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ABSTRACT

An experimental investigation was made olf the friction charac-
teristics of streams with sediment load., Measurements of velocity
and sediment profiles, and calculations of friction factor, f, and von
Karman's constant, k, were made in a 40-foot tilting flume. Several
runs were made with uniform flow and various bed configurations
using sands of two sizes (,10 mm and ,16 mm). For better under-
standing of the effect of sediment on von Karman's constant k and the
friction factor, uniform clear water flows were established on sta-
bilized natural sand beds. The depth and the mean velocity were kept
the same as those of the movable bed stream for which the sand bed
was stabilized, and a direct comparison was made, Then, by adding
loose sand in steps and establishing uniform flow, the change in von
Karman's constant and the friction factor with sediment load was
studied. It was found that both the friction coefficient f, and von
Karman?s k, decreased as the sediment load was increased, although
the coefficient f decreased by a much smaller percentage than the
constant k, It is hypothesized that the sediment load appreciably
reduces the rate of turbulent energy diffusion, thus reducing the tur-
bulence level of the fully established uniform flow and changing the
balance of turbulence energy.

In a very small region near the bed the turbulent energy pro-
duction,diffusion, Viscbus action and dissipation of energy due to
sediment in suspension are all of about equal importance, A theo-
retical study was made of the distribution of both the production of
turbulent energy and the dissipation of energy by the sediment along
a vertical profile for hydrodynamlca.lly smooth bedgs,and it was made

possible to integrate them to the bottom of the stream,
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CHAPTER 1
INTRODUCTION AND GENERAL OUTLINE
A, Introduction

In any bou_nda.ry layer problem the 'estimation of the wall
shearing stress is of great importance and it can not be evaluated
without knowing the flow conditions in a layer very close to the
boundary.

For laminar boundary layers the theoretical relationships
between velocity profile and shear have been worked out satisfac-
torily, However, for turbulent boundary layers an exact mathe-
matical relationship has not been derived yet, From the basic
hydrodynamic equations one may derive relations similar to those
of laminar boundary layers using the time averages of the flow
quantities, However, an exact calculation of the flow is not pos-
sible, because the turbulent transport of the stream properties
by turbulent motions is still unknown,

The transfer process shapes the mean-flow field through
momentum transfer and supplies the mechanism by which the tur-
bulence energy is withdrawn from the mean-flow field, For this
reason the nature _of the transfer mechanism should first be in-
vestigated thoroughly and mathematical relationships should be
expressed for the essential processes in the turbulent motions,

In the last few years various experimental and theoretical
investigations bearing on this problem have been carried out,
Laufer(l' 2) presented some significant experimental features

of flow in a two-dimensional channel and an understaﬁding of the
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turbdl_ent energy balance in a fully developed pipe flow, Rannie(3)
presented a new aﬁd relatively simple theoretical description for
the velocity profile at close proximity to the wall for hydrodynam-
ically smooth boundaries, by making an intelligent assumption on
the structure of turbulent fluctuations, His analysis gave a very
satisfactory agreement between the heat transfer coefficients cal-
culated from his theory and those measured in experiments,

Sediment laden flows behave differently from clear water
flows, because the suspended sediment load dissipates turbulent
energy by viscous shear in settling, In order to obtain a complete
understanding of the turbulent-energy balance, it is necessary to
investigate the flow conditions very close to the wall taking into
consideration the energy dissipated by the process of transferring
and keeping the sediment load in suspension,

Until some satisfactory expressions are derived for the
mechanism of the turbulent motions of clear and sediment-laden
fluids, the laws for turbulent wall shear must be determined by

experimental investigation,

B. General Outline
In the present work a study was made of the friction char-
acteristics of some laboratory streams transporting sediment,
The purpose was to investigate the effect of sediment in suspen-
sion on the velocity field and the friction factor of an open channel,
‘Experimentally this was done by establishing a uniform

flow in a sediment laden stream with movable bed, Then the
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natural sand bed of the above stream wés stabilized using chemical
grouts, SO that there would not be any change in the grain rough-
ness at theg surface of the Bed. A uniform flow of clear water was
establi.shed over the stabilized natural sand bed, Keeping the
mean depth and velocity the same in this set of two flows a direct
comparison of the friction factor was made., Several sets of such
experiments were made varyiﬁg the sediment load of each set and
measuring many flow characteristics, like surface and bed profiles,
velocity profiles, concentration profiles and friction factors,

No attempt was made experimentally to reveal the structure
of the turbulent motions, the nature of the transfer mechanism of
the flows, or the effect of suspended sediment on them, However,
assuming that Rannie‘,sB) assumption holds for sediment laden
streams, the distribution of turbulent-energy-production along a
vertical profile was obtained, for the region in the immediate
proximity of the bed.

A function was assumed for the settling velocity of the sedi-
ment in the region very close to the wall, such that the settling
velocity becomes zero at the level of the bed itself, Thus the dif-
ferential equation for concentration derived from '"Reynolds!?
Analogy" could then be integrated in the region very close to the
bed, satisfying the boundary condition € = C, at Ad::() s Where
C is the sediment concentration and 3 is the distance from the
bed of the stream,

For the region away from the bed, the differential equa-

tion for concentration derived from “"Reynolds?! Analogy'" and
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von I'iarman's logarithmic law for the velocity, was integrated.
The boundary condition for this equai-:ion was taken at the matching
point "j;_ of Rannie's and von Karman's velocity profiles, The
concentration at this point was given by the formula for the region
very close to the bed,

From the above formulas the energy dissipation due to
suspended sediment was obtained., From this the ratio of the aver-
age rate of sediment-energy dissipation to the average rate of
turbulent-energy production was calculated, Both von Karman'!s
constant k, and the percentage of change in the friction factor,
between a clear water and sediment laden uniform flow were
plotted against this calculated ratio,

A large number of experiments with various sizes of sand
and flow characteristics are required for the determination of
laws and relationships that can express the dependence of the
friction factor on the sediment load and the stream characteris-
ticss The experimental work would be reduced only if the com-
plete structure of the turbulent energy were thoroughly understood
over the entire profile, Only then could mathematical relation-
ships be derived for the balance of all kinds and forms of the tur-
bulent energy and for the nature of the transfer mechanism, If
this could be done, then the effect of sediment load on the flow

characteristics could be expressed in a mathematical form,

~
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A CHAPTER II
ANALYTICAL CONSIDERATIONS

A. Energy Equation for Turbulent Flow

Since the turbulent energy and its diffusion have a direct
effect on the diffusidn of sediment and hence on the flow character-
istics of sediment laden streams, it was considered useful toc de-
r‘ifre the total energy and mechanical energy equations for turbulent
flows to find the relationship between the different forms of turbu-
lent energy,

From the conservation of energy it is known that:

The rate of increase of internal energy and kinetic energy
in a volume element is equal to:
a. The net rate of flow of energy into the element, plus
b. The rate of work done on the fluid by the surface forces, plus
c. The rate of work done on the fluid by the body forces, plus
d. The rate of heat flow into the element,

So that per unit volume we have {in tensor notation):

™ pe. puguU( QB
7{%—+fﬂ< 22 ) <P -3 TSRS Q“k(g’ >
(2. 00)
Dl & v R+ 2 (2T
+@?§“‘QK>+P (X +Q9<x "b'><;<>

where: P = mass density of fluid,
€ = internal energy of fluid per unit mass
U= velocity in %, X, , X3 direction
A= direction %, %,, X3 (coordinate)
6-’ = pressure intensity

GL.’K:-- shear stress
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Xi = body force per unit mass on x;, X, , X3 direction

K = thermal conductivity

T = temperature

t = time

From the continuity equation for compressible flow:

20 L7

At oy “) =0

Considering the above equation, equation 2,00 may be expressed as:

Pt rbt(ul u)

[ 4
2%

2
+,;;KQ4.; S) +pucX +,b

[ )
K

o Fu)

D¢

/}T (2.01)

XK f}xb

which is the general energy equation for compressible flow,

Assuming incompressibility the continuity equation becomes:

Q—-‘_u': = O

K¢
Substituting =U +u, (where wl
we get:

( /z
qt}z.-‘—u,' - o ore

S XL

Taking the mean we find:

U - -6 duwf -0
oK, TOX,
' Substituting:

— /
e = e+

T= T+T/

> 5= P+5’)

is the fluctuation component)

without even the mean,

'C'+"C'

/
= .(]l.'"‘ut'-) 6:;: iy

in equation 2,01 we get:
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Q(e‘,+e,’) /; U;'+ucl)(Uc+u’¢) _
Tt T “ 2. = (

ere’)
P U;—f- uL) —————@ -

+ (1{+u;)%K@+“i>£u+“:) —-Q:%(: (?4—6 /XU,; +u::l)

-+ h&vm (rmwm)]a- U+u)X Q;L »<——(T+T)

Expanding and putting all terms of first order with respect to the

fluctuations equal to zero, we find:

f’{% FURE e *Zﬁ{quivd e t:LAy1 %

ot K"b'xx %Xk 2t dt K 1%,
Sulul o !l
+ U —;;——'i— + auff\"v‘“‘ W, et
Ak Q'KK “d Xy

- L 2 7
= w27 + w26 )]

+PUX; +2 K:%:

Expanding and rearranging terms we get the following after adding

K 3
and subtracting U;:r)tc‘n in the second member:
Ak

{32 e UBE + B |+ p {05 (”U)}
rp {2 u B (D] o )

i




—_ er /)-Cck r‘) Tit
U'“a?(L U - +FU(.XL U sy

(2.02)

The momentum equation can be written,

d (-»(v. (bu q . /) 5:l<
PR ) = 3 wp Ko S

®R)
WU Uf)v - /}?WX D

or t) 0t ko O /B'XK
®) * * .
where: Tix =T+ T and Toe T TPpUC Uk

Multiplying by q » Uy, Us respectively and adding we find

Q'XK DX

or
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Substituting equation 2, 03 into equation 2,02 we find:

D& ., e’ RE+U 2 E
P{RFeu3E T o fiE

X Rt Oy
/ ‘ 7 .
rpiedE i BEE ) = 2D
= ¢ (2. 04)
*
F P F T _U”>m+f3(,;a—r
L o T ¢ DAy A=\ 7
{ul U dul
where: E = Ui, ¢ = T < and ¢ S T —L%
2. ) L. K e Ve D%
Expanding the term: )
4
RV ——— /
PULQ‘U: [3 _ P‘*n:"‘:' f'b(}: +ﬁ(J;,u{:)t4¢_
oxy COx e 3y
* rb— ,B /7 7/
= T :; + P IJ:._ (S;(K“LL‘K
in which —— -
U Ry DR Gl
fH Xy RS T P oxg
—_— - X
/Q Uul * ’)LIL /—_D:tk
L PRt = T g ~Uids
L Q’XK fbxk_ K
Substituting in equation 2.04 and rearranging terms we get:
e s e RE , ., RE
e e 13e — 4) 2 (T + P —
F ‘(: + t); ;a;x-’— uKrbﬁK "B'XL‘ ra'x(.' F Qt Krbxk
| (2. 05)
X*XU | /DT rE T ol
= Top S48 4+ U £ —Pu T2 — S el
LK ’BXK L [o Dotk 3%,
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wher‘e ¢:‘¢L+ ¢T = T /B-T:-{ + T; 9‘4

™ (a’(n
Expanding further the terms:
¢ S ‘/L' ‘g«x Q—xk ) /4 ‘fb'x fa'xc
: K
:/«v :a_( /’)u‘) () ou + / ,B M-k.
A\ (0% "X N DN /4 CEY Qx
— '-‘(t v QL((_ /—1(7)
- /A’Bxfbx < ) /—'(D ) +/L' e (e
Y4
Dfuw  _
X
O
IE
W, £— ==
P KQ)’X,<

Consequently, substituting the above expressions in equation

2,05 we find:

—

De 9! | NE
FQT‘LUK?;' +M@Q§K} ¢ fb'x( '>+(Df?>f:

NE _ *';u 1\ fout
+FU’-< K - {k’a«’bxk }4 fb:‘q: (’gx;)}
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Rearranging terms, we get the general energy equation for incom-

pressible turbulent flow,

p{%i Ufbe - } ~¢ - V(KVT)H’@ Uﬁ»i}

_ U Rou, D e & —
=i BB —p e f) e

(2. 06)

From the Mechanical Energy Equation for incompressible flow,

ia €a equation 2,13 derived in the next article:

NE Y W \rul Y D L= ﬁ.’] e
P@t+l);%x)-t°K’be f“(’%ﬂ)@;}) be?,([u“(c+f’) PV E

Consequently substituting the above equation into equation 2, 06

we get:
’De, /ge
f’{ U,;,.a )<+ £ 5s gb + - (KVT)
or
De T)
-_— = 4+ ViKWV
P Dt ci) ( (2.07)
wlwl
and




-12-

‘ ~ Equation 2, 07 describes the thermodyﬁamical energy law,
that the rate of increase of the internal energy €, is equal to
the dissipation function ¢, plus the heat added by conduction.

The same equation is derived in any textbook for equilib-
rium thermodynamics in a different way. There the flow is con-
sidered laminar and the fluid compressible., However in that
case the entropy rather than the internal energy appears on the

left-hand side member of the equation,

B. Mechanical Energy Equation for Incompressible Flow
The mechanical energy equation is derived from the mo-

mentum equation, which can be written in the following form(4):

oug d L _— —-?_E /;6:"
Ffbf; TP = = @wL+PX ™

where: 6, is the instantaneous shear stress:

6" - ra LC(. q uK
S /" KB'XK q X
(¢ is the instantaneous velocity component

/
in the %, direction and «, = U;+u;

After some algebraic manipulations we get:
/beu, W oue ”b_f_ +/,,x _,./,, v, (2. 08)

Multiplying the three momentum equations 2,08 by Uy Uy s Ha

respectively and adding we find:
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Fuqub + u (DL(!‘ - ——u"%f. +PLA" XL +/v “y VZL(,‘:
13

‘faqk
(2.09)
Now the terms of equation 2,09 may be rewritten as follows:
First of all:
| wRu = D ___“t"*i)
e 2
f us
rom U T (__._-."““‘> = 472 (w; we)
QQ(K DXy =3 2 D%
Multiplying both sides by «, we get,
QU..,' - qul U
/b'xK 2. DXy
or
L Ruewy | 1 DUty g, (22U
2 kK X g 2 X\ 2 X
o . . . (duw _
and from the continuity equation for incompressible flow: A
=

there results:

qut _ q@n“i“i)
e .. T 2 TO%y
Similarly: (}g /'B dwE.
fbm fbxt
And:

ui _ .2 wa);@_ Qw G @1)
e R NBxe/ T, ’M (o

_ Su; \ _ Uy /BC“«“)
2 (w2e) =22 ()] - & A

K

or
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Consequently equation 2, 09 becomes:

D g - ® . _ __/_D__ . el
P@?(‘i‘{i“ + 3 P (etetn) = = (weg) Hpe X

(2.10)
D(wud) due > >
> T Xe T IL' fa—xK DXy
. /
Introducing the velocity fluctuations: W = U,: +ue and taking

the means the above mechanical energy equation becomes:

D (U ) Uie / /B(U;+ul’)(u-&-u:)(uz+u:>
P >§_ “d v tp

- 3%

pre)X =7 (Prp)imet)

éf” i (Ve ) (Vprat) — ﬁéTL:i)( (Ul

Since the mean value of the terms of first order with respect to
turbulent fluctuations are zero, expanding the terms of the above

equation one obtains:

U' u. ();.uUK_'_ 2/3(-};:“!“,'<+ QU“’,.
P fbt gL* L™ (%

_—— s
N winl _JRPU  RFul
s = U {w T (F
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*‘2’"{2‘;*21?:; _ (3)(@ W )

or

Duid | T 2 el )
+/O{I{Q%K T q’(fﬂz +f e ) =

(94
e A

U X, —~—~?U+~—6”u.,’ + i g‘f_i_a:
/O @x’bx %w%‘xj

—HELRE) - BE)E )}

£

7

» the mechanical energy equation

becomes:

F{@t(vv) 2 (= )} ﬂgx{ (UU Lj( Mtwf)

| - ‘ -“"/"'c'/ = —1[ !
P v E = PUR T [PU O] T
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s : ’bu
’Bor(}.%a-( = /L’ /D'Xi er 7([

Rearré,nging terms, and putting %K(P U;) = ’({KB_T_) + P (@,(:)

e (UU) + P (4 UU) *prel* “) e (” ) =

AY R () 2O

H

(2.11)

Ddu, f) o ’-)P
QWJ)@XJ‘) t +/D UX (T

Fs2, (%) — (32 )RL)

The equation for the shear stress is

_/A(fav QU‘

Differentiating T, with respect to X, and multiplying by UL-

we get: (assuming /L{ = constant)
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]

D e 1y, R AU HL
U’a Tow U:/,%K =2t +

K %y TN
3
> Ur -
= /4 U- +/4 UL ?...__(fk___
L% 0% DX %
o
LT
= fo L (U;-u- _ R (/2 )
X{bxk 2 @‘XK /BXK ﬁ[/bo(t' 'XK
Consequently from the above equation and equation 2,03, equation
2,11 for the mechanical energy is reduced to:
A ! _’ U(IUZ * %U ..
PR ¢ ¢ (UHD) = 2 -2 (e )
(2. 12)
’ / 4
¢ U
+ f" "B ) ox. @'X
Qx x X7 7
/! 5. 6
Rearranging terms and calling E = —"(—‘2_—"5-" we get( » )
E N — * YU )(but>
— + U EN = T,
(MK =< ) CK q |< }4 rb'Xa— a-
(2,13) .

2 [t )+ p
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Equation 2,13 was first given by von Karman in reference 5.
It describes the vér‘iation of turbulent energy E and is properly
called a mechanical energy law as distinguished from the thermo-

' dynamic energy law, equation 2,07,

The first term of the right-hand side of equation 2,13 rep-
resents the rate at which energy is produced by the turbulent shear
stresses, The second represents the rate at which turbulent
energy is dissipated by viscous action, and the third term repre-
sents the so-called diffusion part of the energy, which is the rate
at which turbulent energy is transferred by diffusion,

It is clear that for uniform flow the total variation of the
turbulent energy is zero, Consequently the turbulent energy pro-
duced is equal to the part which is dissipated plus the part which
is diffused. In non-tensor notation equation 2,13 is written as

follows:

RE . URE , yRE 4 w2E
P(SZ’“U%*V%*N@

Rate of Total Variation of Turbulent Energy

X X O * *hUu DV
= ToAR v AY Ty T By -

* U W * MV oW
+t"§f§%+%fx>+t‘35( 3

Rate of Energy Withdrawn from Basic Flow or
Turbulent Energy Production

| u \* Au'\2E ) u’ )% v’ ?—+
— s +(5§) 7 ”35) +@7) +@7)
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Y LV (9_"_\/ (2w, [Rw
3 X D 4 o 3
Rate of Dissipation of Turbulent Energy

P ) v e ) D

PSS —~— ('l’——
D E ’BCLE D E
+ f *

L=
%% /33"’ /651'

Rate of Diffusion of Turbulent Energy

Table 1 gives a summary of the energy equations derived

in this chapter, articles A and B,
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C. Sediment Transport

1. General Case of Incompressible Fluid

D CWa
wWa.C + oLx
3 /E’X3 £
cu +©c“300x3
RS T e
2 Xy 2
cu
| et 2582 e,
W C |
Cly | Cuy 1_’3/;—:4 C(/’H
d-"s . l_ - t
S R w,C
cuz/' Ao w, C +r‘>_;g_ lx
L= 4 K
w,e 0 %4 _

From conservation of matter, the rate of increase bf
concentration in a volume element is equal to:

The net rate of flow of particles into the element due to

the fluid flow, plus

The net rate due to settling velocity.,

So that per unit volume we have, (using tensor notation)

DC = _M +QW¢C
Dt rox¢ O%C

or

dC )
—_— = - — ¢~ W¢
ot oy € (ui=w0)
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where: Cc= C+c j) L = u"'“d > w.= M‘""‘/d

w; is the settling vélocity, and is positive in negative
direction (—— X )
C is the concentration of particles °
w‘;’ 4 ¢/ are the fluctuating components of W, £ C,
S'ubstituting the expressions for C, w; # w, into the above equa-

tion,

2 (cHet) 4+ 2 C+C9(UL'+“°'/)_—_ > W+ XCse)
ot o -

Expanding and putting equal to zero all the terms in first order

with respect to the fluctuation,

. e "D’U:-c/ o OCul _ o
1a o — == = -
© Qe - ° D= ‘ox;
dW.c! dCw
¢ -0 = 0O
xR 'y

we find:

RC L RCU: | 2! _ dWC | vl
o+ DK -2 Ak, D,

(8

) , T
T e T W N AP (e 1 g 123
ot oL X, D%, dn; DA,

From the definition of the diffusion coefficient:
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wher‘e_: The subscript of the diffusion coefficient € (in a circle)

has not the meaning of repetition.8ince the correlation between

w' and ¢' is negligible, w'c'#? 0 and

E :(. (2. 15)

(ot L"B'KC £©

This is the equation of diffusion in tensor notation where the sub-
script of & (in a circle) has not the meaning of repetition,
Wy = wc*’""d/ is the fall velocity, which is positive in the direction

of negative coordinates,

2, Steady Incompressible 2-Dimensional Case

Calling from now on <€ and w the time averages of the
concentration and fall velocity respectively we have in the case of
steady incompressible two-dimensional flow, ( y being the vertical

coordinate):

qC:o ,B_(__.j—o @_‘1’/_7{:0

2 (52e) =200 w2 =20
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Integrating we find:

———

_E’”rb-—c—: = WeC + comstanit ot cv’=we +c,ono$'éq~1+.'
%)

where the constant is equal to zero, because the flux of the parti-
cles going up should be equal to those going down through any

surface,

Introducing that the constant is zero we have:
fb-9-+wc = O or cvl= wc (2. 16)
i

This equation is given in reference 12,
For the boundary condition of this differential equation
(2,16) it might be assumed that for 2: O the concentration

C = C,= density at the bed,

D. Velocity Profile

The flow field has been considered as consisting of two
regions, one very close to the bed, and the other away from the
bed,
l. Region I, Very Clése to the Bed (Smooth)

For the velocity fluctuations very close to a hydrodynam-
ically smooth wall, Ran:nie(3) has suggested the relation,

ST = AT

For shear stress T = constant in this region:

. i ').. o(M h u. Ze = ‘/ =
wnere: = -
.l./t* =K Uu Gc-——-—v X lo f)
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or .
. 2. -
—))'i.c(___'f.. - K,‘Lu —_ u'z'
0%9 fai (2.17)
" with the boundary condition «w=¢© at y-.-. O.
The solution is: I Y N/ K,y* (2. 18)
where y*: ; ‘%f
H—
And the derivative is: du _ Uy Sedily (2. 19)

o(?”‘
2, Region II Away from the Bed
For the velocity fluctuations in the region away from the

wall, Prandtl and von Karman(4) suggested the following:

a. Prandtl*s assumption:

/

' 2
T Sl
—wh’ o % = &%y (__
von Karman's assumption:

4
._L:c_il_)_;: £ = K(L ‘Lﬁ/ﬁl—a
T

Assuming constant shear stress <T=<T, one obtains:

lu -

dy :ig

which is the so-called experimental law of the wall, This also rep-

(2. 20)

resents a universal turbulent boundary layer flow,

The solution of the above equation is:

= L *
Uy K o+ B (2. 21)

where B is constant,
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It sl;ould be noted that if we assume linear distribution of the
shear T =.'C,,(I - 74) s the solutions of both Prandtll!s and von
Karman's assumptions for the velocity profiles are not simple
and do nof. fit the experimental data better than the simple law

(equation 2,21},

b; For the intermediate region, neither far away from, nor

close to the wall, one considers the viscosity of the fluid, so

that:
To s L
/o = —uv/ g ———afy (2. 22)

bt o, Yol |
Substituting —yh/= qu (Z;—) we get the equation:

K@'j?—(:@(— Q.+ o %"— = “3—

Solving for == and expanding the solution in power series:

céa Kg -?sz"‘ T 8 “;(Ck'y)s

LA N ]

o ;_‘c_u__zu(—-—,—-—__L__—_.I.___l____-,_,__)
7 Ky 2y By (2. 23)

Integrating we find:

“ o o p * ! Y A

It is obvious that the constant 73 is the same as that of Region II

/ . .
because the terms 2)<_L5'9_; — ﬁ@;?z"" become quite negligible

for large values of ;’F,
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E. Sediment Concentration Profile

From physical considerations and from experimental mea-
surements it is known that .the concentration is a continuous function
of the distance from the bed 7 » and increases when y decreases,
Since the concentration at ; =0 is equai to the density of the sedi-
ment resting on the bed, it is deduced that the maximum value of
the concentration is at the bed and is equal to the bed density,
F‘rom experimental measurements(ls) it is known that the settling
velocity should be a continuous function of the concentration,
Consequently the fall velocity will be a continuous function of the
distance from the bed,

The theoretical or experimental determination of the above _
function, w =w(c.) » will give a formula which for each grain size
will go to zero at the bed elevation where ~é = O . In the experi-
ments of this work the grain size of the sands used was uniform
enough to consider the material to be of a single size. Qualita-
tively the concentration and fall velocity profiles will be of the

form shown in fig, 1. It is obvious that the fall velocity decreases

2 R

OL |
@ef{:ﬁ)

Yg

C
P

le— g —— Y S —

°
Bed ' Comctmbeation watere

Fig. 1. - Qualitative diagram of the concentration

and fall velocity profile
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with the depth due to hindered settling from the increase of the
conceﬁtration. |

All the experimental measurements for the main region of
flow away from the bed fit reasonably well the theory which has
been derived considering a constant fall velocity in equation 2,16,
This constant velocity is actually taken to be equal to a reduced
vélue due to hindered settling for the average concentration all
over the main region of the flow, as it is outlined in Chapter IV,
article D, 2,

However in the very small region at the bed proximity,

a mathematical treatment with an average constant fall velocity,
gives a singularity at ~é= o with infinite concentration at the
bed, It is very interesting to mention that if one considers that
W = constant é.nd the logarithmic velocity profile is extrapolated
to "3 = O, then even the average concentration for the vertical
profile becomes infinity for all the values of (?‘:—u'x- > i .

On the other hand, it would be very difficult to find or check
experimentally any formula for the settling velocity from the con-
centration profile in such a small region, which actually is of
the order of magnitude of the thickness of the so-called laminar
sublayer,

From the above discussion it seems reasonable to assume
that the settling velocity can be approximated by a continuous
function which has the following property: it is almost constant
in the r.egion away from the bed and decreases rapidly in the

very small region at the bed proximity, becoming equal to zero
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at the bed,

A relation was assumed with the above properties such

that:

(i) The differential equation for sediment concentration
would be easy to integrate in the very small region
near the bed,

(ii) The concentration at y: © would be finite,

(iii) The concentration would approach asymptotically
the profile computed for constant fall velocity in
the main region of the flow away from the bed,
which has already been checked experimentally,

An assumption for w which has been tried and has the above

properties is:

i *
Since K, is of the order —~ and o' is equal to Lx', it is ob-
L T0 2 D>

vious that even when the exponent n is of the order 10, the settling
velocity w becomes equal to approximately a constant w, for
Aa*_> 50, The thickness of the so-called laminar sublayer cor-
responds to ,«3* =11, 6,

From the above it is obvious that by computing the exponent
n of each particular case in such a way that the concentration pro-
file would satisfy the condition <= C, at 4=o0 and C =C, 4 at
4= ‘;—(': , then for *}>>50 the concentration profile agrees very well
with that given by the simplest formula for sediment concentration:

(05 —f ) Bo

where d is the depth and Do = B e
[ H*
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This corresponds to using w= wW,= constant,

1. Region I, Very Close to the Bed
Assuming that Rannie's hypothesis holds: —u! = kK u

equation 2,17 gives:
Y, *

and its derivative with respect to 7 is:

= 2
= __‘f‘% secd KI?,\: (2. 26)

N3N

7 a 2. Clle .
From: —ulh/=Kku=uw, tand r%f one obtains,
7,7 . T x
—V —_ fy"5¢o74 Kly

Mﬂaj
Assuming that '""Reynolds! Analogy" holds, it follows that:

—

— M,’IJ/ - & C—/U/

@/Jﬂ ™ D - acc/a[y

S

and

—

u’v’ cw’

/? a&7Q? = dg%%? O (2.27)

P Enm = &g

where /:3 a4 .
Thus the differential equation for sediment concentration, equation

2,16, becomes:

%
/5/»441-74 K o %+uc = O

or:

e - —wdy

—————

C ﬁ’r"szh#zkly*

(2. 28)

where W= W CC) .
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Assuming that = w=w(§) we make the solution of the differential

equation easier. Substituting equation 2,25 for w in equation 2,28

one obtains

- *
dc R Y S taml wny
C - ﬁfv St'ﬂ4 ZK,;*
Integrating we find:
M-
>
— tanwh K,'y
c o~ —~1
L = e (2., 29)
CO
C.=C, i io ¥
where o — Cbed i8 the concentration at 7 = O ,
Wo
e
17 Bk wx

2. Region II Away from the Bed

a., Universal Turbulent Boundary Layer Flow and Linear Shear
Distribution

From the so-called experimental law of the wall, or uni-

versal turbulent boundary layer flow we have that: (ref, 7)

d/bL — s

dy KY

For linear shear distribution:

(2, 20)

L= w2 (- Y)

%) = wxy(i= %)

Assuming that the '"Reynolds® Analogy" holds: &£,=/3€,, where B8 22 {

or
-’

aﬁu/{y - i%

and

ot

c’v/

2oy, " P %,
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Thus the differential equation for sediment concentration,

equation 2, 16 becomes:

@M*K«é-(—% _c_[_(_‘,_ +WC =0

Y

or: oA w@ {2, 30)

)

where w o= w(C> .

It should be noted that for the velocity profile the universal

du
boundary layer flow or law of the wall was applied, j‘{—y— = Ax

<Y
(which can also be derived from Prandtl's or Karman's assumption
with constant shear), and for the concentration profile the shear
was considered linearly distributed,

Substituting equation 2,25 for w in equation 2, 30 one ob-

tains
de | _ vl terRefy
C T PR (-

Integrating we find:

E'Vl S = e
Ca BRUx

w K,K%_'w

(-3

hj;a Wy
.. .
Ua.

w,

*
where w = K,"g .
Since w3>4 we can try to integrate by expanding féang w in

asymptotic series,
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£ er

- N
tanhw = (I~ Za+ 5= - 5 =

27
‘t’:angw‘&' 1 — eaw +?,:;""""

w
j’»’zi/\)-—- Wo /(,./._ 236-2:52}6—4-@'.“_,_
w w w
Cq' ﬁKu* w
[ 2
-2 2 ~4w
+ 1= 2 S ... ol
which when integrated becomes:
*
ZKI(R-y)

2.a<,y
*\ Do +4
é”’L —_ é (w) + 2m7F {/ 2{9/{* —-;—o{j

2k=e)

W/‘ s, @25

2 e~ ¥ / e’
- 24150 ? o ——64/‘/4* [ c{;’
G, 4x, (8% ")

e §
[ S -aw ¢ [ Fhmae-ae
o .
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the integral equation reduces to:

_241:;;0{6 (e Ka) —E@ K,’Z*_>} :

Cea ’ia{ R— , I —2KK {1'_ (4% 22] I sz,(k’—- *_')_]}

€ (2. 32)

—2m"3, {EL'("KIOL“) —E( "’7’?}

£
_4KR*
e $ 1 TC Y ARG
where §o= /;;"M o~

From )K(C’) (— C') we get:
Co Ci RQ%&O')]I Co Regrem I

o 2 3o ECRig, )~ E: @R

£ ~ A)"'y ?’/)5 ) [ 7t j]

Co n
“J < L2 [z{ak,(e Ly N~ I{ax@< 4%

e__ 2] 50[ Gmg;) E; (z,x,j]—- -éq,,,ﬂ"" }/(“y
ot A L 1, ]

w, W,
where Po = pKou el K 2 K:’MK— -
*

(2. 33)

By neglecting the terms with I‘, since they are multiplied with

—2x R —4K R
e or € which is very small we have that equa-

tions 2,32 and 2, 33 become:

| - 2"’%{‘5{@-"/"‘*)~Ec (2"'2’?}

~ (%—:z ._c_t.) PR - S B} (2. 34)
2’5 JEGK @)~ E.Gry)
5] Vi
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And the general formula for £ becomes,

(=]

| ke Al
3o 2”50 {E[(leyf)_E(@ k/??}—ﬂ_’—?’; fa'ng K} yl’f
= (2. 35)

RS AT PRAZED)

b. Approximation
If we consider w constant in the differential equation for
Region II:

dc wely

—

©T ey (%)

(2. 30)

and if we substitute in the solution w=Ws , then we find the follow-

ing: (refs, 8 and 9)

c g « o ,

o

where o« is any reference level in region II,

The general formula for & becomes:

[=]

n-{ *
_9...; K- _— v/ )goe ~7-L§£7.é°‘"7£ “d)
Co 4 A-y

(2. 37)

As it is discussed in Chapter VI, article D, equation 2,35 becomes
approximately identical with equation 2,37 for 4™ >50,
Table 2 gives a summary of sediment load formulae de-

rived in this chapter, article E,
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F. Average Sediment Concentrations
I, Average Sediment Concentration Profile
The average profile concentration is given by:
= £
C = y cdy
© *

For the assumption w = Wo tam®i %y, equation 2,25,made
for the fall velocity of the particles, the above equation can be
evaluated., Substituting the approximate equations, equation 2,29
and 2,35, for the concentration in regions I and II respectively,
into the equation for the average profile concentration and inte-

grating we get:
. v v
- | /
Cc = 7‘—-[ co(y +?4C G(y
/

w'L 3 Jo fa
- - tam -
C:Co/e,.,,_aﬂw Cma(/ww e e
(]

—'2'*7 5, E; @;w)

* X
where W = K,y’f ) C.dl = K/y/ ) wﬁ = K/g
—_ /
or C =c 2@)+ cpy H(wp, %) (2. 38)
where
W -1
/ { { - ,,7—5‘—:"" wig w
LTe)= | e “
ﬁ [ed
and -
tde B “2”50 52(2“’)

+{<@b'9%> ::Eég (”ﬁiri9 fiz — £e4a§;ﬁu
e
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Since the integration of # (u‘{) cdg) is not simple, and the factor:

6—2”5?{ E;(2w) —m Ec(qw)}

is very close to 1
e.ge for w=wy itis ~. 8
and for w» 5w itis ~ 4

we neglect the error and put it equal to 1, which corresponds to
using equation 2,36, i,e., W= We = constant,

Thus, we have

't
f46%4,a% Y ‘“%J/[ (L;&:ﬁf o&u
I

and substituting 7 for —Z = _.. we get,

Her) / ( ""’7) %

so that equation 2,38 becomes,

— /
C ~ co 2()) + Come (7)) (2. 39)

Tables for integral Hé’?/) may be found in ref, 10, The
/ :
integral .CE(QJ,) might be calculated numerically, Its contribution

to C is not negligible.

2, Average Sediment Transport Concentration
The average transport concentration is given by
£

CT_—‘U# cuo[y
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, ” .
With the assumption W = Wo tam R Ky , equation 2,25,
for the fall velocity of the particles, and substituting equations
2,29 and 2, 35 for the concentration and equations 2,18 and 2,24
for the velocity in the regions I and II respectively, and integrating

one obtains the following:
= _ 7
C cuel 4--__- c:cco(
T =g, J

Making the same approximations as those in the preceding arti-

cle one gets

G~ g =)« Gt LD w

where: -7

wi ”1__ ‘éan'{ w
Q—T(w'> = Z/JZ/ e O'éQ"’?#CAJO[‘L)
(o]

ta) = [y

L(7) = / /_;91%747

Tables for the last two integrals are in ref, 10, The inte-

gral QTG&) might be calculated numerically, Its contribution

to .C is small,becoming negligible for small values of Hx

U

G. Turbulent Energy Production

1., Energy Withdrawn from Basic Flow

The rate at which turbulent energy is withdrawn from
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the Basic flow is given by, (ref. 5),

*
where T =

/ou’v’ s and T is the rate of turbulent energy
production per unit volume per unit time,

Substituting T p <o

i

for T¥ we get,

(2. 41)

For constant shear the above equation becomes,

P = L2 (- 25) 5

and for linear shear distribution it becomes,

R = L_{( #) =2

(2. 43)
’;[ :

(2. 42)

a. Regionl,

* %
(7<)
For Region I, near the bed, the velocity profile is approxi-

mated by equations 2. 18 and 2,19 derived in article D of this chap-
ter, Assuming that the shear is constant in region I,

T = Ty ’
and introducing equations 2,18 and 2,19 into equation 2, 42 we find

. ﬁ—' tamk Ky *secd x Klgl

(2, 44)
where Pt

7 18 the rate of turbulent energy production per unit

volume and unit time in region I,
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Multlplymg by the factor 2—)7; ' to make it dimensionless:
e
= *# 2 x

-
where (Ptr)_-c = /B_J;? P”'I
. i % %
b. Region II, (ﬂa >«Jl)_
For Region II the velocity profile is approximated by
equations 2,23 and 2,24 derived in article D of this chapter,

Ihtroducing these equations into equation 2,43 we find,

-wa

—_l _____.__l -
Pey= P32 ( j’ a (“a ECia 8<‘a*)3 “"(_“15" @@7}")“663")3)

Rearranging and factoring terms we get,

_L" ‘_— +({ QKK)Ky* 2 ekka@y’f)?— 8(/<y’93 4(/7")‘/ “'()7)}

o t L{ KA* 7“(/"'_2*:?{9};;* —(% +§%-[j@—1;)2+8—%y—*)3....

(2. 46)

Multiplying by % to make it dimensionless
«“
*

= /3! 2 ...
(—‘P&H)t - /ZK;G-I-&‘FQ-;/T@)Ky’( [Z 8K{9@1+8(ky%)3

or
- ! .3 1 9. _1.
(P'tlr);’d KL% i Ky* 2 Cky’?a "B ("y’93 (2. 47)

2, Average Production of Turbulent Energy
The average rate of production of turbulent energy is given

by:



where f? is the depth and 7?{; = average production of
turbulent energy

a. Regionl

— , y
Fep = 7 [ R dy
Substituting equatlon 2,44 in this equation we get:

K/y/ 4
Rm i) L vanhngseck ny" Ly

which integrated gives:

————

P

r

L__ tamh K/y, (2.48)
3/(,

Multiplying by ;54 to make it dimensionless:
g

(75;) écm4 K,y/ | (2. 49)

T - SK/
b. Region IT,
L A
— /
R = %) R
/

Substituting equation 2,46 in this equation we get:

*
= I “ 1)L
R.’I /\7* —ﬁ,}*{";ék +(/ 2k % k;{*




-43-

Integrating and neglecting the terms of order L we get:

f?%
Mg | j* |
?’t ot [T TX —’—{—6’; -] - 2 -+ g
T ok P % * > (2. 50)
R y/ ZKy/ ’G(KB’/D
Multiplying by -22_ to make it dimensionless:
¢y
£
- ————— x
('Pc ) ~ L g, A 3 s 9 (2. 51)
o/ K& * r;{/" .ekyl" 16 (x4)

so that the average for the whole profile becomes:

—_— 3
?‘C ﬁ——— 'R* '{:anﬁ Klly:e
(2. 52)
x S
4. [P A -1 - ‘3‘* + Q———_z>
* ( ”‘1,‘3:@ 2 xyy 46<»<n3"‘) }
and in dimensionless form:
(Pe ). = ey
(2. 53)
V) -3 L%
K”‘* Ty “é, 1 2y Tty

H. Dissipation of Energy by Suspended Sediment
l. Dissipation of Energy by Sediment
The rate of dissipation of energy due to settling of sediment

is given by, (ref. 11),

o Y  (2.54)
..cw<4 ),5)
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wher‘e_ \A/s is the rate of dissipation of energy by suspended
sediment per unit volume per unit time,
C 1is the sediment concentration,
W is the settling velocity of the particles,
Ys is the specific weight of the particles, and
b,w is the specific weight of the water,
a, Regionl
Substituting w and C from equations 2,25 and 2,29 into
equation 2.54 we get the following for region I,

~t~/
S TR K, *

n —
\A{__} = COWO<4- %)tounklﬁ"a*o& e

. (2. 55)

Multiplying it by l" to make it dimensionless:
u
o
M~

~ itk i

yx-

>~

w = CoWo’)" 'b'w 'f:a_nq'#\ <, .l (2.56)
51/« ?

b. Region II

Substituting W and C from equations 2,25 and 2, 35 into

equation 2, 54 one obtains the following for region II,

- Yu A4 o b
wS]I = cowo<~ X‘:\)—bMR K.“é . 4;

2ﬂ§o{5(2,<,7/) Ecek,;/)}~ o 4 *(z 57)
ezn"'-go { Ei(sz,y,j—- E;( K,y*)]

And expressing it in terms of Canf(mid-depth concentration) one

finds,
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= w, [~ B K A=
Wsn, = Comd, Wo ( Xs) ‘6%4 1“2 ( )
—2m3, E (@xy™) (2. 58)

L
e E(e iy

Multiplying it by -?-% we make it dimensionless,
’ “
. X

' - 3o
- Xwo [ Y\ Lo A=) .
(Wslr)‘c C,,.,,C(_ tou:é (" XS '& "")'2 K{v (7)
—2m 3, EL' @K’y*‘)
e
—-2#7_ 3. £, ("‘ K/y’p

'>r
where: ( ) SJr f“*

And for K"‘é* > 5

do
~ e — D'w £ )
(e 2 o DED

(2. 59)

which corresponds to using w =w, i.e. constant,

2, Average Sediment Energy Dissipation

The average rate of dissipation of energy by suspended

=f<"‘/j‘~fs°fv

where WS is the average rate of dissipation of energy by sus-

sediment is given by:

P

pended sediment and 4 is the depthy
_— o — He K

5 St S

1l
+
i
x.‘..
o
p
a.
Y
+
Jbl-
\L\
o
=]
Ny
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a, Regionl

Substituting WSI from equa.tion 2,55 we find:

W= N —;z:L-éq"L#n"/,?* SO
sI k Co \f\/ ( L fane KI? a[([‘(/j")
or N S 4"‘""
— _ Co \J\/o _ 1‘_“/ —'r’z 7 Q/—L «wJ
, WSI— -—-———wg ( Y. )/ e . fanfg w daw
o
or

I s (2. 61)
wl —_— %—- éaﬂkﬂ;,
where Q(w,) = .&i—ﬁ / 1 -{,amﬂ w dew

b, Region I

Substituting WSI[ from equation 2,58 into the equation for

the average dissipation one finds

- we =
_ AN wy = )7°
ot

- 2’”5@ EL' (2(“J)

(v’
. & - ‘éa*ﬂé w C[‘—J
ST EGD)

(2. 62)

which is approximated by:

—

WSn ~ c. W (4~ %) H(”7:> (2. 63)

because: 6_20)50 E‘.@‘w)

leg®
e_ 2"’7’2’50 EL@*Q)
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This corresponds to using w=w, i. e, constant,

Thus the average \Js for the whole profile becomes:

———

\,\[5 o ”_“"(’ - l’%) Co SUwy) + Comel ‘H('q,)} (2. 64)

and in dimensionless form

( s) P"‘iwo('d%) COQ@J,>+C,,,,MCH<7!>} (2. 65)

Table 3 gives a summary of formulae for average concentra-
tion, rate of turbulent energy production and rate of dissipation of
energy by sediment in suspension, derived in this chapter, articles

F, G and H,
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Table 3

Summary of formulae for average concentration, rate of
turbulent energy production and rate of dissipation
of energy by suspended sediment

i~ AVERAGE CONCENTRATION

p B
PROFILE ¢ E='i" cdy C ~c, -Q’@J¢)+ Comd H(7,)
TRANSPORT ; C"=5‘i Cudy C %%Q,(w«)-ﬁc—z’}"‘ u.,,,#h,)—%‘L(’zy

2~ TURBULENT ENERGY PRODUCTION

REGION I : (Pe), = fan&zn,y“seclan,f

REGION II: (P’c)‘= -:}I_A* + é—,(mz"(—”)— K;‘?a(-z_-p alﬂ"') +(%3'_81
(Rl -y Lo s | ims

Kg* G (<yD
— £ a *
AvEraGe ; (Pe), = ZL./oa,),JZ =3_;?wx,,;‘+é,{e.,?«? -2 *(4%7]

3.— SEDIMENT E£NERGY DISSIPATION

m-1
= sy tand iy *

. — CoWod Y S
REGION I: (M)t-FT“’;(i_W)-emgn,y ce

—2nz, E"(a "ry’j

e
e—an"z. E; (4"

” Z,

REG/ION I : (W,)_t= &;ﬁf'_”(l_% tond m/‘- (l;ly)
£ >
AVERAGE ¢ (W) =7'-/(w,)jy = wo(l—{#){co_?.(w:) +c,,,4+1(w4,u42}@

. ) e )
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CHAPTER 1I
OBJECTIVE OF EXPERIMENTS

The main objective of the experiments carried out in
this investigation was to study the resistance characteristics
of streams flowing over a bed of loose granular material, In
particular it was of interest to study the cases where the trans-
portation rate of sediment is high and appreciable amount of ma-
terial is carried in suspension,

Since two of the most important characteristics of a flow
are von Karman's constant k of the velocity profile and the fric-
tion factor, f, the effect of suspended sediment on both k and f
was investigated, It was attempted to relate both k and f to the
ratio of the average rate of dissipation of energy by the sedi-
ment in suspension to the average rate of turbulent energy pro-
duction in the flow,

For the evaluation of the rate of energy dissipation
by suspended sediment it was necessary to measure the sedi-
ment concentration profile of the flow, For the evaluation of
the rate of turbulent energy production the velocity profile and
the bed shear were measured, Since both von Karman's k and
friction factor f depend on the turbulent energy balance of the
flow in a very small region near the wall, measurements were
taken as close to the bed as possible, However it was not
made possible to measure either velocities or sediment con-

centrations in the very small region close to the bed,
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CHAPTER IV
EQUIPMENT AND PROCEDURE
A, Apparatus |
1. 40 Foot Flume

The experiments were carried out in the 40-foot tilting
flume shown in figure 2, This flume has a closed circuit system
with a 4-inch diameter return-pipe, so that both the sediment and
the water were recirculated, without significant sand deposition
in the return circuit,

The pump placed under the downstream of the flume end
(figure 3) was an axial flow type with a 9-inch impeller, It was
driven by a*standard commercial electric motor with a variable
ratio V-belt transmission, so that the speeds could be varied
from 120 rpm to 1050 rpm,

The bottom of the flumme was made of a steel plate and the
sides were made of 10-inch structural channels placed 10% inches
apart. The inside surfaces were painted with a bitumastic paint
and were very smooth, Through a 50-inch long transparent lu-
cite tube installed in the middle of the return pipe, it was easy
to observe the flow and sediment deposition, if any, in the return
circuite The whole system was supported by a stiff truss, pivoted
at one end and having a jack at the other for the adjustment of its

slope.

2, Entrance and Exit Conditions

The entrance to the flume was equipped with an adjustable
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(a) Upstream end of flume showing irdet section, hesaters
for controlling water temperature, and manometer for
venburd meter to measure flow rate,

(b) Dovnstrean end of flume with pump, and
glectric motor with V=belt transmission.

Fig, 3 - Upstream and downstream ends of the flume.,
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horiiontal diffuser lid which permitted the control of the inlet
depth of the flow, In addition to this, one or two fine or coarse
screens of 16 or 5 openings per inch were inserted vertically in
the flow right after the diffuser lid, By damping the turbulence
induced by the inlet section they were effective in establishing
uniform conditions of the flow in a much shorter length in the
flume,

Similarl& one fine or coarse screen at the downstream
end was effective in establishing stable exit conditions and uni-
form flow at the working section of the flume, by regulating the
depth at the edge of the pump well and damping the small oscil-

lations created by the pump so that they did not travel upstream,

3. Venturi Meter

The venturi meter was placed in the return pipe, fig. 4,
under the flume downstream from the lucite tube, far away
from the pump, so that uniform pipe flow would have beenlestab-
lished before entering the meter,

For the evaluation of the discharge coefficient C of the
meter, the velocity was measured in many points of a cross
section using a pitot tube. Then the discharge was computed

using the Simpson rule of integration, and the following equation

was applied:

A= V2gZ,

o Da
1=~ (2)

Q-:_C

S

where:

(? = Discharge



meter.,

Fig. L, = 3 x L in. venturi
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Aé. = Area of contracted section
«/{v = Differential pie.zometric Kead
DL = Diameter of _apprbach = 4,044 in,
D, = Diameter of contraction = 2,988 in,
C = Discharge coefficient
Substituting the measured values Q =.397 cfs, A4 =,737 ft.

and A,= .0487 £t% in the above equation one gets C = .99,

4, Heaters

The temperature of the water was controlled by four 1000-
watt immersion heaters, installed in the return pipe under the up-
stream end of the flume, right after the venturi meter, Three of
the heaters could be switched to 250 or 1000 watts giving an arrange-
ment for the regulation of the power input from 250 to 4000 watts,

In this way the temperature of the water was easily controlled

within 0, 1°C.

5. Carriage~Point Gage and Flume Slope

A movable carriage supported on small rails on the top
flange of the side channels of the flume could roll from Station
6 to 37, (feet from upstream end of the flume), It was equipped
with a vertical and a transverse mechanism, so that a point gage
mounted on it could reach any point in the cross section, The
point gage could be easily interchanged with a pitot tube or point
sampler using identical mounting brackets, The scales giving
the vertical and horizontal position of the instrument on the car-

riage could be read to 0,001 ft. by means of a vernier,



Fig. 5 = Instrument carriage and point gage,
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The scale for the slope of the flume was read to the nearest
« 00001 with a vernier located on the truss close to the upstream end
of the flume, The calibration of the slope scale, as well as the
level of the small rails on the top flange of the side channels of the
flume had been obtained with static water surface and the bed plate
of the flume., The mounting of the flume itself and the carriage
rails on it were so adjusted that when the reading of the slope scale
was zero the point gage of the carriage showed the same reading
for the surface of static water in the flume at every point along

and across the flume,

B. Measurements
1. Velocity Measurements

The point velocities away from the bed were measured with
a 3/16-inch Prandtl type pitot-static tube with a coefficient of 1,00,
using an air to water vertical differential manometer which could
be read to ,001 ft, The difference of the mass density of the water
in the manometer and the sediment mixture, introduced a very neg-
ligible error in the readings of the velocity head,

For the velocities at points close to the bed a 0,032-inch
outside diameter pitot tube was used connected to a Model P5 Statham
gage, which is a pressure transducer with a maximum capacity of
0.3 peSei. The pressure readings were made using an electronic
potentiometer as shown in fig. 7 and fig, 8. Since the strain gage
is very sensitive it responded to the velocity fluctuations and

small capillary tubes had to be used to damp the high frequency



Fiz. 6 = Pltot static tuce and menometer
used for wvelocity measurements.



(a) Pitot tube with probe holder (b) Strain gage (accuracy 1%
(outside diameter = ,032 in., of 0.3 psi) and
inside diameter = ,020 in.) Cathetometer used for the

calibration of the gags.

(¢) Electromic potentiometer.

Fig. 7 = Equipment for measuring veloclties close to the bed,
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turbnltlent fluctuations so that only the mean fluctuation velocity

of the order 1 cps was measured, The measurements were aver-
aged by eye for two mi_nutes for a reliable average velocity at each
point of the profile, The calibration of the strain gage was carried
out before and after each velocity profile, because long time inter-
vals and large temperature variations changed the calibration of
the gage. A cathetometer was used for the accurate readings of
the water head during the calibration of the strain gage,

To avoid air bubbles in the strain gage system deaerated
distilled water was used to fill the tubing, so that there would not
be any small amount of air entrained in the water, Special care
was also taken to avoid any slight leakage, which would completely

upset the readings,

2, Sediment Concentration Measurements

The concentration of suspended sediment was measured
by siphoning from the flow 3 or 6 samples of one liter each in
groups from each point of the profile and by weighing the oven-
dried sand residue after filtration.

The point sampler used in the experiments is shown in fig,
9. It was made of a 3/16-inch outside diameter brass tube flattened
at the end so that the tip opening was ,040 in, x ,217 in, The tube
was bent in a right angle much like a pitot tube, The horizontal
part of the tube was 2-3/4 in, long and the vertical part of the
tube was mounted on the movable carriage, The average velocity

in the sampler at the tip was made to be the same as the stream
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(b) Set-up for point sampling (sedirent)

Fig. 9. Sampling equipuent (for sediuent)
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velocity at the same point by adjusting the head of the siphon,

The sediment transport sampler used was a 0,302-inch
inside diameter brass tube. with a half loop at the end so that the
inlet was facing upwards when the sampler was held vertical dur-
ing sampling, The samples were taken at the downstream end
of the flume in the pump well about 20 inches below the surface
of the water, During the sampling the tip was moved continuously
around to different parts of the cross section,

The use of a screen at the downstream end of the flume
prevented the irregular sloughing of small blobs of sand from
the bed at the edge of the pump well and therefore tended to mini-

mize the fluctuations in sediment concentration in the pump well,

3. Water Surface and Bed Elevation Measurements

The water surface and bed elevations were measured to
the nearest 0,001 ft, over the entire length of the flume, using
the point gage mounted on the movable carriage,

For the water surface profile the average elevation was
found over a short distance by moving the carriage back and forth,

For the bed profile it was necessary to stop the flow and
level the dunes in a short reach, This was done with an adjustable
double-bladed scraper, mounted on the rails, Once the sand of
the given reach was redistributed making a perfectly flat surface,
its elevation was measured on the center line using an intense
oblique beam of light from a flashlight to light the bed when the
measurement was made, By lowering the point gage until the
point just touched its shadow in the sand bed accurate bed eleva-

tion measurements could be made,
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C. Bgd Shear and Friction Factor
l, Bed Shear

In turbulent flows the shear at the bed, like that at any
point of the stream, varies with time because of the velocity fluc-
tuations, Since the time average shear depends only on the mean
flow characteristics we define as bed shear the resultant of all
time averaged stresses acting on the bed in the direction of flow,
averaged over a relatively large area,

For a two-dimensional channel (very wide) with uniform
flow, the shear on the bed is equal to the component of the weight

of the water along the flow direction (ref, 12), i.e.,

where d is the depth of the stream, S the slope, and Y the
specific weight of the water,

For a channel of finite width the average shear is equal to
To = ye S (4. 02)

where 't is the hydraulic radius of the stream cross section, The
shear distribution on the boundaries can be determined, using the
logarithmic formula and ﬁeasuring the velocity profile on lines
perpendicular to the boundaries, The logarithmic profile is:

=
u%

= %7 +B = —K—éoglog +B (4. 03)

. x w
where: Aj = y_;;i

K is von Karman's constant
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‘B isa constant,
For clear water flow in pipes with hydrodynamically smooth walls
the constant B is equal to 5.5.

For rough walls B = Ag — ~’—<’—@,, K_S* (4. 04)

—

>~
K is the equivalent roughness

*
where Ko= Ks Ux

A, is a constant.
When the velocity « is plotted against %32 Y the slope m of
1o

the straight line profile in units of velocity per cycle of 10 is:
= 222 Ux (4. 05)

So by measuring »; and knowing «, we compute Kk i.e.

K = 23X Ux (4. 06)
@ rre

If the value of wx is unknown, then we first find K by averaging

the shear T, all over the boundaries of the cross section, i.e.

From: — = ouT = KZmt
° T OT* TP a2
Averaging: ~ _ KT
Fe =P -3
Solving for K : < = 2.3 U* (4. 07)
m=

where U,‘(_ is the average shear velocity of the total cross
section.
And assuming that K is constant for the total cross section we com-
pute w, for any point on the boundary as:
(4. 08)

- KM
* 2.3



66~
2, Friction Factor
The friction factor, f, defined by the Darcy-Weisbach re-

lation is such that

2
:C_o = iﬁ y...
4 2 (4. 09)
2_ ——
Solving for f and substituting p Ul for Te we get
B
,72 = 8 _I% (4. 10)

where: Uj is the average shear velocity, and
U is the average flow velocity,
. For the derivation of the friction factor of the bed, ?lb ,
the following procedure is followed, used by Brooks(13), which is
based largely on a procedure outlined by Johnson(lg). Assuming
that the cross section could be divided into a bed section and a wall

section, with average velocities equal to that of the entire cross

section we get:

2 2.
— b = -~
"CL, = ._;/ /) -—2———- and Tw 4 f 2. (40 1 1)
— Ua .
where b =}D by is the mean bed shear stress, and
'E;,:/O U,;i is the mean side-wall shear stress

Also

Us, =V3%S and Us = V95 S (4. 12)
where fc,  is the bed hydraulic radius, and
fe,, 1is the wall hydraulic radius
Substituting :E; k: 'Ew in equations - 4.1# and solving for 7{; and

%w one gets:
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o |
2[’3 = 3/”(;6) and 7,{(: 8(%

The Reynolds numbers are respectively:

2
9 (4.13)

Re = 4 U, Re _____4U‘1’u/ Re = 4 Ur

and —_—
b % ?

w P o Yl

where r is the hydraulic radius of the total cross section, Taking

the ratios of the above Reynolds numbers we get:

R’Q'b . Rew —_ Re
ey T ey =

Introducing equations 4,11 and 4, 12 for the friction factors we get:

Reb__ﬁf’_“’szi.
?{b 7[h’ 76

Thus, when we know the friction factor f and the Reynolds number

(4. 14)

Re we can find the ratio Rews .
w
For smooth walls we use fig, 10, based on the graph of j[
vs. Ke given in standard text books to determine the %; corres-

ponding to the above computed ratio Re .

Now, from the fact that the total shear force is equal to:

FTo =5 %+ Riow
where: bo is the total wetted perimeter of the cross section
Zﬁ: is the wetted perimeter of the bed section
Vw is the wetted perimeter of the wall section

introducing the equations 4, 11 for the shears we get:

‘%ﬂo :7{,@ +7fwﬁ«
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and Isolving for. ;/
b

— F% — fw (4. 15)
- _— W .
(- E1- 54
For rectangular channels, where f = b+2d 5 Jg = b > = 24

the above equation becomes:
7{ =4+ %4(;!—;{,) (4.16)

3. Bed Shear at Centerline

As suggested by Brooks(l?’) tt, at the centerline can be

calculated approximately from:
(i) A measured velocity profile at cE » from which the
mean velocity aéis read at %-—' !/6 or y=.37c(, and
(ii) The friction factor for the bed ?[b .

Substituting in the Darcy-Weisbach formula we get:

Upey = C[q; V’a“%’ (4.17)

Under any circumstances b(*é should always be less or at most

equal to the two-dimensional shear velocity «« :\/3.,[ .
-b

D. Sand Characteristics

1, Sand Preparation

The sands used in the experiments were prepared by grad-
ing silica sands in a wind-tunnel classifier, This device(l4),
shown in fig, 11 is arranged so that the sand is dropped into the

stream near the upstream end of the horizontal wind stream in a

sheet extending over the full width of the tunnel, The sand grains
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(v) Photograph, looking toward outlet end.

Fig. 11 - Wind tunnel classifier for serting sand,
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are éollected in pans along the bottom of the stream, being sepa-~
rated into a numbér of size fractions according to their settling
velocities, with the finer grains settling further downstream, One
thickness of cheesecloth stretched over the face of the nozzle at
the inlet end of the tunnel decreased the dispersion in size separa-
tion by damping out eddies that caused fluctuations of the velocity.
After sorting, the sediment was washed in water with a

small amount of sodium oxalé.te, used as a peptizer to loosen the

dust and dirt which adhered to the grains,

2, Fall Velocity

Since all three sands used in the experiments were pre-
dominantly quartz (specific gravity 2,65), the calculation of their
settling velocity was based on their sedimentation diameter, or
the diameter of quartz spheres with identical fall velocity. A
chart prepared by Rouse for the fall velocity of quartz spheres and
derived from the diagram of drag coefficient of spheres vs, Rey-
nolds number was used,

The interference of the flow patterns due to an increased
concentration of the particles, decreased the fall velocity of the
grains, This so-called hindered settling was taken into account
in the analysis of the experimental results as a function of the con-

centration, using Table 4 based on McNown and Lin(ls).

3. Mean Sedimentation Diameter
The mean sedimentation diameter of a mixture was deter-~

mined by computing its mean fall velocity from Table 5, based on
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TABLE I, - Effect of concentration on the fall velocity of
- quaritz spheres in water,
(based on McNown and Lin, ref. 15)

Diameter = ,105 mm ' Temperature = 25° C
Concent, Fall Vel. Reduction
grms/1lit, ft/sec per cent

0 «0310 0
1 .0300 3
5 +028Y 8
10 «0273 12
20 «0259 16
30 .0250 19

TABLE 5 - Relation between sedimentation diameter and sieve diameter.
(based on Vanoni for Nevada white sand, ref, 8)

Tyler Sieve Sieve Mean  Dggy Mean W; Fall  W; Fall
Sieve No., Opening Opening Sieve Sediment Veloclty Velocity
retained next retained diam, diam, at 20° ¢ at25° ¢

on above on

NOe mm m m mm fps fps
50 o351 «295 0323 0323% +158%
60 295 246 270 2708 o125%
70 26 .208 227 2273t +098%
80 «208 +175 191 .198 »078 083

100 J175 L7 2161 «168 +061 +066

115 17 J2L o135 <153 +053 .058

150 12l « 10l <11l 128 .038 O0h2

170 «104 .088 096 «107 «029 .032

200 -088 07k .081 .096 021 $027

250 OT7h .06l 0675 «086 020 $022

Pan 061 »OLOs 20503 <0703 RoxIt 016

Note: # Estimated value,
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Vanoni's exper.iments(s_) for the relation of the fall velocity to the
sieve diameter of standard Tyler laboratory sieves,
By averaging the fall velocity we get:
W = fi Wi ¥
where & is the fraction of the weight of sand retained in
the ith sieve fraction
and f‘:oob = 1
From the mean fall velocity w the mean sedimentation diameter
d'.s is found from a chart prepared by Rouse for the fall velocity

of quartz spheres as outlined in the preceding article,

4. Mechanical Analysis
The size distribution of the three sands used and their
photomicrographs are shown in fig, 12, The first was a well-

sorted white silica sand with geometric mean sieve diameter

d

prepared from a foundry sand and obtained from a local foundry

d, ~ +091 mm and geometric standard deviation 5‘3 ~ 1,16,

supply company., The second was a well-sorted pink stained sand
with the same characteristics as the first, prepared from the

sand used before in laboratory studies at the Institute by Brooks(13)
and Ismail(lé). The third was a well-sorted white sand with geo-
metric mean sieve diameter daf: « 148 mm and geometric
standard deviation 6’3 ~ 1,16, prepared from a molding sand

and obtained from a local firm,
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Summary of Sand Properties

Table =6
Sand No, Sand #1 Sand #1 Sand #2 Sand #3
Set of Expériments I, I Part of In v
Geometric Mean Diameter a{gw .091 .I%)Iql .0915  .1485
Geometric Standard Deviatior; 65 1.165 1.160 1,158 1,163
Mean Sed, Diam, ey () 4105 .106 106 . 161
Mean Settling Vel. at 25°C w9 .0311 .0318 .0310 ,0623

E. Stabilization of Sand Bed

One of the most important factors for the success of the
experiments carried out was the selection of a good stabilization
method, Numerous tests on methods of stabilizing a sand bed in
place were conducted using chemical grouts but very few were com-
pletely successful.

At the beginning and for the first two sets of experiments
with low velocities, a method was developed involving use of solu-
tions of calcium chloride and sodium silicate as well as waterproof
synthetic varnish, This method was not adequate for prolonged
submergence and when the velocity became higher in the third set
of experiments it failed completely,

Therefore, a second method, developed to resist higher
velocities, was used for the last two sets of experiments, It in-
volved chemical grouts of sodium aluminate and sodium silicate

as well as calcium chloride and synthetic varnish,
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1st Method
In this method the .following technique was evolved:

Step 1: The water was drained carefully from the natural
bed configuration and allowed to dry for 24 to 48 hours
at room temperature, so that its moisture content
would be approximately 10%0 by weight,

Step 2: Calcium chloride solution with specific gravity 1,2
was sprayed gently on the surface of the sand bed with
a paint sprayer, The amount used was about 5% by
weight of sand, or enough to make the surface show
signs of saturation, |

Step 3: Approximately the same amount of sodium silicate
solution with specific gravity 1,2 (240 Be in SOOF) was
sprayed immediately after the calcium chloride on the
sand bed and it was left to set for 24 hours,

Step 4: Synthetic varnish manufactured by Krylon, Incor-
porated, Philadelphia, Pa., called "Krylon Acrylic"
was sprayed on 24 hours after the sodium silicate,
giving a strong waterproof surface; The amount used
was about half that of calcium chloride,

2nd Method
In this method the following steps were evolved:

Step 1: Same as in the first method,

Step 2: A mixture was sprayed of the following (percentages
by volume):

68%o0 sodium aluminate, 2%o solution by weight,
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22%0 sodium silicate solution of spec, grav, 1.2,
10% distilled water
The amount used was about 10% by weight of sand
and it was sprayed all at once at the same location
until signs of saturation would appear.

Step 3: After drying, about 12 hours, a light coat of cal-
cium chloride solution of specific gravity l.2 was
applied.

Step 4: Finally a thin coat of acrylic varnish was sprayed
on the surface of the sand the next day,

For the mixing of the solutions of sodium aluminate and sodium
silicate it was found easiest to add the latter to the former while
constantly stirring, Otherwise there would be an excess of sodium
aluminate over sodium silicate at the contact point, thereby speed-
ing the reaction of thickening and forming small globules of jell,
which tended to plug the painting gun and did not penetrate into

the sand, The addition of the distilled water was necessary so
that the mixture would begin to set in about 20 minutes, permitting
ample time to spray one small paint-sprayer container on the sand
bed before the reaction would thicken the solution in the sprayer.
The time required for setting of the mixture used was about one
hour.

Since the most important problem in the stabilization pro-

cess is that of preserving the proper grain roughness of the sur-
face, careful attention was paid to the technique of the application

of the chemical gr@uts, as well as their amounts, Therefore, all
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the solutions were sprayed with a paint sprayer, During spraying
the air stream was kept paraliel to the sand bed, so that the spray
would not disturb the surface of the bed,

The moisture of the sand, when the chemicals were applied,
was kept low; otherwise the penetration of the chemicals would be
small and therefore the structural strength of the stabilized surface’
inadequate.

The waterproof acrylic varnish formed a very thin skin,
which held the sand grains firmly, and prevented them from being
scoured from the bed and coming into suspension when clear water

flowed over the bed,

F. Procedure
1, Uniform Flow with Movable Bed

In order to establish uniform flow in equilibrium with a
movable bed, there should be a constant depth and a surface profile
with uniform slope in a reasonably long working section of the
flume., By fixing the rate of flow and the depth it was easy to make
the adjustment of the slope to achieve uniform flow,

By plotting the energy grade line, as shown in a typical
example in fig, 13, it was made sure that the flow was uniform,
The specific energy, eg , in coordinates referred to the rails of

the flume, is defined as:

2
v
e, = -+ =
Sl -y
where: {J/ = mean velocity in the cross section,

f;/ = water surface elevation
W
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After running the flume for 3 or 4 hours to ensure that the equilib-
rium .conditiOns had been established, the following measuremerts
were taken, according to procedures outlined in detail in article B
of this chapter:
a. The water surface profile along the flume
b. Vertical velocity profile at the centerline near station 24
c. Sediment concentration profile at the centerline of
station 24 .
d. Average sediment transport concentration
e. Bed elevation profile along the flume
Rechecking again the equilibrium of the established flow,
the run was repeated; then the pump was stopped and the water
drained very carefully, in order to proceed to the stabilization of

the top layer of the sand bed, without disturbing its natural form,

2, Stabilization of the Sand Bed

Within one or two days from the time the stabilization pro-
cedure described in article E had been completed, the return
pipe, pump well, venturi meter, and the diffuser, were dismantled
and washed out carefully with water to remove all the sand, deposited
when the flow with the movable bed was stopped, Then the entire
closed system was connected again, making sure that there was not

any loose sand remaining in it,

3. Clear Water Flow on Stabilized Sand Bed
Starting with clear water the same flow as that with the
movable bed was reproduced on the stabilized sand bed, The

discharge, depth and consequently the mean velocity were all kept
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the same (velocity)as those of the movable bed flow, However the
slope varied and it was adjusted to establish uniform flow,

When it was made sure that stable equilibrium conditions
had been established, the following measurements were made, ac-
cording to procedures outlined before.

a. The water surface profile along the flume

b. The velocity profile at the centerline of Stat, 24

c. The average sediment transport concentration

d. The elevation of the crests and troughs of the bed

dunes in some prescribed places,

It should be stressed that the equilibrium conditions were
checked for their stability, at the end of the measurements of each

of the above profiles,

4, Sediment Laden Flow on Stabilized Sand Bed
A small amount of loose sediment (with the same charac-

teristics as the sand of the stabilized bed) was added to the clear
water flow described in the preceding article, Following the same
procedure as outlined in the preceding article, uniform flow was
established by adjusting only the slope of the flume, The mean
depth and velocity were kept the same as those of the clear water
flows Measurements of the various profiles were taken, checking
continually to see that uniform flow was maintained,

- Then more sand was added to the system and the same pro-
cedure was followed after each addition of sand, establishing uni-

form flow and taking measurements of the various profiles,
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5. Sediment Laden Flow on Smooth Painted Bed

For these experiments, both the bed and the walls of the
flume were hydrodynamicé.lly smooth, painted carefully with
bitumastic paint, First a clear water uniform flow was established
and measurements of the profiles outlined in article F3 of this
chapter were taken,

Then some of the No., 2 sand was added to the system in
many steps and the same procedure was followed, as before,
establishing uniform flow and taking measurements of the various

profiles, after each addition of sand,

6. Sediment Laden Flow on Sand-coated Bed

For the experiments of series II the side walls were hy-
drodynamically smooth, as they were for all the runs of this
investigation. The bed was coated with sand grains by spreading
them on the freshly painted steel bottom of the flume, After
three days, when the paint was thoroughly dried, all the loose
sand grains were swept away with a hard brush, so that a rough
bed was obtained,

Then starting with clear water uniform flow was estab-
lished, Following the same procedure as that in the preceding
articles, measurements of the various profiles were taken for
several runs.. Runs with sediment of the same size as that used
to coat the bed were then made for each flow rate and depth used

in the clear water runs,
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CHAPTER V

RESULTS

-~

A, Experimental Results
1, Outline of Experiments

From the procedure followed in this study, given in detail
in Chapter IV, article F, it is obvious that the experiments may
be divided into two series,

The first series includes the first four sets of runs for
which the sand bed was stabilized in its natural configuration,
Each of the four sets included the following runs:

l. A run with loose sand movable bed.

2. A run of clear water on the stabilized natural

sand bed of the preceding run,

3. Runs of sediment laden flows with sand of the

same size as that of the bed added in steps,

The second series of experiments includes the runs 9, 10
and 12, for which the bed wa; smoothly painted, coated with , 10
mm sand and .16 mm sand respectively, as outlined previously,

Uniform flow of clear water was first established, Then
sand of the same size as that of the coated bed (,10.mm or .16
mm) was added to the system in steps, and sediment laden uni-
form flows were established, with various concentrations accord-

ing to the amount of sand added in each step,

2, Summary of Experiments
A summary of the experiments with the most important
measured and calculated quantities for each run, are tabulated

in Tables 7 and 8, The missing items, either were not measured
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Table 8
Exponent 3 of sediment con-

VIV
centration formula = = (i_"é)
_ Crped d

Run No, :%*-—-‘ 3 computed 3 measured B = %:_:;e";r; .
1 » 528 . 526 1,00
3 . 983 . 970 1,01
5 1.131 1,127 1.00
U 1,510 1,527 .99

or not calculated,

3. Bed Configuration
For almost all of the runs some qbserva.tions of the movable
bed were made and photographs were taken of the bed configuration,
Some of them have been grouped together for each set of experi-
ments, giving an overall view of the bed configuration (figs. 14-17).
For relatively low stream velocities the dunes ar.e fairly
large with large bed roughness and consequently large friction factor.
For the second and third sets of experiments with , 10 mm
sand, the concentration of suspended sand was fairly large and the
scattering of the light by the grains in suspension was such that it
was not possible to observe the bed configuration during the flow,
When the flow was stopped it was observed that small ripples
were formed in the upstream part of the flume, though the bed at
the middle and downstream part of the flume remained practically

plane, Thus one could not be sure if the above small dunes existed
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during the flow or we.re f@)rmed while the water decelerated
after the pump §vas stopped.

In the fourth set of runs with .16 mm sand the visibility
was much better and it was very easy to observe that the bed was
practically plane all along the length of the flume,

When the pump was stopped, a large wave was formed at
the pump well and traveled upstream. The water in the flume
decelerated slowly until at each point, it was abruptly stopped
when the travelling wave passed by. At the far upstream end of
the flume, there was a period of about 15 seconds before the ar-
rival of the travelling wave, when the deceleration was gradual,
During this short interval small ripples formed on the sand bed
at the upstream end of the flume. The sand bed at the down-
stream end of the flume was practically undisturbed because
the velocity of the decelerating flow was still relatively high when
the wave passed over stopping the flow,

The following technique was used for the elimination of
the bed disturbances from the deceleration of the flow, As soon
as the pump was switched off, a board, about 10 inches v;/ide,
was inserted into approximately half the depth of the flow, and
starting from the middle of the flume, it was moved to the up-
stream end, making a wave in front of it, Special care was

taken so that this wave would be of the right size and speed in



~§7-

(a) Run No, 1, sideview, loose sand, during flow,

—_—

B ——

(b) Run No, 2, plan view, stabilized bed,
looking upstream, without flow,

Fig, 1 - Bed configuration, Set I, U= 1,23 fps, d = ,28) fi,



e

loose sand, during flow,

(b) Run No, L, plan view, stabilized bed,
looking upstream, without flow,

Fig. 15 - Bed configuration, Set II, U= 2,02 fps, d = ,2L} 7t,



Run No. 5, sideview, loose sand, without flow,

(b) Run No. 5, plan view, look-
ing upstream, loose sand,

Fig. 16 - Bed configuration, Set IIT, U= 2,28 fps, d = ,255 ft,



(b) Run NNo. 10d, looking u (¢) Run Yo, 12, looking up-
stream, t;',I,ﬁg 5,28 grm&/gtm" strean, C,I,g 3.26 grms/1iter

Fig., 17 = Bed configuration, loose sand, without flow,
2nd series, U = 2,28 fps, d = ,255 ft.
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ordé: to leave the sand bed undisturbed during its passage.
Using ,this. technique, two v;raves were moving upstream,

one from the pump well and the other from the middle of the

flume, br'inging the flow to rest in a relatively short time., Thus

the bed configuration of the fourth set of runs was practically the

same as the natural sand bed formed during the flow, without

any noticeable stopping effect,

4. Velocity Profile

The logarithmic law may be fitted very well to the velocity
profiles measured at the centerline near station 24, This gives
a practical way to calculate von Karman's constant k, from the
slope of the profile in a semi-logarithmic graph, as outlined in
detail in Chapter IV, article C, 1, using equation 4,06

2.3 Uxgd
rnr

K =

The measured velocity profiles are shown in figs, 18 and
19, The zero elevation of the bed for runs 3, 5 and 7 was cﬁecked
by stopping the flow and observing the position of the pitot tube
with respect to the bottom, For the measurement of the velocity
at the closest to the bed point, it was observed that the ,032 in,
outside diameter pitot tube was approximately ,006 in, within
the sand of the bed,

As is shown in figs, 18 and 19 the constant k for the ve-
locity profile of runs 3 and 5 with high sediment concentrations
has a tendency to increase in a small region close to the bed,
But for run 7 it is constant, The results of the measurements

of this run are much more reliable than that of the preceding runs,
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bece;use of the experience gained in using the 0,3 p. s,i. strain
gage to measure very small velocities, Furthermore, the elec-
tronic potentiometer had been modified and made more sensitive.
| Consequently there is some evidence that for high sediment

concentrations the constant k is not the same for the total vertical
profile in Region II, away from the wall, where the logarithmic
law holds, Nevertheless there is some doubt regarding the above
statement, because of the difficulty in determining the bottom of
the flow for the velocity profile, when there are high concentrations
and because the accuracy of the strain gage (0,01 x 0,3 = ,003
Pe Seis ) is not satisfactory for very small velocities,

The velocity profiles taken with the 3/16 inch Prandtl
type pitot-static tube showed always larger velocity than that of
the logarithmic law for small values of the depth y, This hap-
pened regardless of the amount of sediment in suspension, Thus
this discrepancy seems to be due to the presence of the relatively
iarge diameter tube in the vicinity of the bed, This deviation of
the velocity was not observed when a pitot-tube of very small di-
ameter was used, as in runs 6 and 7, provided that the sediment
concentrations were not high,

From figs. 18 and 19 it is obvious that the slope m of
the velocity profile increased with the average sediment concen-
tration, which means that von Karman's k decreased, The rate
of increase of m was such that even if one would assume that
the friction velocity bcj‘_@at the centerline increased by a small

pei‘centage, the k value still must have decreased. As outlined
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in déta.il in the negt paragraph, thg shear velocity e énot only
did not increase, but on the contrary it decreased when the con-
centration of the sediment in the flow increased, Thus the k value

must have decreased,

5. Sediment Concentration Profile

Figure 20 shows logarithmic graphs of sediment concen-
fration C , against f%:‘j— » where y is the distance from the bed.
The slope of the profile, %, , is the number of cycles of C per
cycle of iy » and is equal to:

E

Wo

—9'0 = /B Ux

where ﬂ is the ratio of the diffusion coefficient for sediment to
that for momentum, and w,, is the settling velocity of the sedi-

ment reduced due to hindered settling for the average concentra-
tion of the flow, This reduction was outlined in detail in Chapter
1V, article D, 2.

The concentration profile of run 5 did not fit the straight
line as in the other runs because the concentration was very high
and it is not right to express the hindered settling by an average
reduction in the fall velocity,

Very close to the surface the concentrations were very
small and the fall velocity of the grains was larger than that in
regions close to the bed, where the concentrations are high,
Since the exponent 3 of the concentration formula is proportional
to the fall velocity of the particles, it is obvious that close to the
surface the value of % would be larger than that in regions of

smaller depths,
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Very close to the bed it was not possible to obtain samples
of sediment load with the point sampler used in this research, be-
cause of the very high concentrations and the very low velocities

in that region,

6, Friction Coefficient

| From the calculation of the friction factor tabulated in
Table 9 it is obvious that the friction coefficient decreased when
the sediment concentrati'on increased,

For set IV with .16 mm sand, there are two runs, 8 and
8B; with clear water and different roughnesses, although they
had the same mean velocity, discharge and stabilized bed as is
shown in Table 7,

Run 8 was made twice (on two different days) and its flow
characteristics agreed very closely both times, However when
the water had been in the flume for longer than 10 hours (about
5 hours each day) the flow characteristics started changing slowly
with time giving the results of the unstable run. 8B.

It is believed that the ""Akrylic Spray'" used in large quan-
tities in set IV had formed a hard sheet on the surface of the sand
bed, covering the grains practically all around without greatly
disturbing their roughness, So the first two experiments of run
8 performed on two different days with clear water gave a large
increase in the friction factor, However when the water had been
in the.ﬂume for a long time the varnish sheet became soft, swell-

ing and filling the grain interstices, so that the roughness of the
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surface continuously decreased,

To make sure of this, the unstable run, 8B, was repeated
three times on three different days, drying the sand bed each day.
The change of the friction factor of a uniform flow established in
the flume was observed, The first day of run 8B the water was
run continuously. The second day the water was added and as soon
as the uniform flow had been established, the pump was stopped.
After leaving the water in the flume for three hours the run was
started again, The flow characteristics and friction factor of the
flow were changed by approximately the same amount as they
would have been if the water had been running ’continuously dur-
ing those three hours without having been stopped, The third day
the run 8B of the first day was repeated with approximately the
same change in the friction coefficient with time.

Reference‘to Tahble 7 shows that all of th,e_runs of set VI,
i.e,, runs 10 through 10d, gave identical friction factors'despite
the large variation in the apparent bed roughness. For instance,
in run 10, which was made with clear water, the bed was coated
with 0. 10 mm sand applied to fresh paint, The paint actually
coated most of the grains so that the resulting roughness was
even less than that of the sand grains alone., In contrast to this,
the bed in run 10d was covered with loose sand of 0,10 mm mean
size and in addition ripples formed in the sand bed near the walls
as shown in fig, 17b. This apparent anomaly is explained by the

effect of suspended sediment in run 10d in reducing the friction,
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Runs 12-12d did not show such an effect because the bitu-
mastic paint covering all the grains was fairly thick and the rough-
ness of the bed was much less than representative of the , 16 mm
sand grain used (see ’i‘able 10)s Thus the sediment-laden flow
showed a net increase in friction factor when sand was added in
steps due to the grain roughness and the dunes which formed next
to the side walls,

The equivalent roughness Kg for the bed in Table 10 was
computed from the bed friction factor /{ and Réynolds number
Re, using the graph of ZZ vs. Re for various roughnesses for

b
pipes, given in standard textbooks on fluid mechanics,

B. Analytical Results
1. Velocity Profile

The analytical computations in the Appendix for the ve-
locity profile when von Karman's constant k changes with sedi-
ment load indicate the following:

When k decreases,the value of B in the logarithmic ve-
locity profile (equation 2,21) must change if the friction factor is
to stay fixed. Even though the friction factor f changes with sedi-
ment load, the constant 73 , as well as Rannie's constant K,
and ,;,/* can be approximated with the values computed assum-
ing f constant. These values are derived in the Appendix and
given in Table 11,

 For rough walls the constant /45 of the logarithmic ve-
locity profile éhanges with both the sediment load and the bed

configuration, Since the change of A5 from the bed configuration
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is n;uch smaller than that due to the decrease in k from the sedi-
ment load, for practical purposes we can approximate K; and fj/
with the values obtained for smooth walls,

For relatively high concentrations with von Karman's con-
stant k less than ,280, the observed decrease of the friction
factor f and the indicated tendency of increasing von Karman!s
k at the intermediate region close to the bed justify taking the

;\L
approximate value of '2{/ the same as that for k = , 280,

Table 11

>
Evaluation of Rannie's constant k3 and ¢4, assuming constant
friction factor. (See Appendix),

von Karman's Rannie®s constant Dimensionless depth
constant of the point for the
k Ky matching of the ve-
locity profiles
F o
b
« 40 1/14,5 27.5
« 35 1/13 22,5
« 30 1/9.5 13.0
«275 1/7 8.5
» 250 1/4,2 8.0
225 1/2 8.0

2, Sediment Concentration Profile
Equations 2,29 and 2, 35 derived in Chapter II, article E,

were used to compute the sediment concentration for runs 1, 3,

5 and 7,
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Substituting C_ ; for the mid-depth concentration in equa-

tion 2,35 one obtains:

Po 2«750{55(2@%*)—-‘»1 El:(duc,y;?}

.
Lmd 4_7{' ) e e (5.01)
Co v %'ﬁan«e K/Zf,*

Substituting in equation 5,01 the arithmetical values for:

Bo :?L:-;X ) —é,:m : exponents in sediment
load equation,

Ky, ?& : Rannie's constant and distance from the
depth of the matching point of the velocity
profile depending on measured von Kar-
man's k,

A : Depth of the flow,
Uy : Shear velocity,
Cond : Mid-depth concentration read off curve

of concentration profile in fig, 20,
(O : Bed concentration assuméd equal to the
bed density,
wWo : Settling velocity reduced by hindered
settling for the average concentration,
taken from Tables 4, 7, 8 and 11, and sblving for -, the exponent
of the assumed formula for the settling velocity of sediment is

defined for each run,
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Table 12

Computation of exponent
~

of the equation w=wWobtanh K:y*

Run No, "
1 1,77
3 2,10
5 9.00
7 3.30

The formulae computed for the sediment concentration
profile are tabulated in Table 13 and plotted in fig, 21for runs

1, 3, 5 and 7.

3. Turbulent Energy Production
The following equations derived in Chapter II, article G,
were used to compute the rate of turbulent energy production

and its average over the vertical depth for runs 1, 3, 5 and 7:

z 2
RegionI : CP“)—: = tamAh K,v*secg K/yx (2. 45)
L5 /./28
Region II : (Pt)_c’z “,;%’3;"‘,%’; —(ny)g_"' (Ka’*)e (2.47)

And for the average rate of turbulent energy production:
(;z) Y YRS 43 Y/ e 3 9 (2.53)
v/ = -4 -—tan K,j/—/--——(e,,_ -1 = 5% 7+ *2) .
A ﬁ s SN AR A AR,

Substituting in the above equations the arithmetical values

x
>
for K;{’ % s K, K computed from Tables 7 and 11 for each
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Fig. z1. Calculated sediment concentration profile

™%
Assumption: w = we tamd k)
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of runs 1, 3, 5 and 7 the dimensionless rate of turbulent energy
production was computed from equations 2,45 and 2, 47 and plotted

in figs, 22 and 23,

Table 14

Average rate of turbulent energy production

(7)=7 s

PUx
Run No, CE:)—:: Average Dimensionless
1 ﬂ%ﬁ £3.91+ 10,85} = 33,34 x 1074
3 2716.5 {1.42 + 15,56} = 61,4 x 10°4
5 2‘?7156 {1.37 +18.83} = 69,0 x 1074
7 ?sl‘m' f2.15 + 14,21} = 45,8 x 10°%

4, Sediment Energy Dissipation

The following formulae derived in Chapter II, article H,
were used to compute the rate of energy dissipation by suspended
sediment and its average over the vertical depth, for runs 1, 3,
5 and 7,

W, = cw(b~1ﬂ)

s Y
(2.54)

(w5>-c = \‘JS T

Pux
And for the average rate of energy dissipation by the sediment in

suspension,

(w’s)t.—. fﬁf wo (1- %w) {co L)) + Coyut +"("7,)} (2. 65)
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Substituting in the above equations the arithmetical values
for C, Cos Woo» Codls ’o, Yur ? )’S, >, btx, and
W= Woﬁ'ocfnknx,"d* from Tables 7, 11 and 12 for each of the
runs 1, 3, 5 and 7 the computed rate of energy dissipation by
the suspended sediment is tabulated in Table 15 and plotted in

figs, 24 and 25,

Table 15
Rate of energy dissipation by suspended sediment

T %
Assumption w=w,tamk K

Run No. (W$>1: Dimensionless (\_JS)_: Av, Dimension-
rate of sed, en, dissip. less rate of sed, en,
dissip,
1 .000373 Cw (.03 + ,5%)= ,56x10"%
3 .00138 Cw (¢ 16 + 2.05) = 2,21x10" %
5 L00123 cw (.47 + 2.60) = 3.07x10" 4
7 . 000578 cw (.18 + 1.00) = 1.18x10~ %
where: C = grms/liter V. = 2e 65 x 62,4
W =ﬂ>s ¥, = 1.00 x 62,4
T =25.0°C

Note: The first term in the parenthesis for (Wi)—c shows the con-

tribution of E(w,) to the average rate of energy dissipation
by the suspended sediment, For the above runs it varied

from about 50/0 to 15%o.
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W

5. vb_n Karman's k and Friction Factor f vs. the Ratio —=
_ - Pe

' - W /——

(a) von Karman's k vs, WsA%_ s Or SA’DI

In the graphs of the rate of turbulent energy production
and sediment energy dissipation in figs, 22 and 24 it is shown
that the maxima occur at points very close to the bed, in region I.
For the comparison of the average rate of sediment-energy
dissipation with the average rate of the absolute value of turbulent-
energy diffusion, it would be nece ssary to calculate the diffusion
from experimental measurements, because the analysis for the
balance of turbulent energy did not give any relationships for
the above calculation,
If it would be assumed that the ratio of the average rate
of the absolute value of turbulent energy diffusion [_’BT s to the

average rate of turbulent energy production Pz , is independent

—

ID|

— would
it A

be obtained from Laufer!s data shown in figs, 19, 20 and 21 of

of the amount of suspended sediment, then the ratio
reference 1.

1, ('P?_)_C = ,0111 Dimensionless average rate of turbulent
energy production
2, ’D‘lt >~ ,0024 Dimensionless average rate of turbulent

energy diffusion

Their ratio becomes: ,b’t/c:—;;)'_t = 4,'6

When von Karman's k is plotted against the ratio of sedi-

ment energy dissipation to the turbulent energy production (or
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diffusion) it is observed that k decreases as this ratio increases,
As it is tabulated in Table 16 for a range of change of the ratio

Ws/’—]—;' from 7.7%o to 20,5%, von Karman's k changed from

0.37 to 0, 23,

Table 16

von Karman's k vs, the ratio of the average rate
of sed1ment -energy dissipation to that of turbulent-
energy production,

. — *
Run "‘T Laufer ,— _— —_ W W,
No. 'c) (-Pt.)-c (Ws) P’t \'JS /Pt D ‘
‘.‘104 q104 ‘104 113) . ft 11:; - ft 0/0 °/o
ft”- sec ft~ - sec
1 33.3 30.0 0,56 « 3500 + 00588 «37 1.68 Ta7

3 61,4 59.5 2,21 « 1775 .00638 .27 3,60 16,6
5 69,0 68,3 3,07 L2063 .00918 .23 4,45 20,5

7 45.8 43,8 1,18 . 3040 .,00784 .30 2,58 11.9

Laufer®s (Pz:)t for clear flows is approximately equal to:

R). = 2, e ~
CP‘)‘: ‘_/ou e"‘rae Kgx-g’?,ze’
vyt Pe.
*Footnote;: Assumption 'Dl = Z%

From the experiments of other investigators (refs, 8, 13,
16) the average rate of turbulent-energy production and sediment-
energy dissipation were computed approximately from their data,
The contribution of the sediment-energy dissipation of region I
(i.e. J*<15/*) was neglected and there was not any correction
made for the reduction of the average settling velocity w,, of

the particles, In Vanoni's data.(s) the flow was considered two-
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diménsional. In Ismail's data(lb) there was not any sidewall
correction made for the shear at the centerline of the flume and
consequently for its k values.

Figure 27 shows the decrease of von Karman's k with the
increase of the ratio of the average rate of energy dissipation by
suspended sediment to the average rate of turbulent energy pro-
duction for the approximate computations made for Vanoni's,

Brooks! and Ismailts data.

(b) Friction Factor f vs, WS/_;

From the friction factorsg f, and {'b , (for the whole flow
and the bed section of the flow, respectively) for the first four
sets of experiments the percentage of change of the friction factor
was computed. This change gave the decrease of the friction
for a flow with sediment in suspension compared with the friction
of clear water flow on the stabilized sand bed of the first flow,
when the discharge and the depth were kept the same.

Comparing the percentage decrease in % and ?i with the
ratio % of the average sediment energy dissipation to the tur-
bulent energy production (as tabulated in Table 17, and plotted
in fig, 28) it was observed that the friction factors decreased
with the increase of \—“75/}5’; « For a range of the ratio WST%; from
1. 68% to 4. 45%0 the friction factors % and ;ri decreased by
a percentage varying from 4,7 to 20,7, and 5.0 to 27,9, respec-
tively,

The above percentages for sets Il and III of experiments

were rather high because of the difficulty in stabilizing very fine
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sand beds without disturbing the grain roughness, (which in these
cases was practicé.lly the main par.t of the total equivalent rough-

ness of the flow,) and the''stopping effect",

Table 17
Percentage decrease of friction factors f and for sediment -
laden flows in terms of clear water flowd vs, ’bthe ratio of the

average rate of sediment-energy dissipation to that of turbulent-
energy production.

Set Run Ave, Sand Decrease °fo w/—
No, No, a" Size R
T A{, A%
. b o
grms/liter mm /o
1 3, 64
1 .10 4,7 5,0 1,68
2 0
3 4, 60
II « 10 19,5 25,4 3.60
4 0
5A 8,08
111 . 10 20,7 27.9 4,45
6 0
7 3,61
Iv .16 10,0 13, 4 2.58"
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CHAPTER V1

DISCUSSION

The main objec;tive‘ of the present work was to obtain
some information about the effect of sediment load on the fric-
tion factor of water flow in open channels, An attempt was
made to understand the detailed mechanism responsible for
this effect.

Since there is never sediment load in a laminar flow,
regardless of how high the energy of the flow and its molec-
ular diffusion are, only the turbulent diffusion has a direct
effect on particle suspension. It was considered very helpful
to express in detail the total energy and mechanical energy
equations for turbulent flows, From these equations it was
possible to find a relation between the different forms of tur-
bulent energy, such as convection, production, dissipation
and diffusion,

Although it was not possible to expreSs explicitly the
nature of transfer processes which take place in any turbulent
field, a good comparison was obtained between the rates of
turbulent energy production and energy dissipation by suspended
sediment in different regions of the field. In the small region
very close to the bed this comparison was made possible only
by ma.icing some assumptions about the flow and settling ve~

locity; these are discussed in the following paragraphs,
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A. Velocity Profﬂe

The experimental law of “Universal boundary layer flow"
fitted v'ery'well the exﬁerimental data for veioc-ity distribution
in a region away from the bed, For the small region near the
bed which includes the so-called laminar sublayer, Rannie's

(3)

assumption'” ' was used for the correlation of the fluctuating
velocities «/v/, This assumption, stating that:

[} 2 2.
--wfu/: K,

has been checked experimentally by Rannie(3) from heat trans-
fer in a clear flow with hydrodynamically smooth walls,

For rough walls the above assumption does not seem
to work as well, but it is good enough for an average velocity
profile corresponding to a theoretical 4=0 at the wall, aver-
aged over a small region, For beds covered with dunes there
' is no theory describing either the vortex characteristics ofv
the flow in the troughs or over the crests of the dunes, or
the velocity profile very close to them, For these cases a
stochastic average of the zero distance from the bed has been
considered, Then the thecr'f of smooth walls has been applied
for the above average bed elevation., The results obtained
seem to be consistent with those of streams with plane bed,
although physical interpretations of the results in terms of

velocity and sediment profiles are not possible,
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B. Effect of Sediment Load on von Karman's k

For the main flow (rg* >7<9 the "Universal boundary
layer flow" iu,____ %1‘— holds very well if the sediment load is
not high,

The definition of the momentum transfer coefficient

in two-dimensional flow gives,

—

d%y

Since for 7*>7O the effect of viscosity is quite negligible:

(6.01)

_,./007;/: "Co(/ — %)

Dividing by P and substituting u;' for T2 we get:

-:/L"/zu;‘—(,, y/d)

Substituting this equation and the equation j—?" = A%

~7

"Universal boundary layer flow! in equation 6,01 for E,., we get:

for

L

—efaa’

Em = T2 = ke (1= ‘a‘/q{) (6.02)
/a(y

From Reynolds Analogy the sediment diffusion coefficient &,
is given by &, ~/BE_ where the coefficient /> is approxi-
mately equal to 1. Consequently:

J—
—

_.'C/’U/ —~u’
55 = — = (6.03)

oé%[/? OLu,/c‘g
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and: 55_=-ﬁ;<¢,;.* r;(/—- %) (6.03)

This equation has been verified experimentally for the main region
of the flow (neither close t_o the surface nor very close to the bed)
where the universal boundary layer flow equation (2,20) holds
very well (ref, 11), From the above it is obvious that the trans-
fer process for sediment is interrelated with that of momentum
aﬁd consequently with the transfer of turbulent energy., Thus,
if the transfer process of turbulent energy is known, then it might
be possible to express a law and relationships for the diffusion of
sediment and in turn the sediment distribution and transportation,
From the experiments of the writer and other investigators
(refs, 11, 13, 16, 17) it is clear that von Karman's constant k
decreases when the sediment load increases (see Table 16)a The
decrease of k depends on the sediment load as well as on the
balance of the turbulent energy of the flow,
o From the mechanical energy equation (2, 14) derived in
Chapter II, article B, the following relation was found for the
balance of the various rates of turbulent energy at every point

of a uniform two-dimensional flow:

Rate of production = Rate of direct viscous dissipation

+ rate of diffusion

The rate of energy dissipation due to the settling of sediment is
expected to decrease an equal amount of the rate of diffusion of

turbulent energy. Therefore the above equation for the rates of
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c-_h'an'g‘e of turbulent énergy might be modified as follows:
Production = Direct viscous dissipation + Dissipation
by sediment + Diffusion
From the above it is clear that the suspended sediment disturbs
the balance of turbulent energy of clear flows, and it is deduced
that there might be a direct relationship between von Karman's
k and the ratio of the average rate of sediment energy dissipa-
tion to the average rate of diffusion of turbulent energy., How-
ever, no attempt was made to measure the rate of diffusion of
turbulent energy, but it was assumed to be proportional to the
rate of production in the fully developed turbulent flows of the
experiments,
' Consequently a graph of the measured k values versus
the ratio of the average rate of sediment energy dissipation to
that of turbulent energy production was made. It showed a de-
crease of k with an increase of this ratio,

From the above discussion it is clear that attempts to
relate the k value to the total power of the flow are meaningless,
since the rate of the molecular diffusion of energy, being al-
ways present and in very high amounts, (ref, 18), makes no
effect whatsoever on von Karmants k, or the diffusion of sedi-
ment,

Einstein and Chien, in the appendix of ref, 17, corre-
lated the reduction of von Karman's k with the ratio of the rate
of energy dissipation in supporting the sediment in suspension

to the rate of dissipation of the frictional energy of the fluid,
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L ’ . Csws XW
: K e X S %)
e vs Us, 7

where C  is the average concentration of a given grain size with
settling veiocity Ws 5; is the slope of the energy grade line
of the flow and Z=. is the summation over all the grain sizes,

This is given by them as a preliminary approach in study-
ing the reduction of k. It should be pointed out that the rate of dissi-~
pation of total energy of the fluid is not the main factor for direct
comparison with the turbulent energy spent due to settling of sedi-
ment in the fluid, However, their plotted experimental points
give a reasonable correlation of von Karman's k, with the a/m ratio.

Vanoni (ref. 11), taking as an average concentration the
mean over the upper 95 percent of the profile at the center of
the flume, calculated the ratio of the rate of energy dissipation
due to suspended sediment to the rate of dissipation of the fric-
tional energy of the fluids Although his experimental points do
not define a functional relationship, they correlate in a qualitative
way the reduction of von Karman's k with the increase of the
above-mentioned ratio,

From the graphs of Einstein and Chien (ref, 17), and
Vanoni (ref, 11), and from fig, 27 it is apparent that the scatter
in all three of these analyses is of about the same order of mag-
nitude, There are several possible causes for this scatter,
First of all there are varying ways to calculate the shear ve-
locity, which is needed for the evaluation of k, Several investi~

gations have used different methods of calculating the shear at
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the center of the flume, where velocity profiles are mea-
sured, The plotted k values have not been corrected to
take out this effect, Other difficulties are the varying ways
in which the mean concentration and mean fall velocity are
determined,

However, the basis on which fig, 27 is made seems
to be more logical. There is some difficulty in predicting
the k value from any of these graphs because it is neces-
sary to know the sediment concentration distribution for
tfxe evaluation of the sediment energy dissipation, This
in turn cannot be found without knowing k first, Further-
more, k is used to find the turbulent energy production

term for the graph of the writer,

C. Effect of Sediment Load on Ranniels Ky

For the small region in the proximity of the wall
the velocity profile depends on the viscosity and the wall
characteristics, From Rinnie's assumption for smooth
walls the constant K, is calculated from the condition that
the mean velocity profiles of both the regions should be
continuous and have at least continuous first derivatives

X

at their matching point y*:;y/ .

Since the effect of sediment load on von Karman's

k in a fully developed turbulent flow is much bigger than
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the effect on the friction factor, the values of 5{/ and K, can
be computed easily for various values of von Karman's k consid-

ering the friction factor as constant, This is done by solving

numerically the system of equations:

A — _1I * g . ! (6-04)
prtemh iy = Ll B+ s = e

z
sech K,y* S S ST A—
TokyT 2D B(xy))® (6.05)

which give the continuity of the velocity profiles and their first
derivatives at the matching point %’F, and where B is a function
of k.

For the region very close to the matching point %/ * the
effect of viscosity has been taken into consideration for the ex-
tension of the "Universal boundary layer flow'' down to this point,

For k values greater than 0,28 it is easy to compute the
corresponding K, and T//*values, but for k less than 0,28 there
are no real solutions of equations 6,04 and 6,05, The extension
of the theory to k values less than 0, 28 was made by assuming
that the matching point AJ/* remains the same as that for k = ,28,
For these values only the velocity profiles match at that point
without continuity in its derivatives,

| The velocity profiles measured for k less than 0,28 in
the experiments of this work showed a tendency for k to increase

in an intermediate region extending from + ~.4 down to the
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region of the bed p'roximity.. Neglecting the above change in k
it was considered satisfactory for the computations of the results
to maké the assumption that k is constant all over the profile,

| Since the range of von Karman's k values from .40 to .28
is very common in natural streams,‘ and Rannie's assumption

is satisfactory for the average velocity profile in slightly rough
walls, the above theory for the flow conditions at the very prox-
imity of the bed may be used to attack the problem of trans-
portation of sediment.

The Reynolds Analogy is used for the transfer coeffi-

cients, so that Es = B Em
—u’
From: E_ =

considering the shear stress constant in this region, and with-

out neglecting the viscosity we get:
1ol — et
_../D w'V — 'Co /ft |

Dividing by f and substituting To - “3 omegets:

Substituting this equation and equation 2.19 for -ff——;—-* in region I
into the equation for 6""1' and making some algebraic manipu-

lations one obtains:
= ox
E., = o«*Squ < of (6.06)

Consequently:

2
Eg = pf;».st'o-,,ﬂ_ K,%* (6.07)
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From the above équations it is obvious that for constant kine-
matic viscosity the diffusion coefficients increase when K, in-
creasés. Since an inc.reaée in sediment load decreases von
Karman's k, it will increase Rannie's K, for the bed proximity,
provided that both k and K, are constants for a given flow in
regions Il and I respectively, Therefore, &, and £ are
increased by the suspended sediment according to equations
6.06 and 6,07,

Although the sediment load reduces the transfer coeffi-
cients of momentum, sediment and turbulent energy in the
region away from the bed, it increases them in the very

small region at the bed proximity.

D. Concentration Profile
Using the "Reynolds Analogy' for the diffusion coef-
ficients, the differential equation for sediment concentration
in regions I and II was given in a simple mathematical form,
The integration of the above equation was carried out,
based on the assumption that the concentration at the bed ele-
vation, i.e. at 4/—; O , is equal to the density of the bed,
From the experiments of McNown and Lin (ref, 15)
it is known that the fall velocity of the particles is a contin-
uous function of the concentration and it decreases when the

latter increases, Since the concentration is a continuous
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f.uncfi_on of the distance from the bed, y , the fall velocity, w ,
will be a continuous functioﬁ of 4 also,

: FrIOm the above and the assumption that the concentration
is equal to the bed dgnsity at a{—-—o, it will be expected that the
fall velocity of the particles reduces to zero at the bed elevation.
Therefore it would be meaningless to assume that the settling
velocity w is constant in the differential equation for sediment
concentration, particularly in the region close to the bed,
where the rate of change of the concentration with Y is very
large,

The exact evaluation of the function w=w() is not yet
known, although it would be universal for each grain size for
all sediment-laden flows, To avoid the difficulties from both
the evaluation of w= w()and the integration of the differential
equation for sediment concentration the following simple assump-

tion for the fall velocity was made:
e ™
*

where: W, is the reduced settling velocity correspond-
ing to the fall velocity at the average concentration,
and ~ is a constant determined experimentally.
This formula gives w=w, for large «a’f and w=0 for ja;O.
The hindered settling in the main region of the flow has
been included in the evaluation of w,, since the factor 't’:o.-zé';,y%
is practically equal to one in this region of the flow, In the

region close to the bed where the effect of hindered settling is
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Very large due to the high concentratlons, further reduction in
the fall velocity comes from the factor '(Ta,nﬂ K,y which reduces
to zero at %: O

As the exponent . increases, the fall velocity w de-

creases, From the differential equation for the concentration,

‘I t
d j
i
[
z,""v% |
wa’ |
N A g
U |
|
0 J P A
D —
c . .
Tx 8 proportional to w ., Consequently when w decreases,
e’ decreases too, and the concentration curve becomes

. o{‘a

o
steeper. So when we start from a given boundary condition the
concentration and consequently the sediment transport will be
larger for larger values of the exponent -, other things being
equal. For the experiments of this work, the range of ~= was
from 1,75 to about 9,0, while the range of von Karman's k was
from .37 to .23,

Throughout region II except for a very small section
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between no«[
‘ f;

* | c(w ,
and 5«51 the ratio —— was approximately equal
o

o,

to one )where C(wo) corresponds to the concentration equation

2,36 derived by using W = w, = constant,

Thus for .,2* > 5,\31* clw) ™ c(wo)

and for "j% = '\51* c(w) = 0.8 C‘(“’")
Consequently for the purposes of calculating the average
concentration one could acéept the appr‘oximation w = W, = constant
in region II, However it would not be correct to take w as a con-
stant for the evaluation of c@v) from the boundary condition at
the bed, even though the variation of w in region I would be taken
into ccmsideration; This is because then the exponent = would be

computed larger and the concentration profile in region I would




-133-
‘ ~
be larger than that given for the proper value of the exponent m.

The evalué.tion of the exponent »1 should be done experi-
mentally, since the assuniption for the fall velocity is empirical,
Mé.ny 'expériments should be carried out and experimental curves
be given for the above exponent., Such an investigation was not
possible within the framework of the present experiments,

It should be noted that the assumption made for the fall
velocity, (equation 2,25), does not correspond to that due to
hindered settling in an intermediate region around jﬁ; 50, For
that region w becomes approximately equal to w/ , constant,
In most physical cases with fine sediment the actual settling ve-
locity is much smaller than w, in that region where the concen-
trations are usually much higher than the average, Thus starting
from a given mid-depth concentration, the actual values of ¢(w)
in this intermediate region are lower than those calculated by
the assumption made in equation 2,25,

In the physical cases with coarse sediment the reduction
of the fall velocity due to hindered settling is not very much and
the above assumption seems to give better approximations in
that intermediate region,

However, this region is so small that the final average
results for sediment concentration and rate of sediment energy
dissipation are probably not affected considerably from the

above discussed deviations,
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E. Sediment Load Relationship

From the foregoing discussion it is evident that the as-
sumption made for the settling velocity of the particles gives
a possible approximation for the solution of the problem of sedi-
ment discharge for a stream with uniform sediment and plane
bed, Thus it might be possible to find the absolute concentration

C(«j) at any j , instead of only the ratio of c(y)to the concen-
tration c(@) at a reference point q=oc, as in the simple sus-
pended load equation,

The difficulty with the ordinary suspended load equation
is that the concentration distribution based on fhe logarithmic
velocity law and constant fall velocity gives infinite concentration
at 'H equal to zero, The integration of sediment concentration
to obtain an average concentration over the profile gives infinity
for any value of the exponent 73 greater than, or equal to one,

Einstein (ref, 10} suggested a lower limit for the iﬁte-
gration of the sediment concentration to avoici the above singu-
larity, This lower limit was taken equal to twice the diameter
of the grains, Brooks (ref, 13) suggested a lower limit which
is largest out of four choices, Both suggestions give reasonably
good results for average transport sediment concentration, due
to the fact that the velocity is very small close tothe wall and
consequently the contribution of this region to the average is
very small, However, for average sediment concentration in

S

the profile, C, the above suggestions sometimes do not give
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reasbnable values, because any small variation in the lower
limit of the integration gives a 1arge variation in the value of

the integral,

F, T'ﬁrbulence Characteristics of Sediment Laden Streams

For an overall view of the turbulence characteristics of
any stream carrying sediment in suspension and a comparison
of them with those of clear water flows, the effect of sediment
on von Karman's constant k and the friction factor was measured,

From the discussion of the effect of sediment on the
velocity profile in a previous article, and from investigation of
turbulence (refs, 20-26), it is deduced that the rate of energy
disgipation for the suspension of sediment has an overall effect
on the turbulent ener'gy balance, This actually appears by af-
fecting directly the rate of diffusion of turbulent energy, which
is of great importance in a very small region close to the bed,
There the sediment concentration and consequently the rate of
dissipation of energy from the suspension of gediment is also,
relatively speaking, very large.

In Table 16 of Chapter V, article B, 5, it is implied
that the sediment load has a small effect on the average pro-
duction of turbulent energy, since the sediment energy dissipa-
tion is only a small percentage of the total turbulent energy
‘production,

- Assuming that the diffusion’ of turbulent energy for sedi-

ment laden streams is of about the same percentage of turbulent
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energy productioﬁ,‘ as that for the clear flows, it may be found,

_ (from Laufer's data (ref, 1) on fully established turbulent pipe
ﬂows)that the average rat;a ‘of absolute value of diffusion is about
22°/o of thé average raie of production,

In this way, the ratio of the average of the rate of sedi-
ment energy dissipation to the estimated rate of turbulent energy
diffusion was found to be consiciera.ble, varying from 7, 70/0 to
about 20,5%, for runs 1, 3, 5 and 7.

This discussion explains the great importance of sedi-
ment load by its reduction of the rate of turbulent energy diffusion,
changing thus the balance of the total turbulent energy and conse-

quently the mechanism of the turbulent motions,

G. Effect of Sediment Load on Friction Factor
From the calculated friction factors tabulated in Table 7
(Chapter V, article B, 6) it is concluded that th‘e friction factor
decreases when the sediment load of a given grain size inc.reases.
From the diagram of the friction factor versus Reynolds
number for pipes, given in any textbook on fluid mechanics, it
is known that for high Reynolds numbers and rough walls the
friction factor f is independent of Re and depends only on the
roughness of the boundary walls, The turbulence level of a uni-
form flow for high Reynolds mumbers is independent of the ve-
locity of the flow and depends on the geometric characteristics
of the wall roughness. For a given Reynolds number, an increase
in the roughne‘s‘s of the walls increases both the turbulence level

and the friction factor of the flow, although k stays constant,
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Consequently the friction factor might be expressed as a function
of the turbulence level, .Thu‘s, when the turbulence level ig in-
creaséd with grids or other means (ref, 27), the friction factor
of the flow will increase, provided that there is no change in the
characteristics of the boundary walls,

- In flows with sediment load the turbulence level is re-
duced due to the damping of the turbulent energy by the suspended
sediment. Thus it seems reasonable to deduce that the reduction
of turbulence level is the reason for the decrease of the friction
factor in flows with sediment in suspension,

Since the reduction of the turbulence level of the flow by
the sediment load is small, and the shear stress at the bed de~-
pends on this level of the flow, it would be expected that the de-
crease of the friction factor would be small also,

The experimental investigation of this reduction is not
simple, because of the difficulty in keeping the same bed rough-
ness characteristics for clear water flow on a fixed bed, and
sediment laden flow on movable sand bed,

Ludwieg and Tillmann (ref, 27) studied experimentally
the behavior of the friction factor in boundary layers with or with-
out a turbulence grid or a square strip at the wall crosswise to
the direction of the flow, Their measurements were made with

"a heat-transfer instrument developed by Ludwieg,
| Using as a parametric characteristic the ratio of the dis-
placement thickness 8; » over the momentum thickness ga N

of the flow, they determined the experimental relationship for
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the fi'_iction coefficient at boundary layers:

—

—~0.678 H;» —-0D.2¢68
%:_4-0,244_6-/0 - Re
U CS,2.
where: H, = _§1 and Re = —I=x___
, S >
2

and U’m ax Was the velocity outside the boundary layer,

(6.09)

(6.10)

Using a

grid they increased the turbulence of the outer flow considerably,

and their measurements showed an average increase in the fric-

tion factor of 10 percent, Also by disturbing the flow inside the

boundary layer with a strip at the wall crosswise to the direction

of the flow, they measured practically the same increase in the

friction factor.

Consequently it is obvious that the increase in turbulence

level of the flow increased the friction, It is also expected that

when the turbulence is damped by sediment load the friction would

decrease,

This tendency of the decrease of the friction factor for

sediment-laden flows is shown from the consideration of the ex-

perimental formula:

—0.678 ;-/,?_ —0.26 858
75:4-0,244;./0 . Re

For uniform channel flow:

g} =d =4 (depth of flow)

(6.09)

U = «, at the surface by extending the logarith-

rT P X

mic profile,
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From the definition of é; and CS; we get:

. A
Lsfl-3)y = S=fw(g)Y

Substituting the values for «w in }egions I and IT we get:

s /(-

# / {i- (-fé—enz*@}c%’
= / (’z}“ fqnﬁk,y)( i~ émﬂr,y)oég
Sl gl
!

Integrating, making some arithmetical manipulations and ne-

glecting terms of higher order we get:

§ o ux p (6.11)
K

(6.12)

And their ratio becomes:
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s /
)LIIZ. = §L = = U (60 13)
= / T kU

Considering that the experimental formula for {- is theoretically
correct, we could have the following for the qualitative behavior
of 7[. When there is sediment load, Ka.rman's k decreases faster

than the U,”)M increases, as it is shown from the velocity pro-

files of the experiments of this work, From equation 6.13 for

2 Ux
kU,

small changes in ¢4, and U}, , and the parameter H, will in-

HIZ it is obvious that will increase regardless of the

Creasc,

From equation 6, 10 for Re we get:

U SL (A “ - 2y
Re = o= B = 2 K(’ KU)

*
A 2 ux '
or (Re, = = !/ — TD:; (6. 14)

Since for the cases of natural streams and usual laboratory ex-

Ly

periments the factor is much smaller than one, any de-

g
crease in k would increase the Reynolds number, So the friction
factor given by the experimental equation, 6,09, will decrease.
From the above discussion it is deduced that the friction

factor is reduced in flows with suspended sediment due to the

damping of the turbulent fluctuations.
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Y cHAPTER VI

CONC LUSIONS

The principal conclusions and deductions drawn from this
investigation may be summarized as follows:

l, It is hypothesized that the suspended sediment appre-
ciably réduces the rate of diffusion of turbulent energy but only
slightly (reduces) the turbulent energy level, Thus, the balance
of the rate of turbulent energy production, dissipation and dif-
fusion is disturbed considerably while the turbulence level of the
flow decreases slightly,

2. The friction factor of the flow is reduced by' the damp-
ing effect of the suspended sediment on the turbulence. Thus,
sediment laden flows have a smaller friction factor than clear
water flows, provided that the Reynolds number and the rough-
ness characteristics of the boundaries are the same,

3. It is deduced that von Karman's k depends on the bal-
ance of the turbulent energy which for a uniform two-dimensional

flow is given by:

Rate of production = rate of direct viscous dissipation

+ rate of diffusion,

Hence k is affected more by the suspended sediment than the
friction factor f, which depends on the turbulence level of the
flow,

4, von Karman's k might be expressed as a function of

the ratio of the é.verage rate of dissipation of energy by the
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su5pénded sediment to the average rate of the absolute value of
the rate of diffusioﬁ of turbulent energy. However, k is indepen-
dent of the molecular rate of diffusion of energy, which always
exists in véry high amounts in any boundary layei- flow,

5, The friction factor f might be expressed as a function
of the ratio of the average rate of energy dissipation by sus-
pended sediment to the average rate of turbulent energy produc=
tion, in addition to the Reynolds number and the geometric rough-
ness characteristics of the stream,

6. The computed rates of turbulent energy production
and energy dissipation by suspended sediment have very large
values in a very small region near the bed.

7. The so-called "Reynolds Analogy' for the turbulent
diffusion coefficients of momentum and sediment was found to
hold very well, and it was verified experimentally in the region
where sediment samples were taken, In other words, the diffu-
~ sion coefficient of sediment &, is proportional to the diffusion
coefficient of momentum 64,7, with the constant of proportion-
ality approximately equal to one,

8. As found by others the experimental law of ""Univer-~
sal Boundary Layer Flow'! was found very good in fitting the
measured velocity distributions in a region away from the bed.

The suspended sediment load decreased von Karman's
constant k., However there was some evidence that suspended
sediment at the higher concentrations reduced k more in the

main region of the flow far away from the bed than in an inter-
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mediate region exténding from 1ff—-l()o to about %zo.l.

9. The integration of the sediment load differential
equation wa‘s carried -out by assuming an expression for the
settling velocity of the particles as a function of the distance
from the bed. This function makes the settling velocity approx-
imately constant in a region away from the bed, but makes it

decrease rapidly in a very small region close to the bed, be-

coming zero at the bed elevation,
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CHAPTER IX

SYMBOLS

Reference level of sediment concentration function

Width of a rectangular channel

Time mean concentration of sediment (grms/liter dry
weight) at points M=, B 4=, € Y=0
respectively

Venturi meter discharge coefficient

Fluctuation component of the concentration at a point

Time mean-plus-fluctuation concentration:

4

Depth of flow yol=4 is used in differentiations, c.e. e

Geometric mean grain size of sand

Mean sedimentation diameter, total and for a sieve
fraction

Instantaneous value of internal energy of fluid: €& = e+e’

Time mean internal energy of fluid

Instantaneous fluctuation of internal energy

Specific energy of the flow

Darcy-Weisbach friction factor, (Total, bed sectional,
and wall sectional, respectively)

Gravitational acceleration

Depth of flow: Jezc[

R¥< 4 U

Thermal conductivity

von Karman'!s universal constant
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Rannie's constant for the velocity profile close to
the wall
Equivalent roughness
’<.s*= Ks %»i
Siope of the velocity profile: 7 = GL%(&,Z "J)
70
Dimensionless exponent variable of the fall velocity
Wetted perimeter of the stream (Total, bed sectional,
and wall sectional, respectively)
Total mean-plus-fluctuation pressure: r= ?+J’,
Instantaneous value of pressure fluctuations
Discharge per unit width
Sediment transportation rate per unit width
Hydraulic radius (Total, bed sectional, and wall
sectional, respectively)
Time
Instantaneous values of velocity in x, ‘;( s D difection,
respectively
Time mean velocity in x, y, % direction respectively
Instantaneous values of velocity fluctuations in x, Y 3
direction, respectively,
Maximum velocity
Shear or friction velocity: Uy = V'—"I/F
Shear velocity at the center of the bed
Maximum shear velocity

Shear velocity in two-dimensional flow W, = Vgels
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w ) Wo Time mean settling velocity;, reduced due to average
concentration
W Instantaneous value of settling velocity:
Wi Settling velocity for a sieve fraction
y Distance from the bed of stream
* o g Ux
v/ d =Y
'\él Distance from bed of the matching point of the two

velocity profiles in region I (close to the wall),

and in region II (away from the wall)

*
9 9 = Y, <=
P ) Do) EN Exponents in sediment load equation, equal to:
w Wo wo
P ruUx > PRUx BR Uy respectively
A} Ab) Ay Cross-sectional area of the stream (Total, bed sec-
tional, wall sectional, respectiveély)
A5 Constant in logarithmic velocity profile for rough walls
Ay ) As Venturi meter cross-sectional area
B Constant in logarithmic velocity profile for smooth
walls
C Time mean concentration at a point
E Average concentration over a profile: ~g‘/cc(;/
E‘r‘ Average sediment transport concentration: CT 7 4 f 174 c(;/
D Turbulent energy diffusion rate: p — P%KE"<E+ %)]_}4 orE
D_C Dimensionless turbulent energy diffusion rate: op_ = ';ZZD
/ﬁ/ | Average rate of absolute value of turbulent energy e

diffusion
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/i)-/_c ' Dimensionless average rate of absolute value of

turbulent energy diffusion

/Dl =D
_ l / //o wi 2 2 2
£ Instantaneous turbulent energy: E= =% ""‘é‘f"/
. -,
E.(x) Integral defined by: & _;—-— c[;,
U
Fe Froude number: Ff = ——
veLd
G Total sediment transportation rate
1~
H(e7/) Integral defined by: 4/(07/) / (“7)
7
B Do TBECLD
W, , W, Integral defined by: = 4 {‘_"_‘C_"j e
e ) : v A en) / W —elmEiaed)
© e
'
3

H Ratio o
IL- @<) Integral defined by: e (x) = /. ?

| h e
L(’?/) Integral defined by: L(»;/) = / (“7‘7) 4"‘7‘(7

F Time mean pressure at any point
e Turbulent energy production rate: 7 = —-/Ou”'-’/é—;-[
Pk (o= 2R
*
P Average turbulent energy production rate:
£
— LU
= L/ —puv’ &
fe = 7 / L <y 7
e (24
(725)_6 ' Dimensionless average turbulent energy production rate:

?)t o /( u,v/)a((fc[
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Total discharge

4 Un
o~

(Total, bed sectional, and

Reynolds number
wall sectional, respectively)

Slope of the flume

Slope of the energy grade line for the stream

Time mean of water temperature

Instantaneous value of temperature fluctuation

Time mean velocities in X, ? + 3 direction,
respectively

Average flow velocity

Maximum velocity of the flow

Average shear velocity for the total section \/?C_TS';_ ,

bed section \/?“ZB_S'; ,» and wall section \/—%—"c:ge N

respectively.

Rate of energy dissipation by suspended sediment:

W =

Dimensionless rate of energy dissipation by suspended

CW(I-— -%:—‘;—C-

sediment:
<\J;> = =
T %
Average rate of energy dissipation by suspended
sediment: W | £ £ y
= —/ Ccwf; ~ __“_’)
S R ( %)<
o
Dimensionless average rate of energy dissipation by

suspended sediment:

—_ A
W)= 777 / cw(i=5)%




=N 3

S v S ST

- -153-
Body force per unit mass on Xpp KXy Xg

direction

Ratio of diffusion coefficients: o Com,f'/é oo s

Ratio of thicknesses: = S'/g

2
Unit weight of water

Unit weight of sediment

Y,
(%4
Displacement thickness: Si :/(/“ D‘)C[;
o -

4
Momentum thickness: g;_z/_i(,_ (_‘j_’_)a%
[ @ (7@

Turbulent diffusion coefficient for momentum:

ez = i,

Turbulent diffusion coefficient for sediment:

=
& %%y

Dynamic viscosity of water
Kinematic viscosity of water
Mass density of water

Mass density of sediment

Geometric standard deviation of grain size
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Total -time. mean-plus-fluctuation shear stress:
Gl = Tix + t:’K

Shear stress in the fluid:

Ve

T = Txy

Shear stress at the boundary

Average shear stress on the entire boundary, the
bed section, and the wall section, respectively

Time mean shear stress

Total shear stress including Reynolds stresses:

R ¥
T:dJ = —C(,'J-‘J" -C(,‘J—
Turbulent shear stress (Reynolds):

* = o
-C‘d' - ‘P 4 J-

Instantaneous fluctuation of the shear stress

*
* = * =
w = Kl‘j Wy T Ky, 5 g K,R
U
Dissipation defined by qu T Ton LY
DK
Dissipation defined by CP - o oul
-z Tix ,afo
i . U, Rl
Dissipation function: (1) = Tk 5—" + ‘CL.K—(S;—
K K
fang (28]
Integral defined by: Q(co,) = -L etk T Ao
=/
Integral defined by i/@_)o = ZJ— o - AU

[+

/ =1

3
Integral defined by: (w‘) = 1. - &7 e bamd w
T Cdﬁ

- 'ﬁ'ao«,#tJC(r.J
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CHAPTER X

APPENDIX

A. Velocity Profile for Various Values of k
l. Smooth Walls
In region I the velocity profile is given by equation

2,18 (Chapter II, article D)

L *
= tam KKy (2.18)

In region II and very close to region I the velocity pro-

file is given by equation 2,24

*
= __@y,g +B+Q e~ TR (2.24)

where B is the same as that of equation 2,21

[

/ e
il B (2.21)

! . /
273* ) 4%57*5)

oer

holding for large values of y*, because the terms
become negligible,
The slope of the velocity profile in region I is given by

equation 2.19
2
»
ib‘; = b{>¥ 5-6&4 K/y (2.19)

And in region II by equation 2,24

Lo et et ) o
UC;I* "y" Z(Ky”‘)?— 8(.«593 .
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The mean veloéity of the flow occurs at i ~ 3,: ie €4 ; o~ 37
=
And from equation 2,24 we get:

U e‘q {

= =_L 378 )+ B + —=—xt ey S
Uy ¢ ) 2k (374?") K3(37v€92
For =.40 B =55

Then for any other value of k and for no change in the

friction factor we get B ,
B =355 +(€qo,37£7——’———’— + L L
(10, 01)
— 7 / 1
42(;37{‘3;)?_ '43 K307
¥

Substituting for various values of k and assuming 4(’-‘-’ 3500

we find the following values for B,

K = .40 B = 5.5
= ,35 2 2,91
= .30 = -0,5
= 275 = 2,71
= .250 = -5,30
= 225 = -8.53

For continuous velocity « and slope GL ‘ﬁx at the matching point

j y of the velocity profile we get:

/

!
2K 4’2/<33,"2 (10. 02)

'r * ¥
‘E"'ﬁamzk,y/ = ﬁ—,@,.,;,/ + B+

[

9
¥ _ - / /
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The numerical solution of this system for various values of k

and its corresponding values of B gives:

K = = .40 B = 5,5 K, = 1/14.5 '?/*g 27.5
.35 2.91 1/13 22,5
.30 0.5 1/9.5 13,0
.275 2,71 1/7 8.5
« 250 -5, 30 1/4.,2 8.0
.225 -8.53 1/2.0 8.0

The last two lines are obtained from the graph of the velocity pro-
files (fig. 29), because the system of equations 10,02 and 10,03
has not any real solution for K <. 275, It should be pointed out
that the above values have been derived assuming no change in
the friction factor, This was done to simplify the calculations
and its justification is indicated as follows:

From equation 2,21 the average velocity for the pfoﬁle is

given at ?-:, .37d ;.374)

U - Lan(s7h)+B

Uy

Substituting 1% by \’_8_ and rearranging terms we find,

Uy
Al
B —_— —;— — ———l('———-) i

I3

>
Since @»7 374 is usually equal to ~—6 for /’:f. 02, we can

Bw[%—ﬁ—

8. _ 6 = - =5
B 5. 2 20 —15

approximate B by,

For K:,QO.
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For K =,20 and no change in f we find ,

B8 6 =- z20—-30= —/0
02 = .2

B~

For K=.20 and 25 percent change in f we find

B ~ ‘———O,G —%—- 2 22—-30= -8

This example indicates the justification in considering f fixed in
the calculations for the values of B,

The measured velocity profiles for runs 3 and 5 with high
sediment transportations (fig, .18 and Table 7) showed that there
was a tendency for von Karman's k to increase at the intermediate
region between the main region of the flow and the small region
very close to the wall, However there is some doubt about it as
it has already been mentioned in Chapter V, article A, 4,

Taking the above tendency of increasing von Karman's k
into consideration, as well as the observed decrease of the friction
factor for high sediment concentrations it is deduced that ti’xe values
of both K, and «j/* for very high concentrations with <. 280

will not differ much from those for K «<,280,

2, Rough Walls

In region II and very close to region I the velocity profile

is given by: p
3_“'@,12 i _._2__~l (10, 04)
5 ]
Uy K ;e 2r<”v* 4K 2

where AS is the same as that of the equation:

+& “;L + As (10, 05)

“*
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*

. o ! ! .e-
holding for large values of z » because the terms 2—/??* 5 ﬁ?—’ :
become negligible.

The coefficient B of smooth walls corresponds to
x—
B~ Ay — sl ks
The slope of the velocity profile is given by equation 2, 24,

which is the same for both smooth and rough walls,

The mean velocity of the flow for open channels is given

by:

ey x*
% s (10, 06)

If we assume /45 = 8,5 for K=,40 and no change in the friction

factor, we find AS for various values of k,

o .y
Asat 5.5+ [0n £ )[4 - Lh-(F-%) aoon
S

Assuming again that the equations 2, 18 and 2. 19 hold for the ve-

locity profile in region I, and continuity of « and "67 »2at

%,fz 'j/,‘ we get:

* .
L ta @K JF—_-_._’__ S, A
T * /
seck K= .. / ot
¥ ¥\2 13 O.
KZ,I/ Q(K%) 8(;<y/ (10, 03)

¢

The numerical solution of this system for various values of k and
its corresponding values of As gives the values of XK; and v,*.
The numerical values of /45 change also with the Re num-

ber of the flow (particularly in the transition zone) and with the
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equivalent roughness of the stream /< . So it would be rather

. . * .
interesting to see how well the values of k, and 'ﬂ, s found in

the préceding article for smooth walls, satisfy the system of

equations 10,08 and 10,03, for both sizes of sand used in the

experiments,

From the application of the above values it was found

that it would be reasonably satisfactory for our purposes to get

*
the same K, and “d/ for both rough and smooth walls,

Evaluation of Rannie's constant K, and
friction factor

von Karman's

constant k

K = .40
.35
« 30
275
« 250

«225

Table 11

Ranniels
constant K L

Ky = 1/14.5
1/13
1/9.5
1/7
1/4,2

1/2

assuming constant

Dimensionless
depth of the match-
ing point for the
vel, profiles

y*xzns
/
22.5

13,0

8.5

8,0

8.0

For very rough walls see discussion in Chapter VI, article A.
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Fig. 29. Analytical velocity profiles



