effects are taken into account. However, to the
knowledge of this writer, no data have yet been published,

Since the turbulent diffusion of heat is analogous to the diffusion
of particles and momentum, the eddy conductivity ¢ a should be of the same
order of magnitude as ¢ s and e n in a turbulent shear fiow. Fer uniform
flow between parallel plates, Page, Schlinger, Breaux and Sage (50) found
that the ratio ¢ /e o Varied from 0e7 t0 0,93 or, expressed inversely,
to be analogous with 8, €,/ ¢, varies from 1.k to 1.1, Although the
sgreement between the experimentally determined § (1,0) and their value af

€, /e o 18 not exact, it is reasonable; since the actual diffusion me-

chanisms sre not exactly the same anyway, therse is no reason to expect
€a +0 be identical to €g 88 pointed out by Burgers (3).
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CHAPTER VIII
SIMMARY OF CONCLUSIONS

‘Most of the conclusions which are swmiarized below are based on a
comprehensive laboratory investigation of the characteristics of streams
flowing ovexr a movalle bed of fine or very fine sand in a laboratory flume,
Two sizes of sand were used as bed material, one with measn sedimentation
diemeter of 04,16 mm and the other with mean sedimentation dismeter of
0,10 mm, The sediment load was carried almost entirely in suspension for
all the runs with one or two exceptions,

The principal ccnclusions may be summarized as followss:

, {1) For the laborgtory flume it was found that neilther the veloo-
ity nor the sediment discharge concentration can be expressed as a single-
valued function of the bed shear stress, or any comhbination of depth and
slope or bed hydraulic radius and slope. This finding is contrary to the
aimost wniversally-held assumption that the suspended sediment transporting
capacity of # gtream can e uniquely related to the gecmetry of the stream
cross section, the slope of the channel, and the size of the bed material,
131 present theories, based on this erroneous assumption, were found to be
inadequate.

(2) The difficulty in relating the veloclty and econcentration to
the bed shear arises because the changealle bed configuration causes ex=-
tremely large variations in the chamnel roughness, For the 0,10 mm sand
the Darcy-Weisbach friction factor for the bed varied from 4019 for a run
for which the velocity was high and the sand bed was swept smooth, to .13

for a run for which the veloclty was low and the bed became covered with a
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stabtlle pattern of large irregular dumes, _
(3) When elther mean velocity and depth, or water discharge and to-
tal sediment discharge are used es the pair of independent variables for
the flume data, all other quantities are uniquely determined by what ap=-
pears to be an orderly and logical relationship between 11 the variéus
variables,
(L) From the data obtained in the laboratory flume with 0,10 mm
and 0,16 mm sand, the following qualitative relationships were found:

(a) VWhen the mean velocity of the stream U inecreases, with no
change in the depth, d, the bed friction factar £, decreases, and the total
sediment discharge concentration C genersally increases,

(b) When d is increased, holding U comstant, G decreases slightly,
and fb doés not change appreciably in the range of conditions covered.
Fleld evidence supports this conclusion;

() PFor a given 4 and U, fb seems to be mmerically the same for
both sand sizes used, The bed configurations slso sppeared the same,

(d) For a given d and U, the discharge concentration T for the
0,10 mn sand was 2 to L times as large as § for the 0,16 mn sand.

(e) If the water discharge Q is to be increased without changing
the total sediment discharge G, then an increase in 4 is required, although
this increase is relatively less than in Q.

(£) For constant Q, an increase in G requires a decrease in d.
Field observations indicate that this relationship is also true for some
large rivers,

(g) For a given slope and discharge, it was found that two depths
of flow were possible, When the sediment discharge is small, the depth is
large, the velocity is small, and the bed is rough; and when the sediment
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discharge is lerge, the depth is small and the bed of the Leboratory chen-
nel is smooths. Field data show that this conclusion gpplies to natursl
Streams as well,

(h) For a given Q, the largest bed friction factors are asso-
ciated with the lowest transportation rates G.

(i) A decrease in temperature causes an increase in the suspended
load discharge, obther things being eqzaal; This effect has also been ob-
gserved in other laboratory investigations and in the field for streams flow-
ing over a bed of fine sand,

(5) At the lowest velocities and transportation rates, the dunes
were the most irregular, having the shortest wavelengths and the sharpest
crests, At somewhat larger velocities the aligmment of the dunes improved
and the crests became more rownded; the friction factor was reduced. A
further increase in velocity induced the formation of leng soliﬁar:? sand
waves 8 to 10 £t long, which travel perpetually through the gysiem. Mean~
ders in the bed were also observed for some of the runs, Finally, at the
highest velocities tested, the sand bed became smooth and wniform,

(6) Froude mmbers of sbout 0,7 were critical for the i‘onﬁa-t.ion of
standing waves on the water surface in the flume,

() The turbulence generated in the wake of a dune is largely re-
sponsible for throwing bed material into suspension at low transportation
rates and prevents ihe‘ trough from filling upe

(8) The dwnes move downstream at speeds of the order of 1/5000 to
1/500 of the mean stream velocity. The dune velocity was somewhat higher
for the runs with the 0,16 mm sand than for the runs with the 0,10 mm sand,
in spite of the fact that the transportation rates were larger for the lste



ter, 'fhis observation can be explained in terms »of the entraining sction
of the lee-gide eddies.

(9) The von Kerman logarithmic veloeity law was found to £it ob-
sexrved cénteﬂine velocity distributions very well in most cases. For
clear flow the von Karmen constant k ranged from 04375 to 0,390, and for
sediment~laden flow Lfrom 0,2U46 to 0,322,

(10) From theoreticdl cansiderations, it was shown that the sus-
pended load distribution theory can be extended to suspensions of nonuniform
particles, If the suspended sediment distribution is analyzed by sieve
fractions in a standard \/Z or a ){Y?T series, the simple suspended load
equation,based on a uniform setiling velocity, can be used with good sp-
proximation,

(11) The suspended losd equation was found to f£it the measured sus-
pended sediment distributions on the centerline of the flume for the runs
with smooth bed, for at least the lower half of the flow, From these dis-
tributions it was czleulated that the ratio of the @iffusion coefficient
for sediment to the eddy viscosity was close to 1.0. Careful consideration
was given to the effect of hindered settling and the reduction of the mean
size in the suspension by selective éorbing. ‘

‘(12) A simple method for integrating the product of the velocity
and the éoncenti'ation over the depth to obtain the suspended load discharge
was developed from the logarithmic velocity distribution and the suspended
load equation., (See Fig, 2). From the laboratory runs it has been shown
that the method is fairly accurate for values of the exponent z in the sus-
pended load equation less than one, and only qualitatively ‘eorrect for =
values greater than l.li.



(13) A method for finding the boundary shear distribution for
clsar flow in a channel of uniform roughness from measured velocity dis—
tribution has heen outlined, and spplied to two of the experimental runs,
The maximum shear was found at the cemter of the bed and the minimum

shear in the cormers.
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APPENDIX A

SUMMARY OF NOTATION

~ The following summary omits, for simpliclty, definitions of some
letters of secondary importance which sppear only a few times in a single
section, A typicel example of such a quantity is A, cross sectional area
of the Ventwri meter.
The page numbers listed refer to the page on which each symbol is
first used or defined. |

Page
2 = distance from stream bed to some érbitrary reference level 10
A = cross sectionzl area of the stresm - 97
ﬁb = part of cross sectional area assigned to the bed 113
A, = part of cross sectional area assigned to the walls 4 3
b = widith of a rectangular channel 110
B = constant defined ty Eq. 1.3l | ik
e = total concentration of suspended sediment, (time average
‘ al a point, expressed in dry weight per wnit volume) 6
¢, = concentration at y = a 10
% = cpncentration of sediment in the bed (dry welight per 20
unlt volume)
G, = Concentration 2t mid-depth (y = &/2) 10
T - G/Q = sediment discharge concentration 128
d = depth of flow 8
D = graln size ' ; 20
D, = ‘geometric mean grain size 92
D, *= mean sedimentation diameter for a mixture 90
D, = mean sedimentation diameter for a sieve fraction 88
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Page
f = Darcy-Weisbach friction factor
= 8 {u% /1) 2 for two-dimensional £low 27
= 8(7, /v) % for three-dimensional flow 111
£, = 8 (Uy / U)?% = bed friction factor 116
Ly = 8 (U, / Uu) = wall friction factar 17
F = UARE = Froude mumber 7
g = acceleration due to gravity
G = +total sediment discharge or trénspor‘ha‘bion rate 128
h = representative dune height 166
H = (d-yn/y 9
H, = (d-a)/a ik
]'1(2,‘70) = integral defined by Eq. 1751 | 26
I(8ym,) = integral defined by Eq. 1.52 | 26
J,(zym,) = integral defined bty Eq. l.L8 28
J(2,7,) = integral defined by Eq. 1.9 26
k = von Karman universal constant | 9
n = du/d(logmy) = slope of velocity profile | T
n o= roughness coefficient in Manning flow eguation 112
p = webted perimeter of the stream 97
Pp = wetted perimeter of bed section 13
Py = wetted perimeter of wall sections 113
g9 = ud = discharge per uwnit width 25
9, = suspended sediment discharge (or transportation rate)
per unit width 23

Q@ = total discharge ' 52



H
|

Afp = hydraulic radius

= 1\1,:/15}3 = bed hydraulic radius

= pr = wall hydraulic radivs

- LU r/r = Reynolds mumber for the channel
hu_ » A~ = Reynolds mumber for wall sections

=  glope of the energy line for the stream

+3 mé';u wﬂw &“i
i

= wagter temperature

u = stream velocity (time average al a point)

Upax = maximum velocity

u = average profile velocity (i.e., average in a vertical
plane parallel to direction of flow; in Chap.V and VI at
the centerline)

U = mean velocity in the channel

Ub = mean veloecity in bed section

Uw = mean velocity in wall sections

w, = V% 7/p = shear or friction veloclty

= meximum shear velocity (cenber of bed)
A VT, /p = V&8 = shear velocity for whole channel
= V% /o \/ S = shear velocity for bed alone

\/ ':w/p = shear velocity for wall alone

w = set’b.’ling velocrl;y of sand particles (weighted arith.
: mean, Chap, IV, VI)

¥, = mean settling velocity for a sieve fraction

W(y) = weighted arithmetic mean of w at level y (Chap.I only)
LA vi(a)

y = distance from the bed of the stream

==}
L}

y, = lower limit of integration for suspended sediment discharge

Page
97
113
13
16
17
76

2k
76
ns
115
9
109,123
101

109

12
13

25
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z = E%J;- = exponent in suspended load equation

wy) = %‘g);

T’a =

MMM A a9

#(w,y)

Z(a)
€5 fn
unit weight of water = pg

eddy viscosity (or turbulent diffusion cesfficient
for momentum)

turbulent diffusion coefficient for sand particles
average value of € 5 over the depth

y/a

¥, /e

average dune wavelength

kinematic viacosity of i’lvid (water)

-~ mass density of fluld (in most cases water)

gtandard deviation of w

geometric standard deviation of the grein size
shear stress in the fluid

shear stress at the boundary

a}erage shear stress on the entire boundary
average shear stress on the bed

average shear stress on the walls

= frequency distribution for settling velocity
at level y

Page

12

16

97

108
108
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APPENDIX B

Discussiod’ of

"Aeccelerated Motion of a Spherical Particle"

by M.R. Carstens (7)

The notation used in the attached reprint follows the notation of

Carstens, and differs in some respects from the notation used in the rest

of this thesis,

e o

Moﬁ‘w )O®

X .
o .

u'j-c'«w'

The definitions of the symbols used here are as follows:

damping coefficient (Carstens)

a(t) = displacement of a fluid pareel, taken as
a known function,

amplitude of motion of fluid parcel

2. - 3
da ae d%a Y ) d”s -

‘ a = and & 9= °
Ci a2 >

diameter of spherical particle

G(t) = forcing function defined by Eq. 2l
acceleration due to gravity

consbant defined by Eq. 26

~ apparent mass factor

- mass of sphere

mass of displaced fluid
constant defined by Eq. 25

- time

dumy time variable.
x(t) = particle displacement
ampli’bude of particle motion

Repr:.nted from Trans, Ko Geophvs. Um.on. Vol. 3h, No. 6 Dec. 1953,

ouT-9L9.



w = seblling velocity of sphere in still fluid
é = phase angle

0 2 Gpr Gy = constants defined ty Eq. 26
5 = fs /¢ m
+ = constant defined by Eq. 25
€
n

= turbulent diffusion coefficient for momentum,
(or kinematic eddy viscosity)

€ o = turbulent diffusion coefficlemt for fluid particles
€g = burbtulent diffusion coefficient for solid particles
7 = dummy variatle in Eq. 27

M = dynamic viscosity of fluid

p = mass density of sphere

¢© = constant defined by Eq, 26

w

= frequency

DISCUSSION OF

““ACCELERATED MOTION OF A SPHERICAL PARTICLE”’
by M. R. CARSTENS

[Trans., v. 33, pp. 713-721, 1952]

Norman H. Brooks (Department of Civil Engineering, California Institute of Technology, Pasa-
dena, Calif.)-~In considering the accelerated motion of spheres in a viscous fluid, the author has
restricted himself to consideration of only simple harmonic motions of the fluid field and the sphere.
The author’s equation of motion (Eq. 11} for a suspended sphere is true only when the solution yieids
a relative displacement (x ~ a) which is sinusoidal in time. Otherwise, the apparent mass factor k,
and the damping coefficient A have no meaning, because they are both based on the Stokes solution
for -an oscillating sphere given in LAMB [1945, see References at end of published paper, p. 721].
Both k and A are functions of the circular frequency w as they are defined by (1), (2), and (3).

As an example of the inadequacy of (11) for general purposes, one may consider the effect of
adding the gravity force -(M, - M)g to the right side of (11). Using a = ag sinwt, the solution will
be just as given in (12) except for an added term; thus we get

-X = Xg sin @t +o) - [(My -~ M)g/A] t
The superposed settling velocity appears to be (M, - M)g/A where A depends on w.

This is clearly incorrect, because the settling velocity has a constant value w which is inde~
pendent of the frequency w. This follows directly from the fact that the Navier-Stokes equations
are linear in pressure and velocity when all velocity product terms (that is, convective accelera-
tion terms) are neglected, according to the Stokes approximation, Thus the solution X3 = -wt can
be superimposed on any other solution (which the author correctly did subsequently in deriving es)

TCHEN [1947, chap. 4 and 5] has obtained a general equation of motion which is not based upon
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948 DISCUSSION [Trans. AGU, V. 34 - 6] .

any presuppositions about the solution and might be given in place of (11), Tchen started with the
integro~differential equation for the rectilinear accelerated motion of asphere derivedby BASSETT
11888, p. 291| and BQUSSINESQ [1903, p. 238]. Again all velocity product terms were neglected.
In the author’s notation this equation, including the gravity term, may be written as

. t
(M, + M/2)% = ~3wpud [k + (d/2 vqr—vz[ at, % (t))/ V-] - M, -Mg......... (21)
4

where the entire system is at rest until the instant t = ty. For convenience t, may be taken as ~w.
From this, Tchen derived the equation of motion for a small sphere in a moving fluid

t ‘
(M, +M/2)% = (3/2) M3 -3mud{k-a+(d/2VAv )f dty [k(tp) -8 (t)]/VE-T }— M, ~Mg.... (22) -
: -
He solved this equation for the case of simple harmonic fluid motion and obtained the same result

as the author’s (15).

By skillful manipulations which eliminated the integral term involving %, Tchen arrived at the
following linear second-order differential equation for x

T 2KE+ (B2 40K =Gl) vov v vinnnennenennns (23)

where

(28]
G (D) = -aW + 0t a(t) +o Bl + o T () - o¢3/ dty Bt-t)/VE ... (24)

[e]

The various coefficients in (23) and (24) may be conveniently defined in terms of the two constants

y=12wd%, §=3p/(pg+p).c.nr.nn e (25)
and are as follows '

=22

Clo =¢85

a1 =yS (1- 2s)

az =S

oy = (V3y/m)s (s -1)

K=ys (1-3s/2)

cr2 = 'y2 s2 - Kz' = 3y2 33 (1~ 3s/4)J

Also w, the Stokes settling velocity, is given by the familiar formula
w =g (pg -p) d2/184

The general integral solution of (23) is
. 0 -K
x® =@/0)f dne™™VsinogGlt=7n) ....c0n.. @D
o

Equation (27) will give the correct particle velocity X (t) for any arbitrary fluid velocity a(t),
provided only that the convective acceleration terms are small, as was originally assumed,

In the derivation of (19) for €, the author implies that €y, is identical with the coefficient of
diffusion of fluid particles (let this be called €0). Fluid particles or molecules in solution are trans-
ported bodily in a fluid element, and, except for a relatively insignificant amount of molecular dif-
fusion, they are carried with the fluid element wherever it goes. But, on the other hand, momentum
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DISCUSSION 949

is continually being transferred from one fluid element to its neighbors by pressure differentials
and viscous shear. Thus the momentum carried by a parcel of fluid may be expected to vary con-
tinuously during its excursion from one point to another. TAYLOR [1932, p. 685] pointed out the
variability of momentum due to pressure fluctuations as a weakness of Prandtl’s momentum trans-
fer theory when he advocated his vorticity transfer theory to obviate this difficulty. BURGERS
[1951, chap. 5] considers the viscous transfer of momentum between adjacent elements more im~

. portant than the pressure forces in his derivation of the diffusion coefficient for momentum.

Because of these two special factors impeding momentum transfer, this writer believes that
it is quite reasonable to presume that the diffusion coeificient for momentum (€.} is less than the
diffusion coefficient for particles of the fluid itself (€y).

Consequently, the author would be nearer to the truth to give (20) as
€./e, = (xg/2% ... ... e B .1

Thus, for sediment in water, €./€,< 1 (since x,< a, for pg >p), but since €,,/€,< 1 also, it is
not all clear when 8= €./€, is greater than or less than one: '

But, whether or not (18) should give the diffusion coefficient for momentum (€ ) or fluid par-
ticles (€g), there is some question about the validity of the way in which the author has tried to de-
rive diffusion coefficients from the equation of motion of a suspended particle. The argument the
author follows on page 719 is based on the concept of a discontinuous mixing process with the use
of some sort of mixing length, and with the assumption that the fluid elements carry the same con-
ceniration of sediment as the mean concentration at the starting point. This Prandtl type of approach
is often satisfactory for engineering purposes where the interest is in some average bulk property
like concentration of sediment. However, it is hardly a good framework in which to utilize detailed
information about the behavior of individual particles. At best, one can talk only of a loosely de-
fined ““average behavior’’ at some representative frequency of a simplified type of motion; and, aft-
er all, if a body of fluid simply oscillates up and down with a = a, sinwt, so that the motion of par-~
ticles in the fluid is x = %, sin (wt +&) ~ wt, there is certainly no turbulent diffusion. Diffusion oc-
curs only because the turbulent velocities of a fluid element are not periodic in any simple sense.

To make use of the equations of motions of a small particle in suspension (23) to (26), it seems
more reasonable to consider diffusion as a continuous process, expressing the diffusion coefficients
in terms of integrals of Lagrangian correlations. TCHEN [1947, chap. 4 and 5] used this approach
and with (27) calculated the integral of the Lagrangian correlation for the sphere velocity in terms
of the same integral for the velocity of the fluid surrounding the particle. Neglecting the effect of
gravity, the integrals are equal for any general type of turbulent motion.

Tchen’s results are reported in detail by BURGERS [1951, chap. 5] who carries the develop-
ment still further. Results of theirs which differ from the author’s are summarized very briefly
here. (1) €5 = €, if the particles generally stay well within their respective fluid elements so that
the relative motmn can be adequately described by (27). This is true regardless of the type or fre-
quency of the flaid oscillations. This assumption is probably quite accurate for silt and clay in sus-
pension. (2) Actually €_< €, only by virtue of the fact that sediment particles slip from one fluid
element into another in the course of their motion. The amount of this slippage and the ratio €g/€,
depends on the nature of the motion and size of the fluid elements carrying the sediment; this infor-
mation cannot be deduced from the equation of motion which simply relates x to a, (3) € m <€g, be-
cause of the role of viscous forces transferring momentum between fluid elements. (4) e‘ >€m
(8>1) and €5 < €, (B<1) are both physically plausible cases. For very fine material it is reason~
able to expect €4 > €, , because €g = €.

Hence this writer is unable to accept (20) which implies that 8is always less than unity for par-
tlcles heav1er than the fluxd
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APPENDIX C

HODIFICATION OF SIDE-VALL CORRECTION EQUATIONS FOR
' DIFFERENT BED AND VALL SECTION VELOCITIES

The derivation of the slde-wall correction equations given below
parallels the derivation in Chap. V, Sec, G (2), pages 116~120, with the
addition of the parameter U_ /U, the ratio of the well sectiun velowity to
the over-sll average velocity. The notation used here is exactly the same
as that given on page 116, The assumptions are the szme except + hat U, /u
is assumed to be some known value not equal to one, Starting at the bottom
of page 117, the more general derivation would be as follows:

For smooth walls, fw will be a function only of the Reynolds number
for the wall,

. L Ux,
R %
Inasmuch as T, is still unknown, R, will be rewritten as
r, U
Furthermore, from Eqs. 5.29 and 5.0
2 ’ rw 2 |
Uew = & = g Uy (9402)
2 £ 2 “
U~ = g8 = g T (9403)
Hence, 2
T £ U .
JELUR I'E (U‘f) (940k)
and from Eqe 9401, putting all the unknowns on the left,
3 , _
U,
2 () (09
w
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Rw
Ty

iﬁ Fig. 17 _(page 119).

can be caloulated by this equation, and fw can be read from the curve

Now, compatibility of the bed and wall sections with the total seo-
tion requires {hat

A = A_b .;.Aw (94;()6)
and WA= U 4 UA (9.07)

If r = A/p is substituted into Eqs 9.03,
2

a = %‘2 (9 008)

A
Pyt ol )
AW = -B-——’ff’ggw (9409)
2 .
£ U '
=, Tt (9:10

Similarly,

Substituting Eqs. 9.08 .to 9.10 into Eqs. 9.06 and 9.07, and cancelling the
common factor, 8gS, the results are:

2 2 (9.412)

Pma = PbrbUb * pvﬂfwyw
pru? = pyt Y e pofu (9412)
Rearranging,

fb Ub ¢ P P f'm Uw. 2 ‘

r(fr> "5 TR T (fr) ’ (9413)
3 3 '

£y (EP.) = p - Ii'q_. L. (Um) (941l)

T \© Py Py r \T

The two unknowns are f, /f and U, /Us By cubing Eq. 9.13, squaring Eq.9.lL
and making the quotient, the solution for fb becomes.
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r 2]3

-2 (%) -

L P ;
ol

o5 T \F

The value of Uy /U may also te found by dividing Eq. 91k by Eqe 9413
By ansglogy with EQe 9.0h4

2

T b ¢ U "
£ 3.‘2 (52) o (9416)
Hence, the right hand side of Eq. 9.13 is also an expression far T /rs that
is,
2
Py Tw (Uw)J .
v, = | o E T ‘ 1
b [_pb Py T \T, (9417)
The shear velocity for the bed, U-x-b’ nay now be found from the relation
Upp = Vv grS .

The probtlem is now essentially solved. -“iny other quentities, such as A
or r, can easily be found from the various fundamental relations, In all
the faregoing derivation, the subscripts b and w may be interchanged if so
desired,

To campare these equations with the simplified equations given in
Chape V (pages 116~120), consider the same example, Run 28, It will be as-
sumed that Uy /U = 0:9, a value vwhich has been found to be reasonalle,
(cf. Figs 10, page 180).

The results are as follows:
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Bun 2B f"o T ﬁ%h
, % Tt/ sec
Assmiﬂg U‘W‘ / U= 1,0 «088 thh &138
"(Chap. V)
Assuming Hgg’ /U = 0,9 -08?5 .Qh? ol«?ﬁ
2 r U*
Without wsing any = .062 o172 L&

side~wall ecorrection
(values for whole channel)

In comparing the results with the average 'iralues for the whole chan-
nel, it is obvious that the side-wzll correction is necessary to get values
of £, and U,y vhich are representative of the gand bed alone, but it ap-
pears that telking the simple case of U, /U = 1,0 is quite sufficients

From EG. 9417 it may be deduced that the biggest difference between
the two values of r, obtained using U, /U = 0,9 and 1,0 will oécur when
Py /p and £ /£ are rvelstively large. Run 29 is an extreme case and yields
“the following results (see Table 7, page 127, for basic data):

Run 29 fb T, U-x-b
) g It sec
Assuming U, /U = 1,0 4019 178 «103
Assuming. U’ﬁ' /U = 0.9 : .0185 0192 0107
£ r U,
Whole channel +0180 N yAR +10L

Agein the differences are small, partly because the side-wall correction is
smgll anywaye Since for this extreme case the difference in the Uy, values
found Yy the two methods is only L per cent, it may be concluded that the
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Uy Velues by the simple method based on U, /U = 1.0 will not differ by
more than It per cent from the values found by the equations in this sppen-

dix using U /U = 0.9 for sny of the experimental runs with sand bed,
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APFENDIX D

TABULATION OF POINT CONCENTRATICN AND VELOCITY
MEASUREMENTS FOR RUNS WITH SMOCTH BED

The following talles give the basic data from which the velocity
and concentration profiles given in Chap. 7, Secs B (2) and Chap. VI,
Section C were dravn. Since the tables herewith include only data mhich
rawe not already been presented in tabular form in the text, the reader
is referrsd to Tables 7, 9, 11, and others, for many items such as dis-
charge, slope, temperature, friction factor, and sediment discharge.

In the colum headings, y is the distance from the bed, u is the
point velocity, and ¢ is the point concentration. In most instances the
values of ¢ repcorted are the average concentrations for groups of three
congecutive samples. For more details on the procedure used to measure
u and ¢, refer to Chap. IIT, Sections E and ¢ (1). The distance from the
centerline is taken as positive on the north side of the centerline, or on
the right whem one faces upstream, The station mmber is the distance in
feet from the upstream end of the flume,

Data for the following runs are reported in the tables:

Clear fiow: Rums Cl, C2, C3, Ci, and G6.
0.16 ma Sands: Runs 2, 3, L, 6, and 7.
0.10 mm Sand: Runs 2 and 29.
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Table 16

Velocitz Measurements

Table 17

Veloci'gz Heasurenents

Run €2 Run C3
(Clear flow) {Clear flow)

Station 27, d= 171 £t Station 24, 4 = ,115 £%
Y Dist. 1 v Dist, u
£ from £t/sec £5 from £t/sec

centers cembere
line, lins,
£ £

»010 0 2.6 «010 0 2412

«015 0 2,80 015 0 2424

020 0 2.93 .00 0 2.3

.030 0 3.08 02 0 2,49

«050 0 3.29 050 0 2.66

070 0 3.4 070 0 2.78

+100 0 3.62 «100 0 - 24,86
<125 0 3,89
.10 0 3.72

150 0 3.72 070 +.050 2,77

LO70 100 277

. 070 «200 2.78

«100 +.050° 3.61 .070 =050 2.78

100 +.100 3.57 070 =100 2,77

«100 +4200 3.38 .070 =150 2.78

.100 -4050 3.58 070 -e 200 2,80

100 ~100 3.51 070 -4250 2.76

100 =200 3036 070 -+300 2,61
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Table 18
Velocitg Measurements
Bun Gl
(Clear Flow)
Station 24, 4 = .225 ft
Centeriine
?L ft?ee@
»010 1.32
,015 1.39
2020 1.47
030 1.5h
050 1.66
070 1.7k
.100 1.8k
L1850 1.93
Table 19
Velocity Measurements
Run €6
(Clear ¥low)
Dist. from Station 20, d = 179 £%
centerline, £ 0 =100 =,200 =300 =,360 =100 =19
Dist, from : T
wall, £% J39 4339 W29 39 079 W03 020
(v = Dist. from
bed, ft) u = velocity, ft/sec
Q010 2,60 2,54 243 2,28 2L 2400
020 2,86 2,77 2,69 2,50 2,43 2,37  2.18
«030 | 2.62
.0L0 3L 302 2.9h 2.73 2.1 2.6  2.33%
080 3.45 3036 3.23 3.05 2.8 2,70 2.1
120 3.63  3.52  3.38  3.23 2.69
.160 36l 3,53 333 3.0 251 2.6 2.33
2168 3.63  3.50  3.27 300
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TABIE 20
Veloclity and Gencemratiqn Heasuremnt&»

Run 2
. Station F, d = ,28L £t

¥y Dists from Dist, from u c
: Centerline wall
i % £t ft/sec  _gr/l
- L010 0 2435 1.53
-015 " n 1.70
aOlé L # . 111.5;
4020 " " 1.83
021 » » | 9,57
00 " n 1.96
036 " n 337
0050 " n 2»1? .
«056 n n 1,59
075 " " 2.3
«109 w " 2449
2115 " " 04290
»159 n " 2463
+165 " n 0.0k
+ 209 " " 2.66
.215 n " 0,028
+2h6 " " ‘ 0.019
267 f " ) 0.010
«269 " " 2.59
109 =050 - 2119
n "'0050 _ 0385 2¢h7
n +100 +335 2439
" « 200 ™ 235 2.20
" S a3X00 o135 2.11
" <350 085 2,08
n «380 +058 1.98
" -le 0035 1 L ] 85
" .hlo 0 25 1 076
n a5 2020 1.72
n .1420 0015 1 0623



TABIE 21
Valoci:l_% and Concentration
easuren 3
Ran 3
Station 2545, 4 = 243 ft
'y Dist, from  u 6
£t Centerline ft/sec gr/l
011 0 1.3k 12.72
016 " 1.56 «a
2021 " 1.65 5.02
N3 n 1.82 2,78
061 " 2.1, 0,86
121 " 2.1 0.166
2161 n 249 -
« 201 " 2.52 04024
«230 w 2.5k 0.0
OB =100 2.12 0.31
#0061 +100 2,08 -
+061 +4050 2.15 -
TABIE 22
Velocity and Concentration
Measurements
Rk -
Station 25,5, d = (236 £t
y Dist., from u c
£t Centerline  fi/sec  gr/l
»007 0 1.3h -
012 " 1.%0 18413
017 n 1.72 1.79
027 m 1,88 6472
<057 n 2.21 2.25
W17 " 2455 04508
157 n 2,70 - -
»197 " 2.72 0,077
A7 " 271 04043
057 -.100 2,15 2.28
057 -.050 2.20 -
057 +.050 2.20 -

TABLE 23
vVelocity and Concentration
Measurements
Rm &
Station 25, 4 = .195 £
Centeriine
v u [
£% ft/sec  grfl
«OLL L1448 1éa7
" 1.60 -
016 1.76 11.0
021 1.66 -
02 1.8 -
02 1.88 -
026 1.85 Li.56
b 2.01 -
Ko i 1.98 -
v 200 -
0l 1.98 2.0l
" 2,03 -
" 2,06 -
" 2.09 -
<051 2.15 -
" 2.18 -
061 2.2k 0.98
" 2.3 -
" 2.3% -
101 2.9 0227
n 2451 -
ol 2451 0.112
" 2.72 -
o161 2.72 04054
Note: Fluctuations in velocity

were caused by large waves on
the water surface, which tragvel
wp the chamnel very slowly. The
position of the Pitol tube re-
lative to the wave crests and
troughs was not recorded.,
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TABLE 2L
Veloecity and Concentration leasurements
Run 7
Station 25, Centerline
d = .23 £t
u, f4/see

{nder Under Ave., of rPosition
b trough crest of trough  xel. %0 [
£t of sur- gsurface and waves nob

face wave wave crest recorded gr/l
011 a - - 1e6l 18,7
012 1.36 1,54 LoL5 - -
016 - - - 1.76 12.85
017 1.76 1.6L 1.70 - -
02 - - - 1.89 5423
02 - - - 1.83 -
022 1.85 1.78 1.81 - -
O3 - - - 1.98 3.01
L3 - - - 2.00 -
«032 2,05 1.93 1.99 - -
4061 - - - 2.20 0.60
061 - - - 2423 -
062 2.28 2.18 2423 - -
Jd21 - - - 2147 04092
122 2.56 2.42 2.9 - -
161 - - - 2462 -
Jd62 272 2,51 2.62 - -
<201 - - - 2,58 0,010
+ 201 - - - 2.69 -
«201 - - - 2.70 -
$ 202 2.78 2,50 283 - -
« 202 2.7h - - - -
221 - - - 2.68 -
220 - - - 2451 -

There were large water surface waves, which traveled slowly
upstream, cauging fluctuations in the velocities.

#since the bed is slightly wavy, dth fluctuations in elevation
of & ,002 £, y, the distance from the bed, is calculated on the
basis of the mean bed elevation.



Velocity and Concentration Measurements
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TABLE 25

Run 2L
Station 25, d = ,236 £t
u, fi/sec c
y  Dist.from Tnder Under  Water suwri. udean gr/l
hig Centerline +trough cregt of Momentarily
of surw surface Swmooth
face wave wave
2011 0 1453 1.uh 1.50 1.50 28.5 |
2016 " 1.61 1.58 1.58 1.59 21.1
2016 L 1.%0
OZL n 1.7 1.63 1.69 1,70 18.2
-.03]. " 1‘93 1079 1086 1300
031 " 1.80
061 n 2.2 2.1h 2,18 6,65
«101 n 2.48 2437 2.4 2,94
101 n 2.1
»ll n 2,70 2,58 2.6l 2.64
0161 n 0078
JA81 " 273 2462 2.68
. " 2.72 2.6k 2.68 0.9
J101 +.100 2,45 2439 2:39 345
+101 +,100 2‘38
0101 «-.100 2-1‘5 2-35 2038 2.38 3.18

There were large water surface waves, which traveled upstream
very slowly, causing fluctuations in the velocities.
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TABLE 27

Goncentration Messurements by Sieve Fractions

y' = gage reading, ft

Run 29

072

y = distance above bed, It 018

{3 ]

150 sieve: P;
4
170 sieve: p,

%

200 sieve: Py

c.
b §

280 sieve: Py
%

Pans Pi

S

concentration gr/l

1
gr/l

%
g/l

A
gr/l

4
gx/1

4
gx/1

17.7

8.19
1.15

03

5.36

37.0
6455

2087
+033

1l.d

6.67
0.7L

23e3
2.58

1.3
L.e8

Centerline, d = 4280 ft
Station 25.5

2117
063

553

L.57
0.25

23.8
1.32
36,8
2,04

4157
2103

2413

3.60
0,10

1803

10,50

3h.8
0.95

Sed
a 217 Disch,
2163 Samples
04787 3245
167 5492
0,013 0,20
9474 25.1
0,076 0.86
27.3 3h5
04215 1,19

1047 12,0 13.3 16 1h9 1l.h
1.89 1433 O0.7h 0.0 0,117 0439

13.3 16e3 L4 28,6 U6l 2246
2036 LeBL 1418 0478 04363 0478



