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EFFECTIVE STREAM POWER AND SEDIMENT TRANSPORT
BY
Sharl Sh, Sakla(l)

INTRODUCTION

In the past several decades, there have been numerous
attempts to determine the relationship between flow parame-
ters and the rate of sediment transport. This subject plaza
e dominant role in a variety of hydraulic engineering proble-
ms, such as the design and operetion of irrigation canals,
control of reservolir sedimentation, ecouring problems and the
removal of suspended solid sediment in the process of water
purification. In consequence, a8 great number of papers have
been written and different methods for evaluating the sedi-
ment transport rate were established (9).

In fact, most of the available formulas were established
on the basis of flume experiments operated at shallow depths,
It bacomes obvious, therefore, that some river phenomensa,
such as bed forme, can not be reproduced in the laboratory
because of scale effects. Calculated values of sediment
transport rate by the various available formulas vary with-
in wide limits, making the given formulae suitable only for
thoee conditions for which they were derived.

The purpose of this paper is to introduce the concept
of effective stream power for predicting the sediment trans-
port rate. Both the shape of the channel cross section and
ite hydraulic roughness were taken into account in the deri-
vation of the presented simple formula.

Published field data for different streams in USSR
covering a wide range of flow variables are herein presented

in supporting the suggested formula for predicting the sedi-
ment concentration.

EFFECT OF SEDIMENT LOAD ON FLOW PARAMETERS

In nature, the water and sediment at the head of a reach
of channel are imposed on the reach. The size and shape of
the channel cross section and the slope of the water surface
adjust themselves to the amount and variation of discharge
and the supply of sediment.

Depending upon the time factor and the local conditions
of a channel cross section, the increased energy consuaption
needed to suspend sediment particles may be achieved by cheng~
ing one, or more than one, hydraulic or geometric property
of the channel. For example, the process of widening or

(1) Assiet, Prof., Dept. of Civil Eng., Univ., of El-Mansourah,
Arab Republic of EGYPT.
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narrowing a channel cross section requires a longer time than
that necessary for slope adjustment. After s considerable per-
iod of a flow of a certain discharge with a given sediment
concentration, the existing slope may be changed later if any
adjuetment in the shape of the cross section or in ite hydrau-
lic roughness takes place. The material of which the channel
sides are formed plays a vital role in the adjustment of the
wetted perimeter.

The sediment transport phenomenon is such a complex mat-
ter that no single parameter, can adequately describe the
flowm condition or make it poseible to predict the sediment
transport rate.

The writer studied Zamarin's (15) field observation on
more than 100 crose sections for different canals on a stre-
tch of the Amudar’ya River in USSR, The range of different
measurements are shown in Table 1.

In addition to the above mentioned data, these publi-
shed observations included also the hydraulic radius and the
Manning®’s coefficient values, n. The water depth was given
for some canals.

Analysis of Zamarin's field data showed that the increas-
ed energy consumption needed to suspend sediment particles
can be attributed to the change in any parameter in Manning's
formula and not eesentially to a decrease or an increase in
one specified parameter. Data observations shown in Table 2
are given as examples to illustrate the following:-

l. For s specified water discharge, ¢ and mean fall velocity
of suspended particles, (y , an increase in sediment con-
centration, C, leads to an increase in the mean velocity
of flow, V.

For a given shape of cross section, the increase in velo-
city may be due to a decrease in roughnees resulting from
damping effects. Data observations No. 26, 36 shown in
Table 2 for two different canals indicate that the increase
in velocity is due to an increase in the water surface
slope and the hydraulic radius,

2., For given values of n and W , an increase in both Q and C
leads also to an increase in the mean velocity of flow.
One of the causes of increaeing V may be the increase in
hydraulic radius, R, as can be seen firom data observations
No. 60, 66. In snother place, the increase in V is due to
an increase in both water surface slope, S and hydraulic
radius and due to a decrease in Manning's n, as can be seen
from data observations Nao. 71, 72, .

3. For given values of W and n, an increase in sediment con-
centration and a decrease in water discharge can lead to
an increase in water surface slope. Generally, in this
case, the hydraulic radius decreasses due to a decrease in
Q, a®s can be seen from data observations No. %, 8,
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4. For a given water slope, S, an increase in sediment con-
centration leads also to an incresse in the mean velocity
of flow. In thie case, the increase in V is due to an
increase in hydraulic radius and/or a decrease in Manning's
coefficient, n, as can be seen from data observations No.
35, 36 and No. 34, 40.

5. For a given sediment concentration, an increase in w leads
to an increase in the mean velocity of flow or an increase
in one, or more than one, parameter in Manning's formula,
namely, R, S and 1/n. This case is illustrated by data
observations No. 47, 50, No. 53, 58 and No. 55, 56,

6, For given values of V, C and n, an increase inw lead to
an increase in the other parameters in Manning‘s formula,
namely, R and S. This case is shown in data observations
No. 55, 56 and No. 24, 25,

7. For given values of V, n and @ -, an increase in C leads
also to an increase in the other parameters in Manning‘'s
formula, namely, R and S, as can be seen from data obser-
vations No. 50, 53 and No. 21, l2.

8. For given values of Q, V, S, R and W , an increase in
sediment concentration leads to an increase in the last
parameter in Manning's formula, i.e, it leads to an incr-
ease in 1/n. ‘

On the basis of laboratory experiments in a flume 27 cm.
wide, operated at a fixed values of flow depth, discharge,
slope and mean flow velocity in each set of experiments,
Vanoni and Nomicos (12) showed that the friction factor of
a stream carrying suspended sediment is less than a compara-
ble one without sediment. They also showed that the reduct-
ion of friction factor due to the suspended sediment is of
importance only in streams carrying a very high suspended
load over & flat bed, and is of minor importance when there
are dunes on the bed. The special conditions in operating
the flume experiments as illustrated by Vanoni and Nomicos
lead to the above mentioned conclusions, since all the
parameters in Manning's formula are kept constant except
Manning'es coefficient.

Again, an increase in sediment concentration leads to
an increase in one, or more than one, parameter in Manning's
formula including mean velocity, water surface slope, hydra-
ulic radius (or wetted perimeter) and 1/n. Such increase in
one, or more than one, parameter may cause a decrease in
other parameters with lesser effect.

In other words, for any change in sediment discharge
and/or particles size in an alluvial channel, the required
adjustment for equilibrium may be achieved not essentially
by changing the bed roughness or by reforming the bed cofi-
guration only. For a given Q, C andw the bed roughness
may be changed due to a change in the other parameters in
Manning‘'s formula.
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Maddock (6) called attention to a spectacular example
of such an adjustment in the Maraleca-Ravi Link Canal in West
Pakistan. At about 6.5 and 48 Km, downstream from the intake,
the channel width, discharge, sediment size and concentration
were the same in the both sites. In the upper site the slope
was approximately 1:5000 and the depth was about 3.66 m. when
the discharge was 425 cubic meters per second. In the lower
site the slope was approximately 1:9000 and the depth was
about 2.44 m and hence the velocity was 1.5 times that in the
upper site. Due to the local conditions presented in the
difference between the two sites in both parameters water
surface slope and water depth, the adjustment was in the bed
roughness. In the upper site the bed was dune covered and in
the lower site it was flat., Although it is enerallz recogn-
ized that the hydraulic roughness o alluviag channels is a
variable that depends on bed form, no agreement has been rea-
ched on how a specific roughnese is to be expressed.

Experiments by Balakaev (2) with a three~dimensional
model to study the effect of sediment concentration on the
change of water surface slope at different discharges and
vonstant hydraulic radius, R = 3.00 m., showed that for an
overall increase in slope as the sediment cencentration in-
creases there 18 a zone of maximum azgpe corresponding to a
sediment concentratdon up to 3.0 Kg/m, With further incre-
ase in the sediment concentration, the water surface slope
decreases and approaches the slope of clear water. However,
Balakaev did not give any explanation for such observations.

THE STREAM POWER CONCEPT

The concept of stream power was introduced by many
investigators in the field of sediment transport rate.

Louis M. Laushey (5) considered that the power expended
to keep a particle in suspension is at least w'.w , in which
wf= the submerged weight of particle and w = the fall velocity.
Laushey divided the mixture into clear water and soclid sedi-
ment to consider that .the stream power per unit channel len-
gth for the mixture is equal to the power expended for the
clear water protion plus that for the solid sediment portion.
Laushey used w/v for the equivalent sediment slope and der-
ived the following equation for maximum transport capacity,

C'.» in percentage by weight.
%c't=1.07—Ya'-}-S— sedion L]

in which V = mean velocity, S = water surface slope.

In the above formula, the effect of shape of the channel
cross section is not taken into consideration. On the basis
of field data, it seems clear that the exponent on V.S is
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slightly more than one and this fact is supported by the

author for the case of increasing proportions of bed load
to total load.

Chih Ted Yang (4) expressed mathematically the unit
stream power in terms of mean velocity and energy slope by
V.S and suggested the following equation as the best corre-
lation between total sediment transport, C_, in parts per
million, and stream power per unit weight &f water.

log C, = a ¢+ b log (V.S ~ V.Scr) cossss(2)

in which a and b are constants, V.Sgp is the critical unit
stream power required to start the movement of sediment
particles, and (V.S=V.Scr) is the effective unit stream power
which is available to transport sediment. The Chih Ted Yang's
formula was supported by relisble existing flume data as rep-
orted by him, The author replaced the water depth by a width-
depth ratio to eliminate the scale effect and ignored the
dimsnsional rgquiraments for the coefficient a, which varies
from 105 - 10°, In formula (2), the sffect of sediment size
particles is completely ignored. Chih Ted Yang recommended
further studies for the effect of variations of bed configur-
ations, gradation and channel geometry on sediment transport
capacity. ’

Thomas Maddock (7) proposed the following formula for the
maximum concentration of sediment for a given rate of expen-
diture of energy per unit of mass,

v.s = 107 g(d). ci/* e (3)

in which Ct is the concentration, in parts per million, by
welght of the moving sediment of median diameter, d. Values
of @#(d) for different sizes of sediment are objained from a
given graph. The given relation between mean diameter of
moving sediment particles and @#(d) in equation (3) is based
on flume experiments only.

The importance of the combined effect of velocity and
slope on the rate of sediment transport was noticed recently
by many investigators with different functional relationships.

Howard. H. Chang (3) introduced the concept of minimum
stream power for stable alluvial canal design, The author
considered that, an alluvial channel with given water diech-
arge and sediment in flow tends to establish its width, depth
and slope such that the stream power per unit channel length;,
YQS, or slope is minimum.
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THE EFFECTIVE STREAM POWER

Following Ven Te Chow (14), Olsen and Florey and other
engineers in the U.S.Bureau of Reclamation have used the
membrane analogy and analytical and finite-difference methods
for determining the distribution of tractive force in various
channel cross=-sections. The pattern of distribution varies
with the shape of the section but is practically unaffected
by the size of the section.

In trapezoidal sections ordinarily used in canals, the
tractive force per unit channel length is closaly given by:

Tractive force/m'! = 'YSy(b+y l+m2) cresse{d)

in which b = channel bed width, y = channel water depth,
S » water surface slope, ?/= unit weight of water, m
1 = channel side slopes.

In a uniform flow, the tractive force per unit channel
length is apparently equal to the effective component of the
gravity force acting on the body of water, parallel to the
channel bottom and equal to 9§ RPS, where P is the wetted
perimeter and R is the hydraulic radius.

Substitutinmg the tractive force value in equation (4),
the following equation may be written:

R:P,_.‘L_ (5)

o p @ m ks s m

where P, = (b + vy ) l+m2} and is defined herein as the effec-
tive wetted perimeter. For uniform side slopes, P, = the
wetted perimeter of the section up to the middle water depth.

For very wide channels, the new parameter P, is close
to P and hence, R = vy.

In & previous study, the writer (10), (1ll) proposed a
formula for determining the mean velocity of flow in stable
channels carrying clear water without solids in suspension.

The suggested formula was supported by field data collec-
ted for main channels carrying cleasr water for a long period,
more than 10 vears.

The collected data comprises flow measurements for
different discharges and slopes, mainly for main canals in

Egypt after the construction of High Aswan Dam and Nile
closure in 1964, _

At the present time, these channels are considered to
be in a nearly stable state, since the wmeasured cross sect-
ions were not subjected to any cleaning or modifications
during the period 1964 - 1976,
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Based on the mentioned field measurements, the relation
between R and Py 18 closely given by:

RZ/® o 289°17 ) e eeae(B)

Range of application of the above mentioned formula is
limited by the following conditons:

a) Stgble channels carrying clear water.

b} The wetted surface area is formed in the normal agricul-
tural soil.

c) In the above mentioned formula, Py i8 measured up to the
middle water depth.

d) The constant given in formula (6) may vary with soil
material. Solving formula (6) with Manning's formula,
the suggested formula for determining the mean velocity
of flow in stable channels carrying clear water is writ-
ten as follows:

< 0.67 y
VI—E—S PO -100'00(7)

in which V = mean flow velocity in meters per second,
n = Manning's coefficient.

Following Varshpey (13), Lindley, Lacey, Inglis,
Joglekar and many other investigators used the wetted peri-
meter as an important parameter in the regime concept.

In India, the C.W,P.R.S. Pune (13) analysed data comp-
. rising 167 observations on the Punjab, 73 on the Uttar
Pradesh, 28 on Bengal and 86 on Sind canals and has evolved
"regime type fitted equations”. These equations are sugges-
ted for designing stable channels carrying a sediment load
within the range of date tested. From the given regime type
fitted equations for Punjab canals, as an example, the rela-
tion between R and P may be written as follows:

R2/3 2 1.9 ) p g0-25 cereeed(B)

It seems clear that the construction of formula (8) is
similar to that in formula (6), previously suggested. The

increased value of exponent on S is attributed to the trans-
ported sediment load.

By a different way, Orlov (8B) derived & similar formula
for stable channels in the stretch of Amudar'ya River in USSR,
The Arlov’'s formula included the mean channel width, B, ine-

tead of the effective wetted perimeter and is written as
follows:

0.15
V = n B.S .oaoo.(g)
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In the field of sediment transport, it is important to
take into account the shape of the channel cross section and
its hydraulic roughness. Both of these parameters are inclu-~
ded in the suggested formula (7) by P and 1/n respectively.

Now, 1if formula (7) is applied for channels in regime,
carrying a certain concentration of sediment, the calculated
slope, So, will be expected to be lesser than the existing
slope, S. In other words, the exponent on the water surface
slope, S, is expected to increase if the existing parameters
are applied in formula (7), which mey be written as follows:

2 L I/
VET. S . PO laoooo(lo)

in which X = the new exponent on S due to the transported
sediment load, Thus, any adjustment in the channel roughness
and/or in its wetted perimeter can be taken into consideration
by the new exponent on S.

For a given channel geometry, hydraulic roughness and
water discharge, the adjusted water surface slope for a
stream carrying suspended sediment is more than a compar-
able one without sediment. Thus, for any cross section
carrying suspended sediment, by applying formula (7) we can
calculate the decreassed slope, So, for a comparable case
without sediment. The decreased slope, So, is herein def-
ined as the effective slope. The effective stream power per
unit weight of water is here-in equal to V.So.

As mentionad previously, many investigators used the
increased, or the existing unit stream power for predicting
the sediment transport rate. It is more reasonable to
sssume that the sediment transport rate is related to the
initial or to the effective unit stream power V.So. It is
well known that the solution of many engineering problems
is based on the initial conditions. 1In other words, the
gsediment concentration is assumed to be a function of V.So
instead of V.S.

THE SEDIMENT TRANSPORT CAPACITY

Concentration of suspended sediment, C, is expressed
here as the weight in kilogram of the rate of suspended
solids per cubic meter of water. The submerged weight of
solid particles per cubic meter = Ys - ¥ .C, in which

qﬁ = specific weight of sediment partigées, ?’- apecific
wgight of water in kg

m

Thus, for a unit volume of water, the work per unit
time required to suspend the sediment particles is at least
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Ve -

3, K m W
T . C.oWw , in —n-1§_ v T in which = mean fall

velocity of sediment particles.

As mentioned previously, it is reasonable for us to
assume that the power expended in sediment transport is dir=-
ectly proportional to the effective stream power in

Kg m
m3 " sac
or -f‘ri.'_q-_ . C.Woc S .V ceeeea(11)

e

in which V = mean velocity of flow, S0 = the effective water
surface slope and is calculeted from the previoosly mentioned
formula:

0.67 v

S .V

ceerea(12)

in which K = a constant value, considering that %’= constant,
E = coefficient of proportionality. Such a coefficient, E,
was introduced in different forms by Velikanov M.A, Gastynskili
A.N., Abal'Yants and others. Velikanov and Gastynskii (1)
defined the coefficient of proportionality as “"coefficlient of
useful action”.

After a thorough study of available field data, the
equation

Pe’
0

E.K = 14(-'—_"__' -ocoqo(ls)

provides the best correlation in formula(l2)for predicting
the sediment concentration.

'l

Then, equation (1Z) may be written as
S-So VSO

C514’O ......(14)

w

w

in which, C = sediment concentration in Kg yaight/m3.
Formula (14) gave good results for different channels of
different sizes. To illustrate the importance of the
effective stream power concept for predicting the sediment
concentration, the field dats shown in Table 3 are chosen as
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an example from different channels having nearly the same
fall velocity of sediment particles.

Observations No. 8, 9 are publised by AbalfYants (1l).
In 1953, he measured the flow parameters at a specified
cross section of a small channel branched from the main
canal "Shavat"™ in Yzbekistan, USSR. Observations No 12,
48 are published by Zamarin (15) for canal "Gazavat”™ and
canal "Shavat® respectively.

From the data shown in Table 3, as an example, it is
apparent that the relations between sediment concentration
and V.S5/w 1is less than satisfactory, especially for diffe-~
rent channel sizes. Calculations of sediment concentration
by using the suggested formula No.(l4) are shown in Table 4.

In 1974, Balakaev (2) measured the flow parameters at a
specified section of the Kara Kum Canal and made a compari-
son between the observed sediment concentration and that
calculated by 15 various published formulae in USSR,

The value of the sediment concentration, C, is calcu~
lated for a discharge, Q = 100 m3/sec, average velocity,
V = 0.95 m/sec., average depth, v = 2.3 m, bed with = 40 nm,
water surface slope; S = 0,00012, hydraulic radius, R = 2.0m,
length of wetted perimeter, P = 52.6 m, average fall veloc-
ity of the suspended sediments, w = 0,00148 m/gec, and
observed sediment concentration, C = 2.595 Kg/m3.

Balakaev found that the value of calculated sediment
concentrat&on by the various formulas varies within 2,23~
11.52 Kg/m>.

For the same asbove mentioned data, the effective wetted
perimeter P, = 46.4 m, effective water surface slope
Spo = 0.000048, and applying formula (14).

C.000048 x 0,95

. C = 140 x 0.6 x 0. 001285

= 2,588 Kg/m".

The calculated value for C by the suggested formula (14)
is nearly the same as that observed.

Field data published by Zamarin (15) for "Canal Palavan”
are shown in Table 5 with a comparison between the observed
sediment concentration and that calculated by formula (14),
noting that Zamarin neglected observations No 3,4,5.

A comparison between the sediment concentration observed
by Zamarin (15) for different canals and that calculated by
formula (14) is shown on Fig.{(l). Fig.(2) showe the same
comparison, but for Abal'Yant's observations (1).
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SUMMARY AND CONCLUSIONS:

Based on the concept that the concentration of sediwment
is directly proportional to the initial or effective unit
stream power V.S,, a simple formula was developed to predict
concentration rates of sediment in alluvial channels and
rivers. The effective water slope, So, is calculated by
another suggested formula for a comparable case of clear
water. Both the shape of the channel cross section and its
hydraulic roughness are taken into account in calculating
the effective water slope, So. The effective wetted peri-
meter or the length of the wetted perimeter up to the half
depth of water, Py, is a new parameter used here for calcu-
lating SO.

The published field data for different streams in USSR

covering a wide range of flow parameters support the intro-
duced simple formula.

The analysis of the field data available to the writer
showed that the increased energy consumption needed to sus-
pend sediment particles is not necessarily caused by chang-
ing one specified parameter. For any change in sediment
discharge and/or its particle size, the required adjustment
for equilibrium is_achieved by a change in one, or more
than one, parameter, in Manning's formula including mean
velocity, water surface slope, hydraulic radius {(or wetted
perimeter) and Manning's coefficient.
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The following symbols are used in this paper:

Water area;

channel bed width;

mean channel width;

Sediment concentration by weight per unit volume;
Sediment concentration in parts per million;
rmedian diameter of sediment;
proportionality coefficient;

gravitation ecceleration;

average depth of flow;

constant:

channel side slopes;

Manning” roughnese coefficient;

length of wetted perimeter;

effective length of wetted perimater;
discharge;

hydraulic radius;

water surface slope;

effective water surface slops;

average velocity over the cross section;
exponent on S;

unit weight of water;

unit weight of sediment;

fall velocity of sediment in still water;

engle of repose for the soll material.

C.29
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Hemsoura Bulletin Vel. 7, No., 1, Jume 1988.

C.31

Observa-~ |[Effective |Effective Sediment concent' —
tion Nao |wetted water S - 5y |[ration, C,in kg/u. m.
perimeter, | slope, S
B .in m. S,x10 000 Calculated [Observed
8 1,26 1,634 0,3617 3,50 3,88
9 114 1,675 0,4398 375 3,48
12 19,45 0,320 0,9435 1. 92 1,53
L8 61,20 0,337 0,7840 3,38 3,48

Table-5 OBSERVATIONS FROM PALAVAN CANAL

Obser] Q |V | P [S N lw | R | Se | Cinkg/m?
vation| in | in in ’x1000 ino|in rno Calc_Obse.
No |m¥/s|m/s | m | mmis| m vlatedrved
1 18,0 |0,58 (45,0 1,88 [0,0181(0,41 |39,0(0,257(4,39 | 442
2 |14,2 |054 44,3 | 1,94 10,0180 0,41 |38,6(0,231(3,75 | 3,95
6 91,0 (084 534 1,92 (00264 1,17 | 432 |0727(4,54 | 4,56
7 1969 084|539 1,88 (0027 1,42 (43,510,752 (3,74 | 3,87
8 [53,7 078 506 1,56 00197 1,35 41,8 (0431|252 2,59
9 50,7 (078 492 176 00204 1,37 [411 |0460|2,70 | 2,53
10 (467 (073 49,6172 0,0212) 1,30 | 41,3 | 0,439 2,57 2,57




