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ABSTRACT

Computation of suspended sediment
based on the assumption of an equilibrium condition. But in practice
non-e~uilibritun condition of suspended sediment distribution is'a
frequent condition. In the present investigation attempts were made
to establish a correct distribution pattern of suspended sediment
under non-equilibrium condition. To do this, the two dimensional
diffusion equation was solved analytically assuming that _

(a) Fall velocity is a function of the distance of the
particle from the channel bed.

Cb) Flow profile can be described by a power law equation.
(c) Diffu'f.o1 co-efficient is a function of prandtl's

mixip~ length.

To verify the analytical analysis experiment was done in a
laboratory flume 70' long 2t'wide and 2t' deep. It was found that
the !lew power law equation ~ = (Y/h)1+n of particle fall velocity

o
gave promising results and gave values similar to the values obtained
by the simultaneous solution of Maude and \~tmore and ROuse eouation.
The power law equation ~ = (Y/h) for the vertical velocity profile
gave encouraging results describing the velocity profile for the
entire flow depth 'in a betteTIvay. The exponent of the power law
equstion varied little with the change of bed slope but there was a
marked increase of the mult~ying constant with the increase of the
bed slope. The expression derived for the distribution of suspended
material under non-equilibrium condition agreed very wall with the
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ox}x,,'irrwntal results. It W8,S found that the ratio of it,ll

vrc'l,::>cityto mean flow velocity (~) was the~overnin~ factor

of the distribution equation. The concentration ratio W2.S

found to decrease to A. great extent due to an increase in the

ratio of fall velocity to mean flow velocity.
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= Mean value of volume concentrdtion

= Concentration ratio at reference level

NOTATIONS

= Projected area of particle

= Depth of flow

= Concentration of particles

= Diameter of particles

-= Constant of diffusion co-efficient equation

= Constant
= Constant

= Drag force
= Particle size for which 50% of the sediment mixture is fin8~

= Concentration ratio

= Acceleration due to gravity
= Depth of flow
= Prandtl's mixing IGngth
== Exponent of veJ.bci ty 0.i,,~tributicn equation

= Roots of the ~ypergeometric equation
= Reynold's number
= Slope of the channel
- Velocity at a depth y in the x-direction
= Average velocity in the x-direction
= Shear velocity

iA

.c

'A••

:C
'C.a,

v = Velocity in the y-direction
VK = Velocity component in the x-direction

I
vi = Velocity component in they-direction;'f - -

I
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w ~Fall velocity

W = Particle fall vbloci ty at a. d".pth of y.s

W 0 = F1:'.llvelocity of a single particle under quiescent conditi 0:.,"

x = Longitudinal distance

X = Non-dimensional longitudinal distance

y = Distance from bottoms

(/:. = Element of hypergeometric equation

(3 = Element of hypergeometric equati:m

E... = Diffusion co-efficient for momentum

es = Sediment diffusion co-efficient

E.}<.,t:~= Diffusion co-efficient in the x ;lnd y direction respective],:'

J\ = Ratio of fall velocity to averag9 flow velocity

i. = Turbulent mixing co-efficient,
cj>(, = Universal constant of vOn-Karman

)A = Dynamicviscosity

V = Kinematic viscosity

\ = Density of ~~rticle

fy. = Density of fluid or water

L. = Summation

~ = Shear stress
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equally serious.

Sediment transport has been a subject of studies by engineers

In the present case a theoretical analysis havG been attempted

and others fer over two centuries due to its importance in design
and operation of hydraulic structures and river regulations. Problems
created by sediment in motion are many. Over the head water reaches
of river& large boulders may be transported at times of floods and
these may cause sericus damage of the hydraUlic structures. Similarly,
the problems created by the suspended sediment are

1 .1 BACKGROUND:

INTRODUCTION

CHAPTER - 1

Reference is only made here to industrial and commercial water supply
where one of the gravest problem is the removal of SUspended particles.
The problems caUsed by the sediments in suspension may be viewed as
of the origin of nOn-equilibrium and equilibrium condition. Water
SPilling over structures like weir, barrages, dams etc. are bright
example of the transformation of non-equilibrium condition into an
eqUilibrium condition. Once spilled the water picks up bed material
and creat a nOn-equilibrium condition which has been a great concern
of engineers dealing with the development of water resources. Studies
have been made to have an insight into the problems but stilI many
questions remain unanswered.

and 8llexperimental study under controlled condition have been taken
to have a better idea and knowledge about the non-equilibrium distri..
bution pattern of sediment in sUspension.
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1.2 OBJECTIVES OF THE STUDY:
In open channel flow non-equilibrium transport of suspended

sediment is an importEint part of the general flow problem of .sediment
transport. Problems which have been investigated are usually of two
types (i) the transition from one equilibrium state to 'another due
to abrupt changes in bed condition and (ii) the dispersion from' the
mean flow of an initial concentration of suspended sediment. An
analytical study of the first type of problem is presented herein
with a v~ew to satisfy the following objectives:

Q. To find an analytical equation that can be used to draw a
concentration profile under non-equinibrium condition,.

b. To compare the analytical results with those of the flume
results.

c. To draw longitudinal sediment concentration profile within
the range of non-equilibrium transport.

1.3 SCOPE OF STUDY:
The hydraulic parameters characteristics of the water course

are indicative of the type of sediment transported therein. The
sediment. in rapid steep rivers or river section is overwhelmingly
coarse consisting 'Jflarge fractions. In slow streams flowing at
mild slopes the sedmlent on the otherhand is finely grained. The
hydraulic properties of the water cour:3es are accordingly character-
istics of the se,-limenttransport. Noreover, from the previous
discussions, it. is obvious that a complete description of a water
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course is impossible, unless tho sedi,lent conditions are taken into
considerations along with the hydraulic properties. The relationshi:t:;s
expected to exist between the hydraulic properties and the sediment
conditions of a .vater course may be applj.ed in particular cases also
for the quantitative description of sediment transportation. The

•fundamental objective of theoretical and experL~ental research alike
is invariably to n)late the hydraulic parameters to the quality and

•quantity of sediment. And as for suspended sediment the present study
can be used in the following cases:

a. If the distribution of the concentration along the vertical
is lillown~hen it will be possible to calculate the ~otal
amount of suspended load carried by the streams.

b. The results obtained thus can be further extended for the
prediction of deposition or erosion of the stream reaches.

c. The study may help in solving the problems mentioned
earlier.

d. At last it may be concluded th'J.tthe relo.tionship determined
either theoretically or experiment8.11y pro-'ide the means
for a more detailed understanding of the complex phenomenon
of sedimentation in alluvial channels •

•



CHAPTER...:::2.

SEDIMENT PROPERTIE~

2,1 INTRODUCTION:
The dynmnic problem of fluid sediment interaction are greatly

influenced by the sediment properties. The description of the later,
however, is exceedingly complex and one is forced to makemBllY
semplifying assumptions. The first of which is the sub-division
into cohesive and non-cohesive sediment.

In cohesive sediments the resistqnce to erosion depends on
the strength of the cohesive bonds between the particles which
may far outweigh the infblence of the physical characteristics of
individual particles. But once erosion has taken place cohesive
material may become non-cohesive with respect to further transport.
Characteristics may also change through chemical or physical
reactions. 'J'heproblem of erosion resistance of cohesive soil is
a very complex one and at present our understandin~ of the physics
of it is very incomplete.

The non-cohesive soils generally consists of larger discrete
particles the,n the cohesive soils and the movements of these particJ_o
depends on the physical properties of the individual particles.
Several impcrtnnt properth,s of th'-3sediment particles are discussed
in the following articles:
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2.1.1 Particle Size:
Particle size has a direct effect on the mobility of the

grain and it can range from boulders, which are rolled only by
muuntain torrents to fine clays which once strirred up take days
to settle.

Natural sediments are also irre~llar in shape and therefore
the definition of size by a single length dimension is necessa~ily
very incomplete and due to convenience of measurement only. Common
definitions in use are:

i. Sieve diameter: Used for sand and fine ~ravel
ii. Equivalent or sedimentation diameter: Diameter of a

sphere of the same density with the same terminal settling
velocity in the same fluid at the same temper~ture as the
given particles. It is used for clays, silts and -finesandso

iii. ~,ominaldiameter: Diameter of a sphere of equal volume.
Used for larger particles.

2.1.2 Particle Shape:
Apart from size, shape affects the transport of sediment but

there is no direct quantitative way to measure shape and its effects,
One measure of the shape is the ratio of the surface area of the

'vparticle (11) to that of a sphere (As) of the same volume i = AI As.
This is knovm as the shape factor or sphericty, although another
definition of sphericity is "the cube root of the volume of the
particle to the volume of its circumscribing sphere". But this does
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not give information on the actual sh~pe of the particle (46).
McN?wn (46) suggested a shape factor S.F. = c/[ab where 'c' is

,
the shortest of the three perpendicular axes (a,b,c) of the
particles.

2.1.3 Particle Density:
Density of the particle is important and must be known.

Where the sediment is composed of a variety of minerals the
proportions and sizes need be determined. The average density of
the sample may change little but the variation from say pumice
sand to iron sands or magnetite may be appreciable. Such variations
in density affect sediment transport by seggregation. In case of
suspended sediment the fall velocity of the particles greatly depends
on the particle density.

2.1.3 Fall Velocity:
'rhefall velocity figures prominently in all sediment transport

problems and although the conciJptis straight forward, its precise
evaluation or calculation is not. The literature dealing with the
motion of particles of various shapes in ideal and in viscous fluid
is extensivo. :Referencemay be made to'the survey by Graf (20).

The fall velocity is a function of size, shape,density and
viscusity. In addition it depends on the extent of the fluid in which
.it falls, on tho number of particles falling ~d on the level of
turbulence intensity. Turbulent conditions occur when settling takes
place in flowing fluid and c,m also occur when a cluster of particlu
is settling.
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Falling under the influence of gravity, the particle will

surface.
I

particle.

FD = 37\)Jc dw ... .- .. (2.2)
and CD = 24 (2.3),- ... ... ...

but friction develops between the water layer adhering
to the moving particle and the water at rest.

The settling solid particles should be regular spheres

No. slip takes place between the fluid and the
The particles should be solids having a smooth

(c) The particle settles in a fluid space of infinite. extent.

reach a constant velocity known as the terminal velccitywhen the
drag equals the submerged weight of the particle. Thus, for a
spherical particle, writing w for the terminal velocity

w2 4 1 ( fs - ff- ) ( 2 • 1 )--'3 'ODg.d• ff .. ,
where CD is tho drag co-efficient, {J density of particle Pis the. \ , )f
fluid density and d is the diameter of particle.

But there are certain limitations to determining the fall
velocities on the basis of Stokes law. The limiting conditions

where JIl. = Reynolds number ,.jA= co-eff. of dynamic viscof'jtty.

are (6):
(a)

(b)

For a spherical perticle of diameter 'd' in a viscous fluid
of infinite extent, the drag co-efficient (CD) is fairly well
defined. In laminar flow regions, Stokes solutionis:
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the fluid structure.

exclusi:vely on the viscosity of tho fluid..•
The resistance to the settl;i.ngof the particles depends...~. - ",

(e)

However,'for higher Reynold's number (R), the theoretical

Condition (c) is very simple to meet in practice.

Sediment materials.occuring in pmcticG invariably meet

Condition (a) is usually not satisfied in practice. The

Studies into the validity of condition (e) h<we revealed the

Now the most frequent practical cases will be considered.

(d) The par~icles are larger enough to permit the fluid to
.be assumed homogeneous rolative to the:ir size.. 0

Condition (b) is usually satisfied in practice. Experiments

effect of particle shapes other than spherical should be taken
into consideration. (See for Ref. Graf.(20)).

be regarded as extremely large relative to the irregularities in

carried out thus far have shown no slip to take place between the

condition (d) for "ven the smallest settloable particle size may

water and the sediment particles (6).

existence of a limit particle size, the magnitude of which depends
on the properties of the fluid and the solid particles, beyond

tban actual ones, mdng to the neglected i.nertia effects.
which the fall velocities obtained by the Stoke's law are greater

of the drag co-efficient. The difficulties arise mainly from the
treatment has not yet succeeded in accurately predicting the value



(2.6)

(2.8)

...

...

...

...

\vith the aid

...

...

b),J,_ ..•_-
flf Gi

4'3 .g.

dO,
9f V

coefficient of kinematic visocity.

v = velocity in the y-direction
v'= fluctuating component of v

Schiller and Naumann (46) multiplied equation (2.1) by

where r
and

intero.'Jtionof the turbulrmce wi t:l the. part;icle. Here additional
terms arising frol" inertia have to be c'msidered (t,6). The two

9

v = velocity of solidss
But even with these two terms included, the drag co-efficient
in turbulent flow is not uniquely defined.

where -J is the

"(d/-J)~ to obtain relationship in non-dimensional form

of graph of CD versus:Dl.(Fig.2.1), the ReYYlolds number (R) is
obtained and hence the desired fall velocity.

fall velocity.

Attempts have made to.develcpe a relatio.nship for the fall
velocity which can be applied to. all Reyno.ld's number of practical
interest. W.W.Rubey (6) de~elo.ped the following formula for the
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Rubey' ~3 fr'rmul'linvolves implici ~y tlo.oughthe relationship of
two dimensionless nwnbers namely the Reynold's number and the
Froude number.

So far we hovo considered a single sphfJrical particle in
a fluid 0f infinite extent. In practice not the single ~rain but
a cloud of grains is the problem encounter,ad. The fall velocity
decreases when the same particles are dispersed throughout the
fluid in quantity and tp~s accounts for widely varying results
in the determination of fall velocity.

In the majority of cases the fall velocity is required in
flowing sedjnent carrying water. This fall velocity is no longer
characteristics of the sediment material since it depends obviously
on hydrauiic factors, such as the flow velocity, turbulence of water
and the degree of c,~ncentr12tion (Pollution) of the stream.

In early investigations, tho fall velocity was found to be
influenced to any appreciable oxtent at extremely high sediment
concentration only. Recent research,however, has reveal_ed that
the reduction in fall velocity may be substantial even at low
sediment concontrations.

The reduction in fall velocity with sediment concentration
is shown infisure (2.2) on the basis of data obtained by Schokiltch
(6) for-quartz particles. In this figure the fall velocity vurses
particle diQmeter r'31ation is shown for cleli.rwater and for four
different sediment concentrations 0 (KPjm3) at a constant tempera-
ture of 10°0.
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~he ratio of tho fa:l-lveloc:':"ty 5.n clear a'1d mudd;'{water
has rocently been studied ~y McNown and Pin-Num-Lin (41) who
relate the variations in this ratio to the sedi'!lentccncentration

wd(c) in terms of the sediment f~..cl veloci.ty Reynolds number, R =_.
VThe results of their theoretical cmd experimental investigations

are shown in fi?Ure (2.3). Bogardi (6) noted that the validity of
their relation is confined to Reynolds num.ber smaller than 2.
However, it should be realized finally that the fall velocity is
modified in flowing water as well.

The reduction in fall velocity in flowing water is closely
related to the circumstance that the movement of sediment carrying
water is turbulent practically without exception. Consequently the
reduction offall velocity in fJ.owing water can be attributed to
turbulence. Although several experiments have been conducted con-
cerning the reducing offect of turbul'mce on fall velocity the
problem is not fully understood as yet. In earlier practice for

\

instance the fall velocity in water at rest was used in ccnsider-
ations on settling and the retarding effects of turbulence were
allowed for a varity of approaches.

Relying on the experimental rE'sults of Bestelli, Valinakov
and others, Levin (6) relates the reduction in the magnitude of
fall velocity under the influence of turbulence to the main velocity
of flow and to the d eptb of water (D). The reduction in f~_ll velo-
city is accordingly:



(2.10)
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...

...

...
., .
...

w = w - w1 ... ... (2.11)t
where, 0.0282 v

(2.12)w1 = Do.2 ...

" ~,

From the previous discussions it is now clear that the fall

in water of velocity vi according to Levin is:
metre and metre/sec. respectively, Thus the actual fall velocity

In the above expressiorw _):c.ndv should be substituted in

Maude and Whitmore (38) propose that the faD velocity
affected by concentration hindered settling can be described at
all Reynold's number by:

velocity of particles wheather in single or in cluster depends,

where, C is the volumGtrlc concentration w is the settlingo
velocity of a sin€lG particle and a is a function of particle size,
shape and li.eynold'snumber. For :11.<1, a~ 4.65 and for ll1.>103,
a ~ 2;32. with an s-curve transition between these valuGS fer a

concs::ttration of particles in the streams. In other 1-lords,the
excluding other parametr,rs, On the Velooi ty of streams and on the

log-log plot of a versus :11..

equilibrium condition the sediment distribution profile changes

.velocity profile and the concentration profile of a particular
river section affect the particle fall velocity. Under non-



from section to section and as a ~'E'SU:'_tthe particle fall velocity
must also change from section to section. On the other hand at a
particular river section the velocity profile and the concentration
profile is not constant along "he vertical. Henco in this case
also; the particl('1fall vel.ocity at a pClrticular section varies
along the vertical distance. In order to find the concentration
profile many investigator put forward different equations based
on differentappr".'1.ches (4,6,23,29,32,3,'1.,42 and 47). J3ut their
analysis was based on one'or both of the following assumptions
which are not correct. The assumptions are:

1. At a particular section the velocity of the stream is
constant and is equal to the mean velocity of flow.

2. The fall velocity is always constant and is equal to the
particle fall velocity in quiescent water.

It ;:.sto be noted thc,t in suspended sediment transportation
the particle £:all velocity is an important parameter. Its variation
wi th distance (both horizontal and vertical) h~ts considerabl.e effect
on concentration profile or velocity profile and must be tnken intc
consideration to obtain a correct equation for the dist:ribution of
suspended sediment under non-equilibrium condition. In fQ~ctional
form: the fall velocity ai; a section can be expressed as:

w = <:yrf p *,01, Sf' r Sr F: CJ (2.14)L' J S "

where,C = 'I) I'\.9 )( 3 ..E I ... ... ... (2.15)I L.: > -, -'

I

-"', >'1".,-



(2.18)

(2.21)

(2.22)

-"(2.16)

. -." (2.17)

• " ( 2 • 20 )

...

...

•••

.."

...

where, C = t~[~J "SeX J

~ [If, {widg.lC~r'c1
for C = ~ LIKj, ~ 1

At last neglecting f's/ft and ass~n.ing f = 0, the equaticn

Where, Sp = particle shape factor
f = frequency i)fcsc:illation

14

F = b;oyant force

y = v.ertical distance frcm origin or bottom
~ = fluid density •

f = diffusion co-efficlent
x = horizontal distance from origin

Ey dimen~ional analysis and neglecting the surface roughness (Sr)
the equation reduces to

But, fj. wei is the Reynolds no. of the particle and t:herefore
p
- F td p,<93L JR, p.~w-..,.~-Gl-'L' Sf" _._'Uj-. -, +- 'cJ '"0

~ ~

Again, ~X may be taken as the Reynolds number (R
1
) in termsf:. .

of diffusion co-efficient.

reduces to
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(2.23)

... (2.25)

..• (2.24)

. .. .

•

(1) ILrP r -, S,.., w.1 ~\:'A ] =:..0
>5" tI--, ~ l0~.d,'2. ' r' ,. J

o (,hi'L ((J -\ 11: c_
.or, ~_::. J{ L K" --'f'

~ 0 ,~j

w2 = F 'i,- If s ?(. J
0, r-I'L~ Wi) F' j>{-\4 L- . _.

Therefore, from equ:'\tion(2.25) it is seen that in case

particle fall velocity can't be taken as constant 'rather it
should be considered as a variable .

of non-equilibrium distribution of suspended sedimont th~
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CH1\PTER- 3

CHARACf~RISTIC2_0F SEDIMEhT CARRYING STREAMS

3.1 INTRODUCTION:
Open clk~.mi.elflow over 8, movabl') boundary behaves differently

from open channel flow through rigid boundary. In alluvial channel
rigid boundary relations apply only if there is no movement of the
bed and bank materials. Onoe the general movement of the bed material
has started, the flow and the boundary interact in a complex mamer.
Simon and others (52) discussed in details the salient features that
differentiate between flow over movable and rigid boundaries. A
S~IDary of their discus&ipns is presented here:

(a) In alluvial channels, the flow and the boundary shape are
intertelated. After general movement of the bed has started, tho
alluvial, bed is distorted, giving ris'e to berl forms. The shape, size
and rate of movement of th8se bed forms vary with flow conditions.

(b) The magnitude of roughnoss elements as rGpresented by the
bed forms can be of the same orr1or of magnitude as the depth of flow.
Relative rougrmess of this magnitude is generally not encountered
in rigid boun:1ary systems.

(c) An alluvial bed is not impervious unlike rigid bound.aries. ",

Therefore, there is a possibility of flow, however small within the
b'Jd. Thus the turbulent fluctu'ltions normal to the flow may not
vanish cit the bound.ary.
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(d) The alluvial boundary moves at both grain and bed form,

scales. Grains rolling at the b01.L"ldarymay introduce additional
shear by their rotation and thus may change the turbulence level
.close to the boUndary. In addJ."tionthe movement of the hed forms
creats unsteadiness of flo" in the vertical dU0 to the changing
bed elevation and resultant flo" patterns.

(e) At advanced stages of sediment movement, some of the bed
material is entrained by the flow and is referred to as suspended
materials. The presence of.the particles in suspension affects the
turbulence characteristics, the specific weight and the apparent
viscosity of fluid.

(f) As the bed forms achieve dimensions comparable to the
depth the flow is no longer uniform. But the depth and velocity
change along and accross the channel.

Since there is no turbulent flo" theory for movable beds
comparable to theories available for rigid boundary turbulent flows,
analysis of flow over alluvial beds must relay to a significant
degree on a'rigid boundary turbulent flo,;theories. In order to

/

understand the flow characteristics in alluvial channels, .the basic
concepts of the flow over rigid boundaries are reviewed and the
hydraulics of alluvial channels is introduced.
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3.2 VELOCITY DISTRIBU'fION FOR DNIE'Cillij}<'LOWIN OPEN CHANNELS
WITH 3IGID RED:

~~owledge of the velocity distribution in artificial a~d
natural channels is necessary ~o solve many engineering problems.
The velocity distribution of turbulent flow is different from the
velocity distribution of laminar flow. Hore only the former type
of distribution will be discussed in detail.

3.2.1 Velocity Distribution fur Laminar Uniform Flow:
Several apprca ches can be used to derive the laminar velnci ty

distribution for uniform flow. In a laminar flew three types of
forces act on a fluid element and they are: Shear, pressure and
weight. For uniform flo.' to exist these forces must be in equili brill.
Assuming zero velocity at the bed of an open channel, one can obtain
a parabolic velocity distribution for laminar flow condition. For
detail reference can be made to Sim:m et 0.1 (52).

3.2.2 Turbulent Velocity Distribution for Uniform Flow:
In turbuJ_ent flow a precise definition of velocity at a given

point and time i.snot possible. T'hevelocity vector is not constant.
Both the velocity and the pressure are fluctuating with time and
space. Only the mean values of these fluctuating elements can be
c()mpJ.ted.F'~-rmethcds of computation r(')ferencecan be made tn
Hinze (25).
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3.2.2.1 Shear Stress in Turbulent Flo~:

and E:,.,., is the eddy kinematic
of momentum. Now, whereas )A-

of temperature Ol fluid s.lane,

of Iland Em can not be predicted the Boussinesq
is, however, of limited use (39).hypothesis

for the turbulent shear stress which may be expressed as

the magnitude of turbulent shear stress, a number of semi-empirial
of high magni~ude between the ~Tl.jacentlayers. In order to determine

theories have been developed ann. three of them are discussed below:

interchange of fluid masses botween the neighbouring layers, which
is accomFillied by a transfer of momontu",,".Such momentum transport

3.2.2.1.1 Boussinesq APproach: In analogy with the expression for
the viscous shear J.Boussinesq in 1877 (39) neveloped an expression

In turbulont flow veIn city fluctuations cause a continuous

'0- o. '0\9ry = 1-.::1.- ::::\ . E:.m. ~l -od ~7 u".i\. d U
where, 1is called the eddy visc.:Jsity
viscosity or the transfer co-efficient

the values

due to fluctuations results in developing additional shear stresses

is a fluid property and is a function

The expression -Per the time average value.of shear stress is:

3.2. ~.1 .2 J}eynold I s Approach: In 1886 Reynold's developed Em expre-
ssion for the turbulent shear stress (ur the app2rent shear stress)

1 and f'(YI are mainly the function of the characteristics of flcw
and may bo expected to vary from point to point in the f].ow. Since

due to the exchan,<;;eof momentum in the 'turbulent mixini? p!'C1cess.
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...

= h\9,,0VI
U* = jrt/~or,
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3.2.2.1.3 Prandtl's Mixing Length Approach:

l = rj- \9,<..'\9() ... ... ... (3.2)
where Vx = velocity componE:nt in the x direction

vy = velocity componont in the y direction

3.2.2.1.2.1 Shear Velocity or Frictinn Velocity:
In equation (3.2) vxvy is a positive value (63) and thus it

is possible to write: r~-~J\\9x~~\'
The term j\9?t\9'd has th8 dimonsion of a velocity and is called the
friction velocity (U*). Thus -

In 1925 L.Prandtl made an important advance presenting his
mixing .lengt,hhypothesis by means c,fvlhich the turbulent shear
stress can be expressed in terms of measurable quantities related

Therefore,

to the average flow cbaracteristics. In his hypothesis Prandtl .
indicated that the velocity fluctuation in the x-direction (vx) and
'velocity fluction in the y-direction (vy) may be related to the
mixing length (1) by the fcllowing expressions:

'0-\9
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...

...

•••

...
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•••

...

...

...

. ...
integration. Equation (3.10) is known

v =

1=<K~

expressed as:

where <K, is the 'universal constant defined by von-Karman.

Using equation (3.7) and (3.9) and after intergation one will

get -

•
possible to make suitable assumptions regarding the variation of

The advantage of equation (3.7) lies in the fact that it is

U*v = --- log Y + Z
¥v e

where Z is the constant.of

mixing length. Prandtl '.s assumption for mixing l8ngth can be

21

Fromequation (3.2), the expression f--;r turbulent shear stress is:

that the velocity is zero at the b':mnc'lary.As such equaticJll (3.11)

as the von-Karmanvelocity equation. Fer the condition that at

y = y', the velocity v = 0, o~lation (3.10) reduces to

U*
<K.. lege (y/y , )

Equcltion (3.11) indicates a zero velocity at a certain distc'mcl

above the boundary l,llieh is in disagrec,mont with the physical fact

applies only to turbulent flc;1 in the upper regi0n of the channel

and it ,carnot be applied tc the regions cloGe trJ the b(nmdary.
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••• (3.12)

...• x
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30.1 y
Ks

u
= 1j""""

*

ulJ'- = 5.75 log
*

u1j""""= 5.75 log
*

is '1 corroction factor and Ks is assumed to be equal tOD65,

(a) Einstein I s formula (19):

Several other relationships for describing the turbulent

~ = 5.75 log
*
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them are:

of the boundary leads to a definition of velocity distributicn
related tel the characteristic" of the boundaries. 'rhis idea was
developed by Richardson and Simons '(49). The velocity distribution

velocity distribution are utilized by various researches. Some of

is given by -

3.2.3 Velocity Distributir.m in DiffGrent hegimes:
The determination of y' as a function of the characteristics

where Ks is the roughness hoight.

in different regimes cen be expressed as follows:

where x

ti'(c) Velocity distribution ovor rou,,:>:hboundary is:

(b) Velocity di.stribution of flow in hydraulically smooth boundary

(a) Velocity distribution in liminar sublayer is given by -



••• (3.16)log (y/h) ••.e

= log [ rr-;;-J- j 1--j
e 1-J j-;'

..J

(b) Brook's (5) equation"
u*

UI= Umax+ ~

ii. Change in character of fluid dUG to suspension

i. Change in bed configuration

of materials

iii. Effect of seiiment transp.ort on flow characteristicfJ.

'." ...

The formulas of open channel flow discussod thus far refer

23

(c) Cheng et al (11 a) gave the following equatic,n for the

complications:

to channels with an immovable bed. HuvTover, the river bed consists

of movable seClimGnt and it stands to reason that an interaction

will take place between the flow and the bed with the following

3.3 TURBULEN1'VELOCITY DISTIUBUTION FOR IjND"'ORIvI FLOW OVER A
MOVABLE BOUNDP1{YOF ALLUVIIIL CHl\NNELS:

velocity defect:

where ~ = y/h

where, Urila~is the maximumvelocity and' h is the r]er,-t.hof flow.

where D65 is the particle size faY which 65% of the sediment .

mixture is finer.
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Special studies to investigClte tho validity of the clean

channel flow formulas for sediment laden channels have been

undertaken by Liu and Hwang (35) and V'tnoni (63). In all these

studies it turnoc1out that the formulas for clean water flow are

indeed no longer valid. Vanoni and Brooks (53) made special studies

to determine the influenci) of the sediment load upon the discharge.

From their studies it turned out that there is no sin,',le valued

relationship between the velocity and any combination of depth and
(

slope of river. The results (,f VanClni and cO-vrorlwrs (61,63) in this

regard, however, are purely empirical and no theoretical explanation

could be given.

Sayre; and Albertson (5!t) have studied the influence of roughness.
on velocity distributicn by varying the density (spacing) and magni-

tude of rougr.ness element in the laboratory :flume. Their results are

plotted in adimGllsionless form in rig. (:5.1). The distribution of

velocity is c1iscribed as -
,9--,=---==-' = 6.06 log y/x + 2.6 ••• (3.'18)

,j '1;, If
where x = a roughness parameter hav:img the dimension of length

representing the magnitude, spacing and shape of the roughness

elements.

The distribution of velocities in flow over sand ripplos have

been stuciied by Raudkivi (50), whOGGdata are plotted in Y'ig. C3. 2) •
The velocity ,Ustri bution WQS found tn follow a. logarithmic law as

long as the bed was smooth, regardless of wheat her the bed was

solid or mobile.
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~ eX- t6 '1.-1.. - ~2.
l [('0/e)CL+ off u~ .K:! __ ]

loge -- ""c<.., 13 1/).. (\K I i" _,,-u -::.-,,.---,'t',, ~'-ft u! '-
0(= Monin Obukhov power series co-efficient and

""[3; = Constant density gradient.

U-u=
*

equation to describe the v8rtical vslocity profile:
'w

I 1 -P7rL 1. J-
.3_ i ~ Q. - f-'(1-rr') - -
K~7\l2J7\ "fi
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McCutcheon (40) assuIDed that the open channel flow carrying

Toffaleti (59) from field observation sho~[ed that tho vertical

From [m errcr-flucticn moc1el Willis (65) gave the follDwing

and a parabolic distribution of eddy cliffusivity, but c)ther functions.l
an assumption that can be replaced by a linear stress distribution

tions to the use of the loga;rithmic equation over the entire depth
turbulent wall rogion or inerti3l sublayer (23). Most of the objec-

for:Ylcan be used better to approxir.late obsorved distribution.

arise primarily from Prandtl's ~ssumption of a constant strsss layer,

where,

suspended see<,imentvras analogous to stratified flow. Under this
assumption he showed that if the density profile can be approximate1
as a straight line; then the velocity profile can be expressed as:

velocity profile can accurately be described by the equation -

where U is the average veloci~y of flow in the mean depth section;

But in recent years suggestions frequently has been made that
the logrithmic velocity distribution should be applied only to the
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••• (3.23)

••• (3.25)

...• • •WbgK 'U
U* =

5.75

Umax - U ~[lOge~ F Y/h} + (11- Y/~(3.22)U* = 1 -

Garde (22) has suggested that a logarithmic velocity distribu- .
tion of the following form could be used in alluvial stream.

26

g* = 17.66 + 2~ log

equation for clear water is no longer adequate. A new equation for

p = is a normalized depth variable
where, m = is the relQtive distar.ce from "ued

Chien (12) suggested that the logarithmic velocity distribution

O'Brien (22) used the following equati'm to describe the velocity

Here K's is some length parameter. Indeed K's is the dist2illcefrom
the bed at which the above equation will give zero velocity.

distribut ion in ]\ilississippiriver -

wheret( is given by figure (3.3). This eouation is shown in figure
(3.4). Now' for g* = 0, + = 0.012, that is for t <0.012,

equP,tion (3.24) is no longer valid. This consi':Jer'3.tionsresults in

dstermini:'2g the velocity iJistribution of flow over alluvial beds
was developed by Einstein (52) which is given as:

a new approximate equation of the form of:

u ='IT
*
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••• (3.9)......

less effective and apparently the presence of sediment suppreses

is not valid for flow aver movable boundaries. Experimental evidence
presented by Vanoni and Namicos (63) showed that for the same dis-

11.1thcugh Frandtl's mixing length theory.was modified to deter--
mine the velocity distribution of tho flow over movable beds, the
assumption that

3.3.1 ¥ -Value:

of them varys with the sediment concentration)depth of flow bed
roughness etc. l~ain some of the equations are semi-empirical and
some are based on experimontal results.

Where Ae is a constant to be determined and Co is the sediment
concentration by weight at the top of the bed layer.

From the discussions made so far, it is now very clear that
the velocity distribution along the vertical of a sediment carrying
river is not yet fully understood • There are different types of
logarithmic veloci.ty distribution equation. But the main point is
that at the bottom the velocity become infini.ty since log 0 is equc.:'
to infinity. Moreover, the logarithmic velocity distribution equation
develops a number of new parameters which are not constant at al1.1\.J.:>

charge the avera.gevelocity for sediment laden flo',is large and the
velocity distribution is less uniform than for clear water flow
(Figure 3.5). In this case c~ is substantially reduced by the suspen-
ded sediment. In other words the turbulent intensity i~damped.
v.anoni (64) sussgested that a reduction of C\<V means that mixing is
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••• (3.26)......
by

enable us to estimate a new average value of c1<, it does not follow

Now it is to be noted that alth~ugh it was found that the

This argument can be correlated.with the 4C value and is ~iven in
Fig. (3.3). Scatter is evident but neverthless a reasonable correla,-

S = slope

Chien (12) postulates that.the main damping effect of the sediment on

where, C = average concentration by weight of a given grain size

tien is obtained with data from flume studies and river measurements,

U = mean flow velocity

suspended sediment per unit weight of fluid and unit time is given

or damps. the turbulence. Einstein at al (52) suggested the following
explanation. The rate of frictional energy spent in supporting the

turbulence takes place near the bed where the concentration is highest.
Vanoni and Nomicos (63) follcMed this idea and used Fs' the power to
suspend the sediment in a thin layer near the bed and found that the
data fits with less scatter as shown in figure 3.6. "~though these

that the velocity distribution of the mixture is necessa~ily lcgari-

change in K
thmic or that the average velocity increases proportionally 'to

value'indeed decreased with a concentrntion increase turbulence,
measurements indicated an increase of tho intensity with an increaso
in concentration. Recently Hino (27) offered a theory to explain



co-efficient.

that the rate of particle movementin a p"rticular dirGction is

'\(.values and of the turbulc;nc_

...
sedi'TIent transport accross unit area

3.3.2 DIF:FUSION CO-E:FF'ICIENT:

of turbulent motion, the change of the

intensities con be predicted.

normal to the y-direction

t:5 = sediment transfer co-efficient or the diffusion

co-efficient for sediment movementor the mass transfer

For vertical sediment movement'it can be expressed as:

tion some investigat ors have used ('.iff,usien mo"el. Here it, is assuf"c'
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this phenomenon. With two foundamental equations; an energy equation

To clotermine the distribution of suspended sec.iment ccmcentra.,

proportional k, the cr'llcentro.tion gradic'nt in the same direction.

\

for flow with suspended particles and an acceleration balance equaticr

Various solutions of diffusion equations assume a direct

relationship between the turbulent momentumexchange co-efficient "

particle fOllo1;led its liqui.d r)llvironment. At the present stato of

~ilC
P = Gs' "oJ

where, P = is the rate of

one of linear momentumis proportional and not n(~ccssarily identica:L

Someknowledge could be gained if we know howwillingly a solid

knowledge it is rossi ble only tr:, answer in a qualitative way.

relationship betiveen the diffusivi ty of solid particles and the

(f )and the mass transfer co-efficient (E< ). However, the
yr\ ;1
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••• (3.30)

••• (3.31)

...

...

as:

...

• • •

...

...

and

and

and Cm is generally given

fluids

Q rf
JJ = O.

w-'oc ,

w....,...o • ~=p= 1

B 3 f+
a~O(J - - -------

• A- 2.(-' ...•..0. ~s I ;)f
B .

a-+ 0 • --7'1
!l

relation bet1ileenE'",
E. fl. C-~ =('-,Cm

(6 = E;,/E,...,
By analytical reas;Jning Graf (20) has sho"n that.

a = radius of solid suspended particles.

w = circular frequency

L.J = kinematic viscClsity

o - den._sityof suspended particl8s)s -

2. For real fluids
Q E?r
J -r

2 q~+- s:L
)

1

1. For ideal

The

Thus for sediment in water it is not at all clear whenp is equal tu.

smaller than or possibly oven larger than unit or

certainly j3 depends on the frequency amI on the particle size (d)

and the exact interrelationship is very complicated. But for

. B
where ~ = amplitude r~tio and is given by Carstens(14)

A
2 ,,_"IB' Cj (Z\i) = EO"" -=I~'



results shows that on the average

The question now arises as to how fm varies .overflow depth.

Further ideas as to how the j3 value changes may be gotten from

Householder et al (26) and Jobson et al (30).

Forc~~rse particles

carried out by Anderson (4). Comparing theoretical and experimental
I (":.>1 )fr f~ I .
L U* hJrxp. JY* h -J 1:heoretical

ond/or, 4() 0.4. Moreover, it seems that

('J~ 1, or
;

is attractive. However, the determination uf e< from Rouse (48)
. ~

Expressions like C(y) or C(x,y) are dependant on the selection

of the value of e.c . Therefore, a direct oxperim'?ntal check on Es~
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that:

practical purposes anc'l ifw is about cons'Gant, one .might conclude

For finerBrticles

equation leads to much.scatter as the measurements C(y) have to be

differentiated. In Fig. 3.7 Coleman's data (13) have been plotted,

together with the theoretical expressions of ue~= f(Y/h~
* .

Similarl,)' Fig. '3.8 shows the plotting of the Enoree ri.ver data

of Em over the flow depth.

A nu.mberof models have' been propesed to approximate the distribution

which indicates that j3 )1
E also depends on w/U*.s .

Results of thG measurements of the transfer co-efficients are
/

few but for the momentumtransfer they do indicate approximately tilG
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...
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I(a) Schmidt (61), Dobbins (16), Mei (42)
6 = E-- = constants m

(b) Rouse (48)
6 m = f-s = U*«. y( 1-y jh)

(d) Jobson and Sayre (29,30)
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E- {_ \. _)"'03hU: =c<.-1<k.,(1-~)~-tC<2( 0'9/

0(

<:- tI = 0(, <K.(1- ~.) f, + 0( ( ) '\ 3
hU* I .)' j 2 0 -1 )

whero, \ = yjh
.J

parabolic form as obtained from lugccrithmic velocity distribution.
The distribution of E- s a:ppears to be a little asymmetric vrith the
maximum being 'somewhat closer to the cod than predicted. The mass
transfer co-efficient (Em) also indicate the above form at least
in the lower part of the depth, but they generally do not go to zero
at the surface and their values E!.ttimes depart appreciably from
those of momentum transfer. Here the moasurements by Coleman (13)
are typical as shovrnin Fig.3.? and 3.8. Several other equations
expressing diffusion co-efficients or f s are ~iven below:
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u*~,for Y/h; 0.5

*<0.5

2.1-2 for natural channels.

4.31 for flumes and=0.1,0(2

= 0.13,062

6-s

(0) Coleman (13) 0<3'

= Cmax = E<1 +~2 (()

s = 4 (*YhY/h) 0" max' for
oC= 0.38 and 3 =

= O.20 and oG 3 =
where,
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CH1J'TER - 4

DISTRIBUTION OF SUSPENDED SEDIMENT (REVIEW OF LITERATURE)

4.1 INTRODUCTION:
At low values of average shear stress at the bed of an

alluvial channel, the material moves as contact load or saltation
lead and the stream will have only clear water flow. With fUl"ther
increase in shear stress some of the bed particles are carried into
the main stream and thus lOOse contact with the bed. These particles
will travel with velocity almost equal to the flow velocity and they
constitute the suspended load.

4.2 MECHANISM OF SUSPENSION:

One of the most interesting problems in mechanics of suspension
is to study the exact method by which sediment particles resting on
the bed are carried in suspension. Jeffreys (22) has proposed a
theory based on hydrodynamic lift. Accordjn,z to Jeffreys, when the
lift on a particle is greater than its submerged weight, the partic-
les moves up into the flow. On the otherhani, it is also supposed
by some that the turbulent flt'.ctuationnear the bed or boundary are
responsible for the entrainment of sediment particles in the flow.

Laursen (36) visualized a somewhat different mechanism of
sediment entrainment. When a particle is moving either over the
surface of the dunes of over any small irregularity on the bed a
stage is reached when the particle loses contact with the bed
momentarily. If in such a case the gravitational force is small
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and the flow pattern ond the voloc:ity cf the particles are such
that it can be taken into the main flow and the pC:.rticlewill
move into the main flow. In this connection. Laursen concluded
that the rate of bed load will govern the rate of suspended
load transport.

The sequence of events leading to entraiment of particles
into the main flew is hypothesized by Sutherland (55) to be as
follows: As the rounded or oval (assumed) shaped eddies approach
the bed, they are distorted and the velocity of the fluid within
the eddies increases. Such eddies disrupt the laminar sublayer and
impinge on the surface layer of the particles. As a result the local
shear stress at the spot increases and causes rolling of the particles
at the inci.pientmotion condition. At the incipient motion the eddies
impinge at one spot once in a while an~ hence sediment movement is
intermittent. At high rate of sedimont transport, when eddies impinge
on the surface layer of particles often and at a number of places,.
they exert considerable drag on the particles and accelerate them.
Some particles, because of their position or because of their rollinR
up and Over neighbouring particles, project above the mean bed level.
In such a position they are likely to be entrained because of the
vertical velocity component of fluid within the eddy. "Ulotherfactor
that can assist suspension is the lift on the particles. If the
sediment bed is covered with dunes, the bed features aid the entrain.
ment process, the troughs and upstream slopes of the dunes being thc'
most active region.
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Bagnold (62) betsadvanced the idea that the sediment grains
can be suspended in a floF byintergranulal7'collisionsalone with-
out the aid of turbulence. Due to vertical velocity profile, there
will be.forward' and downwa~ as well DS backward and upwerd
momentum xxx'xxxx:xxxxxxxxxxxX\X:x:xx• Continuous impact of this kind

,will develope stresses with vertical aI1.dhorizontal components
that .Till be transmitted to the bed. The horizontal stress will
act as a shear stress at the bed. Because grain collisions are
important only at the near bed.region.,'such collisions !ldvanced
by Bagnold should not be of any consequence in the sUspension
process in the main body of streams.

One of the approximate quantitative indicator of the mode of
transport is (46) the ratio of w/U*. When

6>+>2, th:i.s condition signifies bed load.* .
2>+)0.6, this condition signifies salt!lt:i_on* ,

and 0.85) U*/O, this condition signifies suspended load.

From the discussions made so far, it may be concluded
that the physics of the process of suspension of particles
denser than fluid is still inadequately explained. AccordiTI0
to Bagnold (46) it is reasonable to assume that no solid can
remain suspended unless at least some of the turbulent eddies
have upNard velocity components exceeding the fall velocity
of the solid.
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4.3 THEORIES ON IRE DISTRIBUTION OF ~uSPENDED SEDIMENT:
In principle, the turbulent suspbnsion of seniment is an

advanced stage of saltation and bed load transport and one ought
to be able to nescribe beth by one theory but no such theory is
available a ~ prJ sOIl ~ -.in;:suspension is.conventionally treatGclas
a phenomenon of its own. The majority of the analytical treatments
are based.On the concept rJfdiffusion. These monels being kinematic
in nature, describe the distribution of the suspended sediment,
provided we know the concentrQtion at a reference level. The
theories tell us nothing about ':'hemechanism through Which the
particles are put in suspension or how much suspended se'1irnent
at a given flow can carry.

Although energy consi:leratj.onshad been applied to suspended
sediment before the diffusion theories were formulated this approach
has'received little attention. In th,,,following paragraphs discu-
ssions of the diffusion theory for the balanced as well as unbalan-
ced contidion'together with the energy and stochastic mOdels (for
only balanced condition) are taken up.

4.3.1 Diffusion Eguation:

To derive the equation for unsteady non-unifor ,1istribution
of suspended sediment in ,a two dimonsional steady uniform fJ.ow,an
expression is developed which states that in time~t, the flow of
sediment into an element of volume minus the flow out is equal to
the change in concentration in the volQme. Fi~. (4.1) in~icates



• •• (4.1)

6u 0\9
OR +'0:::1 = 0

...
and n0ting that

...
Dividing by

time L).\:as follows:

l ~1<.(vC) -r~?<(Ex~) - ';0 (VC) -t- ~~ (fO ~~) T is (l-J9]L''-x. b'/L>t

'0C ,.:1.)C """ 4 l-?it / l.

equating the contribut.iolls of sediment from the x- and y directions

to the increase in concentration within the elementary volume in

the differFntiol eau".ti.0-':1 for the concentration can be written by
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the flow of sedimcmt in time,c,t intG and out of the element of

volume in the x and ydirections due t, flow of water and diffusion"

The flow of sediment due to settling under gravitational attraction

is dgnoted by ~he two terms containing the settling velocity. Now

equation (4.1) can be wri tten as:'

-u 0C - '<l'P ( +- 6.1<. o""C -t -:a-tx , ~ -r 6'1 c;"'c -tox. ~()'j Ox'2..0?<." o'Y( U o~I'2..
+ o(\~0_~c_
0::) - (}t

. " (4'2)
Equation (4.•2) is the basic and generalized diffusion equation

for two dimensional di stri buti on of suspended sediment.

of the suspended sediment at the same depth is constant with

4.3.1.1 Concentration Distribution~r Equilibrium Condition:

F:lder equiliOri um or balanced c:mdition the concentration

respect to time disrGga~ling the turbulent pulsation. MorJover,

if the channel dimensiGns remain const'mt, it does not change :in

successive cross-section along the main c1irection of flovl provided

that the same d.epth is al\va.ys consi'dered.
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... (4.5)

...

...

• • •

.;, .

= 0

constant equation (4.3) reduces to:
is'of second order and when the fall velocity is

f. oC
wC + j" 'OJ

- W (':)-0.)/ E~=(2

oc o~Again -,-2.
?I::J o~

assumed to be

(4.2) can be written as:
'() fC

j
" ~) + ">.o~(Ill c,''\ =0'021'-'.' '0 ~ u u -:.J
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To lmderstand equat:ton (1,.4) it is to be noted that material
in suspension is subjected to two actions. The first is the action

Schmidt (61) assumed that both fall velocity (w) and

of the upward and downward turbulent velocity component. The second

4.3.1.1.1 Diffusion Equation for Equilibrium Condition:
For steadY(;~= o)and uniform (Ce~ivative with respect to

x is zero) distribution and when mean flow is horizontal equation

is the gravitational action which causes the settlin.c;of sediment
which is heavier than water. Eqlntion (4.4) is known as the diffus-
ion equation for suspended sediment under eauilibrium condition.
Different investigator solved equation (4.4) in different ways
which are discussBd in th,_,fol.lowing paragraphs.

diffusion co-efficient (':~is constant with respect to y and gave
u

But as we have discussed in chapter 3 that the momentum
transfer co-efficient varies with y, the assumption that E is

'y
constant is a rather bold one. Moreover, from equation (4.5) it is
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at the bed.

shows a graph of Rouse equa.tion for several

D ~ a ~ Zo •••. • • • • ., (4.6)

is the exponent of the sediment distribution

= (n;y
'iT= U*<K.,

Figure (4.2)

C
Ca

equation.
where, Zo

seen that concentration distribution is independent of the velocity
profile, which is not true. Hence furt~er refinement of thiS assUffi-
ption is required.

Using equation (3.34) Rouse (48) gave equation for the con-
centration distribution along the vertical as:

values of the exponent of Zoo IL)'iTeVer,Rouse equation raises a
number of questions (31).

(a) The solution given in equation (4.6) gives the relative
concentration since a reference concentration (Ca) has to be
known. The reference level (a) should not be choosen too close to
the bed a~ the differential equation is not valid there.

(b) The main problem exist near the bed. It can easily be seen
that C(O)~OCwhich is physically impossible as the concentration
can't be larger than the concentration of the loosely pncked sand
at the bed (31).

has been introduced which means there j.sno exchange of sediment
(c) The inconsistency near the bed is rue to the fact thatE:,(o}=-O



...

the velocity distribution equation. From

( () lJ .1-':J/hC j- IA. ::: _ _( i-C) Co. j i- 1).,/1,

.~

a plane bed the .origin of the Z-axis is difficult to define.

(d) Definition of th8 location of the bed is difficult. This is
obvious if ripples or dunes are preson+', but even in the cnse of
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Laursen and Lin in their discussions to Ismail's paper (28)

argued that {;~:.(6 f>T) and that the power law of velocity distribution
holds gocd for the whole depth. Thus they gave:

Toffaleti's field observation (59) it can be said that the velocity
distribution taken here is of the same form of equation (3.19) and
moreover Ey =(bf::m indicates that the equf'.tion(4.7) will give a
better sediment distribution than the former equations. But the
most bold assumption in this case is that the particle velocity is
assumed constant which is not true.

On the otherside Hunt (22) has taken into account the space
occupi,~ by the particles suspended in the fluid and has obtained

•
the following relationship 'for the volume concentration.

where,

and y/~ = t ' and a/h
ill bein6 the exponent of

~

leg



• explain discrepencies betw8en river iJ'lta anet the theGry. The modi-

fications all involved changes in the cGncepts of the details of

..

.•• (4.9)

'" (4.10)

• •• (4.11)

...

...

~1-.v!hJB 10" B-
°e- y!h +

u - Umax

u*

Moreover Hun~used equation (3.34) for f:: y and cO.lculated the

veloci ty gradient fi.-c,r;,tl,e fcllowing equation:

unity and the constant KHis simil'lr to Karman's universal constant.

Equation (4.8') is not used in practice because of its complexity.
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where A is a constant which has a value slightly smaller than

where B is a constant to be determined experimentally. Pain tal

and Garde (43,) concluded thc.t equation (4.8) and Rouse equation

(4.6) fitted the flume data equally well and therofore, that

equation (4.6) was preferable because of its simplicity.

Einstein and Chien (62) proposed several modifications of

the theory on which equation (4.6) is based in an attempt to

the turbulent exchar~e process. This theory is based on the idea

of the mixing length which is taken from Prandtl's theory of

turbulence as:

1.:/1 '" 2 K u*Q1i? ) y
and
1 . I ( h::.Y.)'" B1Ky 4 h. .. .

where B1 is a dimensionless factor. Einstein and Chien's differential,
equation was:

•
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••• (4.12)

• •• (4.1 3)

equation (4.6)

= 0J (~)

i.e., 6 y = ro Em. Hence, the li;litations of Hous:

where, Z1 =

( h y _1 ?Ie
wC + Ky u*\:::h ::; 0.:1 + Nw<K y
where,'([ = B1 ( t - AI)

and t~he solutio~, of thre equation
£.- _ i - J h~a.. i +N 4>',,1:\ J~J h-;,C,
Co..- 1- ~ \-::t Li+ r-h~\j

Here, Einstein and Chien again did the same assumption of ROuse

wC

are also valid in this case also. Moreover, when y = 0, equation
(4.13) gives C = C() , ,[hich is not c(Jrrect. Again when A1 = t or
N = 0, equation (4.12) then becomes:

equation is a modified forn of ;=(ouse' equ'ltion or vice-versa.

general mass balance equation by introducing certain assumptions.
Integration of the ,basic equation yields an expression for the
distribution of concentration. The vnlidity of the results is
governed by the assumptions introduced (See figure '-1-.3). These
are as follows:

- In conclusion it may be stated thlltthe baste eauation of
the theory of turbulent sediment transport was derived from the,
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(a)-The process is Q steady one
(b) Coll.isionsbetween the p9.rt:i.cl'asc'lonot result in comminution
and the particles are of identical size.
(c) The fl'M may be regarded two dimensional
(d) Variation in c0!'cen+ration occur in the vertical direction
only.

(e) The mean value of the vertical component of flow velocity of
water is much smaller than the fall velocity and can thus be
neglected.

The applicability of the relations derived depends on these
assumptions being satisfied.

4.3.1.1.2 The Energy APproach:
liubey (46-) a'pproached the sediment transport by flow as a

problem of exp\3nd:Ltur(~of the strem!lenergy aneTthese ideas were
further extended by Knapp (34). However, tho major tievelopment
of the concept is due to B3.gnold (6,46) although Valinakov (6)
proposed his gravitational theory which leads tr:, similar results.
Valinakov gave three basic eq~ations for his gravitational theory.
They are -

~ (] S (i - C1.9)19- == ('?, -f)O W C\j (J -(19) +p;}'jW-Cv).j CI ] ~ (4.14)

,.here,

C = mean value of volume concentrationv

S = relative slope
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~ = density of particle
?= density of' fluid

Valinakov claims these equr:tion to provide answers to the
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v = main velocity
V'= fluctuating component of v,

However, the following points are to be noted re~arding

g = lIccelera+jon ".ueto grcnrity.

term representing the work of suspension.

llccordingto him the L.B.S. term of the equation indicates the
loss in potential energy Over unit len~th of flow, the second term
of the R.H.S. is the work performed by the resistance and the first

and

a fluid stream is capable of carrying.

tration over the depth of flew.

following two questions:

(a) What is the quantity of a particular sediment material which

(b) What is the law controlling the variation of sediment concen-

Valinakovs theory:

equations are ?ero.
(1) For the process to be a steady one, the first term in all
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klnetic energy for the two dimensional cases.

1. Conoentration resulting at the surf'ace is
zero even in the case of rather high sediment
concentration and small particle size.

Limitations or cbjectione to the gravitationaltheory

1. Valikanov neR:lected the relat ion IClndthe
'3ffect of collisions between particlez,which
may assume si~"nificant proportions in suspen.-
ded sediment transport.

1. Valikanov's gravitational theory neglects.the
increment resistance caused by the presence
of sediment •

.2. The expression for'momentum current anp. momen-
tum current density in Valikanov's theory was
unfounded sinoe the solid and fluid phases
pass simultaneously through the area of magni-
tude equal to the length of the differential
element ( Sx = 1).

In addition to these seve~al investigators gave objections

the sediment is tE,ken into ccnsider"ction.,dth the ave.rage concen-
tration Cv only.

(2) The polydisperse character of the fluid is neglected and

transport equation c'fthe combination of water and sediment.
(,) Equation (4.16) is simply the two dimensional momentum

to the Valinakov's gravitational theory. The objections are summeri-

(4) Equation (4.14) and (4.15) are the, balanced equation of

sed by Bogardi (6) in the following way:

1. V.M.Makkareev &
A. n. G:telshaev

Investigators

2: A.D.Greshaev

3. !i.E.Ivanov



4.4 CONCLUSION:

conceptual p~Jblems to overcome. The diffusion co-efficient is a
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1. Valikanov neglecterr the energy due to
turbu2.ence of the streams.

4. E.N. Teverovsky

4.3.1.1.3 Statistical Models:

W.eather diffusional Gravitational or statistical, the models

by nature it is only natural that distribution of suspended sediment
should be subjected to description by probabilistic methods. Again
since the equations of (Effusion can be put in the. form identical
with those describing random functions. the present article will

Since suspension it> maintain by turblllence which is random

give only the references wiohout any detail discussions on the
oapPJAaches. The studies of suspension which have led to the statis-

tical method started with attempts to relate the particle motion to
turbulence. One of the earliest an:l most quoted theoretical treatment
is that by Tchen (Delft Ph.D. Thesis, 1947) (46) which is summerized
by Hinze (25). Besides this references for statistical models of
approaches can be made to Bayazit (7), Bugliarello and Jackson (8),

be suspende,l in a given flow?" or what is the mech8nism of sUspen-
sion ? Even within the v8rious theories there are analytic8l and

are not capabJ_e of ans,rerin,o;Questions like "How much sediment can

second order tensor, like. stress and is not symmetrical in non-

.Chiu and Chen (15), Prad9d (44), Sarikaya (57), Sayre and Conover
(58), Todorovic (60) and Yalin and Sayre (61).
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isotropic turbulence. The solution depend on the distribution
of shear stress and velocity in the flow of mixture and little
is known about it. The use of clean water values can hardly be
justified from a theoretical point of view because even the mean

velocity profile is appreciably chanced by the presence of suspen-
ded sediment as seen in Cha,pter-3. Valikanov's gravitational
theory also has limitations. Starting from the general dynamic
relations G.Karadi (6) succeeded in developing the basic equation
of the diffusion and gravitational theories alike and found no
'substantial difference to exist between the t",o theories as long
as the flow is a steady one considering the fact that diffusion
theory better fits the observed data well, the non-equilibrium
distribution of suspended sediment phenomena will be discussed in
the light of diffusional theory in the following articles.

4.5 REliIE\if OF I,ITERATUHE ON r{ON-EQUHIBHIUM DISTHIBUTION OF
SUSPENDED SEDIMENT:

Equation (4.2) is the generalized two dimensional diffusion
equation. This is the basic equation used to solve dispersion
problems. Se.yre (56) discussed in detail the assumptions that go
into the derivation and applj,cation of this equation. He noted
that this equation describes the dispersion process quite we,ll if
th.e disper8ent is in solution form or if the soJ_id particles to
which it is applied are of low volumG'concentration so that the
volume they occupy is negligible. HO'treverapplications of equation
(<1.2) requir'3S simnlifying' afjsumptions.
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...
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of E-x and E with
0""( "ljVe y
- «--and
0-)(2- O':)'l.

obtained the equaticn

...

...

f=eands m

case of steady non-uniform sediment

oc
O\::

Kalinske (33) neglected the varriation

2JCGt- = O. Then again he took
x and y respectively. Also hG assumed v = 0,

as:
'), '",. a"'cu ~ = '" U,_ /' __

•• 0'-' + Cs '''",2-OJ( J oJ

Equation. (<;..17)considers the

Dobbins (62) nssuming thnt all derivatives with respect to x

boundary conditions:
i. C = 0 at x = 0
ii. C = 0 at y = C>(j

using these boundary conditions Kalinske obtained the solution as:

C _.c>- tVYcs JC: [13 Es7C/v• w :1/2E~J "
Ca-,- - ~ -012 . Smlf)~dO ..• (4.18)

6

2 w2where, B -- n + ---- and x is the dow'nstream distance.
'4 E ~s

and iii. C = constant at y = a = 0

distribution. Kalinske solved this equation for the following

Equation (4.18) ret1UCes to the equilibrium solution when
6 is constant. There is no experimental evidence to verifys

equation (4.18). Neverthless this e~lation provides an insight
into tho factors affecting equilibrium condition.

in equation (4.2) are zero ~~ld that u = 0 and
Presented the onc-, dimensions.l diffusj.on equation as:
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the rate of deposition

E. oC
0, s o~ = - WC.

2. The rate of sediment picks up equals

on the channel bottom. That is at y = a =

In = COS 0( l{ + W ~. 0( j and is the samen 6 2 E ,-v'
........In n

s~~n
as in the Te18:tion:

where, Co = conc
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Dobbins solved this equation using two boundary conditions:

The initial condition was obtainf'd from a known consentration

distribution. Ultimately he obtained the following solution:

1• No.net transfer of sGdirncmt through the water surface i. e. ,
()C

at y = d, Cs ~ = - \'Ic and

'2-.
- 0( +n

dO(. do<'/2J:-s2 Cot doc = -'/ -----
hie.< 2.E:;, eX-

Equation (4.20) rec1uc'"s after st'"ady state is obtained to
~o(

WC + f '" (j 'Q = 0

IfEs is constant with Co = 0 equation (4.20) provides a solution

for the case, of SCO'lr in which the original concentrati.on is ZGro.

for all values of y. Equation. (4.20) has be en checked experimentally

similar to one use'1 by Rouse (48). Experimental data obtained are

compared ,,,i th values prudictecl by equation (4.20) ann is shown in

with good u.greGment. The ,,,xl~8rimental set up as used by Dobbins was
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(4.21)......
boundary conditions.

safely eonclude the Yfllic:.ity of the basic equation

The approaches discussed so far are based on the uniform

Now, as not:~'dearlier, it is seldom that a river flo ....r exper-

Dobbins contribution was successfully r'pplied to the design of sedi-

before" proceeding to thG solution of' the fundamental equation of

mentation basins by Camp (11).

.I .•

turbulence distribution. But in actual streams, the turbulence

figu re (4. ,1-) and (4.5). From firmres (4.4) and (4.5) one may

intensity and thus the diffusivily vary with distance from the

diffusion. These are

1. Wheather the particle fall velocity is influenced or not by

2. Wheather the turbulent transfer of discrete particles as well

the turbulent fluctuations of the fluid.

of momentum.
as the transfer" of fluid particles is similar or not to the transfer

Question (1) is answered in detail in article (2.14) and for
question (2) reference should be made to Jobson and Sayre (29,30).

bottom. Therefore, in principle two questions must be answered

such conditions, the following processes take place _
ience a sudden change in bed rou6~~ess and bod material sands. In
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•.. (4.22)

...

0.. re

...

'1;' OJ: .i, 2,:3 .. ,' ",n'

- ra:= 'l tanh) (4;
";,1 f1. V

"

" .•.. ""
l' .,

2. The chp~ge in the bed forms of loose boundary

If the first two ~rocess8s are neglected the problem becomes

3. The non-equilibrium transport of suspended sediment.

1•,The deyelopment of internal boundary layer

analogous to the standard heat conduction problem. The basic partial

oC d /c. de) DC
u oX = 00 (Ld '00 -r\)(/ CJa

The boundary conditions are as follows:

differential equation then is:

Mei (42) obtained an analytioal solution to the above equation,
assuming that U Qnd Ey are independ'mt of y and constant. The

and D = constant diffusion cosff. The main objections to Neis

C = 0, for x(.. 0, d )y) a

Ey• ~~+ wC = ° for, X)0, Y = d
C = Co. for x) 0, y = a

(42) analysis are:

•



•.• (4.24)
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2. Velocity vari!'.tion ellong the vertic'l} is assumed to be constant
I

which is not true for natural as well as for turbulent flow (Art.3.3).

C = 0 for x (..0,
"

C = 0 at

1. Diffusion CO-efficient is assumed to be constant (Art.3.3.2)

Similar objections as to Meis (248) analysis can be put

3. Fall velocity of particles is assumed to be constant which is
contrary to fact.(Art. 2.1.4).
4. The boundary condition

indicates that values of x may be negetive. But eauation (4.23)
was not verified experimentally for a negetive x value. Moreover,
a negetive x - value is difficult to define physiCally ••.

On the otherhand Hjelmfelt and Lenau (23) derived 20n analytical
solution by con~idering that Ey is given by equation (3.35).However,
the boundary condition at the slITface is given by:

and the

forwGrd for Hjelmfelt and Lenau.'s (23) analysis eXcept that the
boundary condition is justified in this case.

_.
.where, X t:x y= Y/d= d

C = c/Ca, 1\= w/jbKU* , E =(3 etC u~_ (3= 6y/ Em'
A = aid
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Kerssens and et al (32) assumed that Ey = Em = KU*d(1-y/d)

and they adopted Coleman's (13) experimental results on sediment

diffusion co-.efficient equation 3.37. The concentration profile of

their analysis was given by th" equation for uniform flow .

•.. (4.25a)

•.• (4.25b)

NO;T, equation (4.25b) is similar to House's (48) solution

for equilibrium case. This indicates that when y/d = 0.5 the suspen-

ded sediment di9tribution is the same as for equilibrium case. There-

fore, the same question arises for the validity of equation (4.25b)

as was seen in case of Rouse's equ2tion (4.6) in article 4.3.1.1.1 .•

Again, ec;~ations (4.23), (4.24),(4.250.) and (4.25b) contains an

exponent of the form of the exponent of Rouse t s sediment distr,ibution

equation. From article (3.3.2) it can be said thnt the exponent of

the equ'J.tions requires further modifications, to'fit correctly the

observed .data. Therefore, it can be sa.id thClt to get a true sediment

distri',:mtion profile. One must consider the following parametErs:

1. Velocity a.s a function of depth (y)

2. Settling velocity as a function of concentr2tion

3. Diffusion co-efficient as a function of Frandtl t s mixing length.te',." '
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CHAPTER - 5

FORlVWLATI01\fOF THE EQUATION FeR NON-EQUILIBRIUM
DISTRIBUTION 0]<' SUSPENDED SEDIMENT

5.1 INTRODUCTION:

From the discussions on the previous chapters it is evident
that the existing equations can not reliably ~ive good results.
The assumptions made by several authors are sometimes quite con-
trary to the existi~ fact. In this ch~pter several new assumptions
are made to solve the generalized diffusion eouation.

5.2 FORMULAT:ON:
From equation (if. 2) the basic and generali7.ed diffusion

equation for the two dimensional distribution of suspended sediment
is:

_ U ~ _0~C + t: o'''C + 'Of>;- (j C + E •(1"( + (jC .~ o<!:J0 = aC
ox 0 x (J(JZ' Ui( '0>( Y ClO2. '0(1 O(} Cld CJt

Following Kalinske (33) it is assumed that Ex is very small and
2J~-C (j"'C . .

can be neglected and also ';'2« O' 2-' Therefore equation (4..2)
?l . .. a

_uoC :.. ac E ci"c '0 E,::J oc. a ocv-+ __ ..I.-
(j:;' --+ (r~(wc) = ... ( 5.1)0)( {yO Y'0Ci'l.-' rod ot

'de
(j

For steady case at = 0 and therefore
oC Be '0 c. 'Oc 'Q (5.2)- u-- v-- + 'ol '-Ydd) + '"»0 (wc) = 0 ... ...ox. '00 0

or,
OC '0 -ae o . 'OCu --= ?Jl Ey 7J 0) + '()(llC.) - v-- ... (5.3)
'0')( (J r

CJo
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.0. (5.5)

...

..• (5.6)

...

(w-v) 0

...

'0+ --DU

of y and bence:
c(. aOC

u-=-([ _)
'OX 00 y DU

Thus if

To solve equEttion (5.6) several boundary conditions consistent

then it ban be Raid that equation (5.4) takes' care of the turbulent

the bottom.

particle. If w is greater than v, then the particle will fall at

Now, the term (vl-V ), gives the net vertical velocity of a
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From turbulent theory it can be assumed that v is independartt

velocity component in the vertical direction, which was not taken

into considerations by other investigators. Thus. equation (5.4) is

witb the l'8.ct are assumed. They are:

1. C -- ° at x >0, y ~ h according to Hjelmfelt and Lenau (23).

2. The boundary condition at channel bottom is less apparent than

those at the free surface and along the y-axis. Kalinske (33) and

Apmanand Rumer (3) assumed that concentration is constant along

the chc-nnel bottom. The same, boundary condi ti on is adopted it). this

case also except that it is assullldd th"t C = Ca = const. at y = a,

where a is a constant and greater than zero.



(5.10)

(5.11 )

(5.12)

••• (5.7)

••• (5.8)

...

...

...

...

...

.. .

...~

(5.8) and ('5.9)

...

IT ' / )n-.-, =Dlyh
U

is adopted here that is

where, u= velocity at 2. depth of :fromthe bottom
IT = Average velocity
h = Depth of flow
n = an exponent
D = a constant

For diffusion co-efficient Raudkivi's (46) analysis is

NOli', from Frandtl.'s theory of turbulence (63) the mixing
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From chapter -3 it is seen th2t Toffaleti (59) gave a
simple equation (Rq. 3.19), which described the flow velocity
variation along the vartical Quite well. 'TheSlImeform of'ecuation

followed here, which is given as:

length is given as -

where, B1 = a constant. Hence, from equ"..tion
2 d. 2,.JJ2.- 2 ( I) (Hte y = I cry = B1 Tv Y 1-y. h '0 y

But frvm equation (5.7)
au (\v
OJ = T ...

.. ~'1.-",'L ( /'Therefore, Cy = nB1 9'\_ y 1-y h) U

Fig. (7.1) shows the diffusion distribution from equation (5.12).



58

••• (5.13)• ••...
as in equation

suspended sediment were carried out under the assumption that
fall velocity of particles are constant. But from article 2.14
it is seen that fall velocity is related to the concentration by
a power law. This concept has been used in the present investigation
in a modified way, as described below:

Almost all of the investigations on the distribution of

From equation (5~13) when y = o. W = 0 which indicates that

sediment. Therefore fall velocity at this section is equal to the
fall velocity in clear water. But as y decreases the suspended
sediment content in the flow increases and therefore the fall

Let in figure (5.1) at y - h, the fluid is free of suspended

velocity will be reduced corrospondingly~ Therefore it can be said
that fall velocity is a function of y. Based upon this reasoning
here it is assumed that variation of fall velocity along the vertical
can be expressed by an equation of the form of

w
W
s = (Y/h)1+n
o

where, n is the same

at y = O. fall velocity is equal to 7ero which is a fact, because
at the bed of channel particle can not have any downward velocity.
Again equation (5.13) also sh~ws that fall velocity is equal to
clear water fall velocity when y = h, which support the boundary
condition that at y = h concentration, is zero.
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...

")0('i
(2+n) ':1/~-oJ
.•• (5.19)

...
(5.12) 8nd (5.15) in

o"'"c
y( 1-y) '0 n I0'-

c = c/ca

X = nB')...K- x/h1
y = y/h

o+'ve J.Jo
Dh t

(1+n) ~ Wo = nB'2-<K'l...ry(1-Y/h)
DhU 1 L

To reduce. equation (5.19) int 0 a non-d imensional equ8.tion .lot
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Now, differentiating equ8tion (5.13) with respect to y, ,

Let for simplicity, it is assumed that the ratio of Ws/u is
Ws Q.. 'l.- Woconstant and is equal tc IT = nl3, K 1\.= -_- ••• • •• (5.18)" DU

Then equation (5.17) becomes:

That is,

equation (5.6) one will get,

oC--
ox.

'OWs ( 1+n) (Y/h)n. 111
0-= .

?JY h

That is,
~'~s

=4f2-. woU
~y 'Dij ...

Now, putting the values from equation (5.7),

O(--=())(



••• (5.2.4)

...

...

(2+n)1] ~~

••• (5. 20 )

•••

...

...
F" + [(1+n+/\ ) - (2+n) :J F' + K2F = 0
equation (5.22) is:

_ [K2::.. i\ (i.;. 0J X

G= Be
Now to solve equation (5.23), let

)= 1 +n+A.
oc= 1 + n + P2
(6= + n - p2

Therefore, the two resulting equations are -

Then equation (5.19) becomes

C = G(X) F(Y)
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One can obtain

oc---aiL

and, Y(1-Y)

with the following boundary conditions:
C = 0 for Y = 1, X~O
C = 0 for 1 '#'/E = YA • X = 0
C = 1, for Y = YA • X > 0

Equation (5.20) can be solved by the classical method of seperating
variables. Hence assuming

Solution of



lYI<1

->-o<-(!> .

]+ 13('-'() H [1-(', -J-,,-. -->-o(-P+1. 1-;rJ.
. (5.26)

Where, (o<..)m= 0«(0(+1) (0(+2) (0(;+3) •••••••• (OC+m-1) for
m ;::y 1 and (9G-) 0 = 1

expressed in terms of hypergeometric function of the form:
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and K2 = -0<-(3 = [p2 -t"2nJj
then equation (5.23) becomes:

Y (1-Y) F" + [?-(oG+j3+1)Y] F' -06~ F = 0 ••• ••• (5.25)
Equation (5.25) is a type of the hypergeometric differential
equation. Hence the general solution of eou')tion (5.25) can be

FOr the interval 0.( YA~Y ~ 1 the general solution of
equation (5.25) is:

where A and B are arbitrary constants.

therefore,

Combining equations (5.24) and (5.27) the ~eneral solution
of equation (5.20) can be obtained as -

C(X,Y) = BE e-[x
2
- ?I(1+m)JX. (1_y)..?-o(-ft>H [)i-f!'. -i-"",) -J-q-fi2>+,:I-I) 5.28)

Now from the first boundary condition (equation 5.21),
it can be seen that value of A of equation (5.26) is zero and
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~,
"

\
\

1:
I '
l, I
i

•••(5.29)

•••(5.30)

••• (5.31)

~ue to the

...

...

. ,

...

...

of suspended sediment under equilibrium

In this case, for.equilibrium condition one can write:

can be used for the distribution of suspended load under
Now the interesting point of equation (5.28) is that it

equilibrium condition also. This is described in the following

'OGgives: for ~X = 0
2p2 = ll+n) + (1+n)/l

4
The 2nd term of the R.H.S •.Of equation (5.30) arises

OG - 0
't>X-

Equation (5.29)

Under equilibrium condition the concentration of suspended
sediment at a particular level does not change with distance, that

OC
is, eX = 0

5.2.1 Equilibrium Condition:.

or P = (1Zn)

Thus the distribution

condition, if the fall velocity is constant, then one should assume

condition

that (1+n) is negligible and hence in this case it is neglected
and therefore equation (5.30) reduces to:

p2 =E1;tf

article.

variation of fall velocity with depth. Hence in case of equilibrium



• •• (5.33)

••• (5.34)

•••(5.37)

under equilibrium

...

•••...

be expressed by the equation:
A

(I-Y) . i::' ,1+n (1-Y)
Vr)+A g,

(l-Y) is called the Jacobi Polynomical.

If a = 1-n, then one will get
1\ .

(I-Y) ~ClX,Y) = BB ---~-. H r-n,a+n, 1+1\. ,1-Y •••
vl"ltA L
I

Therefore, the distribution of suspended sediment
condition can

C(x, Y) = Bli

Where,

rltll - >- [CA,I+)-.

C(X,Y) " (1-'1) ~ (1-'1)
•••(5.35)= . (I-'AY' . EQ,Ht_y,lilt"

Q , ••). a ( ,.,)
Neglecting the .~ (I-Y) one will getratlo

E(I..,,+)\ 0
i'\+n IIa ('-1A

c(x,Y)
y~ (I-y)

••• (5.36)= Q-'rA)i'- •••'( ;l\+n

C(X,Y) =

If n is taken equal to zero for constant velocity. Then

Now, equation (5.34) can be put in form as that of Rouse
(48) equation by assuming that at Y = YA, C ~ 1. Then equation
(5.34) reduces to:
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(5.41)

(5.38)

o and

.equation

5.2.2 NON-EQUILIBRIUM CONDITION:

Therefore equation (5.40) reduces to

- 1)0'_ 1'j\.r 0<> - LIi,~- :I\(I+"')J X :l
C(X,Y) =C;] l\I~:I jH lAte, ,(1(,',~2J

- I- t=1 .
,Now one of the boundary condition is that at X = 0, C =

therefore from (5.41) one will get

C+n 'A 1+n ')" '). ..lH T + ~\ + P, T + I\.- P, 1+1\, 1-Y~ = 0, such that at Y = YA,

C(x,YAJ = 1,. New let Q(Y,Pt) = Hfi+()+7I+p. 1~+7\-p I+}. 1-",/ (5.40). L'l- t.' 2 1:' ' U

sediment undGr non-equilibrium condition now stands as:
- (}<.'"':. f\(I+0J X

C(X,Y) = Bne ,H[ I+:+r-+p, I:;:-'+i\_p, 1+!'-, '-'(]

:F'ollowingHj elmfelt and and Lenau (23 ) let
j

(5.38) is written as a series of the type of

[
~-Y JI\[ 'G _)f1tAl-~-[K;-NI+0JX r1+n

(C(X,Y) = r-::'l"; L 'I _ 1+) e ' HlT + ;;"<PI!

G .
~+7' ...." ~)c: I\.- \, 1+ I\. ,1 -Y I I

-'
where Pt are the roots of.the equation

.Which is of the form of Rouse (48) equation.



(5.42)

••• (5.45)

\

">- -A.Multiplying both sides of equation (5.42) by yn+. (1-Y) Q(y,Fp )
one will get
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Integrating equation (5.43) within the limit YA to 1,

j'A, 'tc,-'r)QCy"o,)G.(y,lI) ~'r~-J ~"'(,-y)G.(y,r,) d '1',
~ ~~In Appendix-I, it has been shown that Q(Y,pt). t = 1,2 .••.•..•

r- -).,.form an orthogonal system with the wei,;;htfunction yn+ (1-Y) and

as follows:

Therefore, equation (5.45) reduces to

therefore from equation (5.44)
,1 ,_1 yl1tA (I_'(SA Q ('() PI:) €I Y

y" ' "

~ = J: lolt~(1-'6!-c1(y, P
t
)dy , t = r ...

,From AP~endix-II values of the integrals of equation (5.45) are
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66

••• (5.47)•••
2:Pt

At = Lp 2 _11-11;\ rl". PC) Q (y .,,)
t \ 2 I ()P A'~t
. _.

under non-equilibrium condition is:



OHAPTER - 6

EXPERIMENTliliINVESTIGATION

6.1 INTROmOTION:
The experimental certificRtion of the analytical solution

described in chapter-5 for the distribution of suspended' sediment

~~der non-equilibrium condition was made in the lliver Engineering

Laboratory of the Water Resources Engineering Department of BUETo

The experimental set up as well as the measuring technique are

discussed in the following a.rticles.

6.2EXPERIMENTt1 SET-UP:
Sediment free water was allowed to flow over the 70 I x 2+ I ".

2+' tilting flume bed at the entrance. The sediment free water

gradually started picking up sediment from the bed until equili briu'

is reached. Water with suspended sediment was transported to a

settling tank, where particles in suspension settled dOl,n. The cl",'.'-'

water (water at the upper level of the tank) was then delivered to

the &unp tenk attached with the flume for recirculation. Detailed

descriptions of the experimental apparatus and auxilliary equipmen"

are made in the following articles with reference to Figure 6. L,

6.2.1 Settlim; Tank: 'nlO settling tanks of dimensions 40' x 2-:"

2'-6" and 70'-0" x 7'-6" X 2'-6" were used to collect the vTete:"

with suspended particles from the flume. The smaller tank may be
".

called an additional settling tank in l,hich sm",ll brick baffles .0:'

•



68

l' height were used to retard the fluid motion. This tank was
located 3' .it above the larger settling tank or the main settling
tank. Partially cl.eared water of the additional tank were trans-
ported to the main tank by gravity action through two 8" diameter
pipes. Pumps for delivering cleRr water to the sump tank of the
flume were installed at one end of the main settling tank.

6.2.2 Pumps Used: In total. four number of pumps were used for the
experiment. Two of them were set to pump water into the main chaWle]
from the sump tank and the remaining two were used for delivering
the clear water from the main settling tank to the sump tank.

6;2;3 ~rculating Tilting Flume: The 70' x 2.5' x 2.5' glass
sided tilting flume of the River Engineering Laboratory had been
used as the semi-rigid channel. The thickness ot"the sand filling;
was 0.5' and this vTaS kept constant for every set of run. To protec"'
the over all movement of the sand bed from the flume a.0.5 ft high
steel plate was put at the end of the flume.

6.2.3.1 biscltrirgeand velocity measurements: Flow meters were (one
for each line) attached at the pipe lines connec'ting the flume outle
and the additional settling tank. Thus the discharge through the
channel were obtained directly in litre/second. The velocity of
different levels of the main channel were determined by a current
meter.
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6.2.3.2 Determination of concentration: Sampling of water
containing suspenJed p3.rticle8 ,vere ID2de by syphonin,g method.
For this purpose a til D glass tube is b(mt into a L=pattern
(See Figure 6.2). The top end of the lar~8r limb of the L-tube

W9.S pushed into 3. rubber tube which termin2.ted into the s'").mpling
beaker. Water entered into the lower horizontal limb of the L-tube

was forced to flow upward to be collected at the sampling
beaker by creating a vacum in the tube by mouth. The volume of the
sample was then measu.red. Then beaker 'ifith the sample in it was
put into an oven until all the water he,d been evaporated leaving
behind the particles in the beaker. Then the weight of the particles
was taken to find the amount of particle per unit volume of the
sample.

6.2.3.3 Bed materials: Sands were used as the bed material of the
channel. The thickness of the sand bed.was kept 0-5 I for every set
of investigations. Three types of sonds namely Type-I, Type-II
and T,ype-III were used for three sets of investigations. The grain
size distribution curves of the bed material sand are shown in
Figures 6.3, 6.4 and 6.5.

6.3 PROCEDURE:

Runs were conducted for three different fall velocities of
particles (hence three types of bed materials) and for each parti-
cular fall velocity investigation again were carried our for three

.'



starting of the pumps.
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When the desired condition at the sampling station is
reached current meter readings at the sampling sections
were taken along the centre line of the channel see Fig.6;fti.

, tube which was not fixed earlier.
,

,

~."'lstalled.&Lmple from depth oiy /h = 0.1 was taken by a

I(

the desired slope.

different channel slopes. A single set of investigation involvedI
the following steps:

I
I
I

II
Step-1: Preparing the channel bed with the desired material at

Step-2: Positioning the sampling tubes \L-tubee) alan&; the centre
line of the channel according to the plan shown in Fig. 6. 6.

step-3:

'ISYP-4:
I

,I

Sti3p-5: Collecting samples of sufficient volume by the tubes already

Step-6: Recording of tempGrature and flow meter reading.
'I.'



CHAPTER - 7

COMPILATION OF DATA M,D EVALUATION OF RESULTS

7.1 INTRODUCTION:
'.rhepresent research vlaS "imGd at finding the vertical and

longi tudinal concentration profi.lGS of. suspended sediment under
non-equilibrium condition. To do this the two dimensional diffusion
equation was solved analytically based on several assumptions. To
test the theorGtical analysis laboratory experiments were carried
out for different set of condj.tions. The data of the laboratory
experiments are given in Table 7-1 to 7-18. The observed velocity
and concentration profiles are shown in Fi.cmres 7-3 to 7-20. In tIle
following articles detail discussions on the results are made.

7.2 PIFRTSION CO-EFFICIENT:
In this investigation the author developed a new enuation to

describe the diffusion pattGDl assuming that the diffusion co-effi-
cient was a function of Prandtl's mixing length {(19). Due to this
assumptions, a new constant B1, had been developed in pluce of (6 ,
which is the ratio of the momentum transfer co-efficient to that
of the sediment transfer co-efficient.

The values of the experimental rfosults w.ere put into th8
authors equation and compared with. both the Rouse (3.34) o.Ed Colem?E
equation (3.37) and it was found that the value of B1 was 1.5.
Figure 7.1 shows the plotting between the non-dimensional depth
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(Y/h) against ~ /U*h drawn on the basis of author I s equation
(5.12). On this fi.gure, curve drawn on the basis of Rouse and
Coleman equation were also drnWll for the convenience of comparison
with the authors curve. From the figure it could be seen that
diffusion co-efficient increased as (y/h) increased and this ten-
dency remained upto Y/h = 0.6. After this, the value of Es/U*h
decreased with the increase of (Y/h). But curves after colemn's
equation showed that Es/U*h remains constant for y/h/'0.5 •.Aaain.
when y/h<0.5 Rouse and Coleman's equation {'ive practically the
same value of Eo/U*h.

"

Figure 7.1 also indicated that for Y/h<:0.6, the value given
by the author's equation was always less than the values obta.ined
by either Rouse or Coleman equation. For example, when y/h is equal
to 0.3, the authors equation gives diffusion co-efficient equal to
0.04 which was about 30% less than the values from either Rouse or
Coleman equation. But for y/h>0.6, there was practically no differ-
ence between the values obtained by the authors equation and the
R~use equation. Since Coleman's equation give a constant Es/U*h,,
tbe discrepency between the values from authors equation and Coleman
equatinnwas much after y/h>0.5. This might be due to the fact that
Colemans equation was based solely on the observed data and he did
not consider the velocity variation along the vertical. Moreover his
flume study was carried. out under equilibrium condition of sediment
distribution. Hegardinc; the observed diffusion pattern of' the Eno""e
river by him (?igure 3.e. ), it could be said that the ,"glues of the
ratio of fall velocity to shear velocity were high and in this cases
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equilibrium of concentration occured rapidly. Moreover, as the
depth of flo" of the river was not more than 5.0 ft, it could be
said that mixing of the sediment over the flow.depth was un:i.form
and resulted in a constant diffusion co-efficient when Y/h is
greater than 0.5.

7.3 VELOCITY DISTRIBUTION EQUATION:
FoII01v1ng Laursen and Lin (28), Toffaleti (59) and Scheid.eR:;:ser

(53) the author also assumed a power law velocity distribution
equation to describe the velocity pattern of a sediment l3den
channel. In Figures 7.3 to 7.11 curves showing the variation of
velocity ratio (U/U) with depth ratio (y/h) were dra,ffi.In these
figures theoretical flow profiles were drawn on the basis of the
authors equation while the observed profiles were drawn from the
test data given in Table 7.1 to 7.9.

From F:igures7.3 to 7.11lit "as apprent that velocity varied
with the distance and this went on increasing to the maximum value
when the depth ratio was 1. The figu.ros also indicated that the
observed and tho theoretical velocity profiles IJractically coincided
with each other er.:ceptnear the bottom region. This.mi;:shtbe due to
the fact that the ob$erved profiles IVeredrawn on the basis of the
current meter reading olJtained at points away from the channel bed.
Since it was very difficult to measure the velocity close to the
channel bed, hence no measurements were taken at the bed level 70ne,
Still it could be sn.idth8t the authors eouation could describe the
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Table 7.1.2.

"

.45

1.17

.40 .432

1.191.11

I

j BED I"lATERIAL-III

BED SLOPE

.417

1.058

SLO.PE OF BED

BED MATERIAL-II

1.24 1.15

.441 '0.395 .405

SLOPE OF BED

BED MATEHIAL-I

7.19, it could be said that the multiPlyi~ constants
authors e3uation varied between a narrow range of 1.058

0.0 0.0025 .00375 0.0 0.0025 0.00375 0.0 .0025 .0037

0.39 0.39

1.211.2<;6 1.17

Multiplying factor and exponent obtained from laboratory tests
I

velocity profile for the entire depth of flow which was not
P~ssible by the logarithmic velocity distribution equation.
As for an example, at the bed level (Y/h) = 0 the author's
e~uation gave zero velocity which was assumed to be correct for

I
all practical pruposes. But from logarithmic velocity equation
tJe veloci tywas infinite at the charmel bottom. The following
tAbl.ehad been compiled using the data of Table 7.1 to 7.9.

Exponent
oflvelo-
ci~y Eg-
uationta)

IlflUltiply
Iconstant

( D)
I

Frdm Tc.bJe
(D)I of the

to 1.296 and their average was 1.177. 'l'offaleti(59) from field
observation found that the multiplying constant was 1.15, which
was very close to the authors value. The above table also indicat,:s
thai the exponent of the velocity equation increased as the slope
of the cha.'1nelwas increased for a constant bed material. 'ihiswas
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;-1 only

dimensional
In field observation shear due to wind play an important
role in determining the velocity distribution.

(d)

PUt into Haude and Whitemore equ!'tion (2.13) to !Seta rel'l.tionship
I

be~ween the fall velocity and the vertical distance. This relation,

(c) Flow of the Mississippi river was not strictly two

(59) found that the exponent 0:;:' '~;18velocity equation was 0.155
I

wnich was qbout 30 to 40 percent less than the authors values.I .
The reasons.for this discrepency might be due to the following

!
c0nditions;

(a) Toffaleti (59) assumed that the velocity at y/h =

,
in good agreement with Vanoni's (63) investigation. But Toffaleti,

was .equal to theaverap,e flow velocity
(b) His computation was based on data from Mississippi river

7.~ F"U.~VELOCITY:
Considering the fall velocity as a function of depth, the

au~hor assumed dn equation of the for~:

i :0 = (*) 1+n

to desnribe the fall velocity of particles in a sediment laden
chlnnel. Figure 7.2 is a plotting of the authors equation :forfallI
ve1.ocity. Concentration ratio obtained :fromRouse equation was

;

was shown in Flgure 7.2 for comparison with the authors equation.
It,is indicated in the figure that fall velocity increased with the
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••• (7,1)...--!!.- =wo

vihitmore equation. This might be due to the fact that Maude and

tion of the, particle tended to be zero.

that the authors curve nearly cOincid."d with JIl"\udeandWhitmore
curve for y/h<O.5. But for the zone O.5<y/h<1, the authors
equation gives a greater value of fall veloci ty than riiaudeand

of the fact that concentration of particle at the channel bottom

condition through a fluid of infinite extent. This was due to the

fal], vel,ocity waf zero at y/h = O. This was a clear indicr"tion

A comparison between the two CU~T8S of the figure showed

Whitmore did not consider the coagulation or flocculation effect of

distance from the channel bottom. Both the eouations showed that

was so high that the particle could not have any falling velocity.
Furthermore, the equations showed that the fall velocity was equal

the particles. As the suspended particle settled, they coagulated
and their size increased resulting in ~~n increase in the fall

fact that at the free surface level of the channel, the concentra-

veloci ty.

where the f31::'velocity is a f\mction of the flo',;'velocity.

velocity. But the above equation is more rational because of
incorporstion of point velocity. Usi,nr;data of 'Run-5. I,evinI s

Equaticn (5.13) can also be written in the following
functional form:

Levin (6) derived similar type of equrttion based on average flew

_ to the velocity of a single particle falling under a quiescent
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equation gives net fall velocity equal to r'0.0242 fps, whereas

the authors equation (at y = 0.6) f~ives fall velocity eoual to

0.0238 fps, the discrepency being only 1.421, However this dis-
I'

crepency increases as the depth ratio (y Ih) increased or decreased.

This is because I,evin (6) assumed that both the fall velocity and

the flow velocity.remained constant, which was not true.

7.5 CONCENTRATION DISTIUBUTION:

Figures 7.12 to 7.20 show the concentration variation for

constant Y( = y/h). Vertical s9dinient concentrCltion profiles of

the sampling sections are also shown in these curVes. From these

figures, the curves of concentration variation for constant Y arc

seen to be vertical at the origin, bending until they are parallel

to the channel bottom as equilibrium is reach(',d. The r81ation between

the concentration ratio at a particular depth and the longitudinal

distance were given in figure 7.21. From this figure the influence

of ).., the ratio of parti,~le fal], velocity to the main flow velocity

could be observed. ASA is increased' due to increased fall velocity

or decreased average flow velocity the concentration ratio was also

decreased and equilibrium vlaS reached more rapidly. Conversely,

concentration ratio increased and equilibrium was approached less

rapidly as Avras decreased. Hjelm felt and Lenau (23) also obtained

similar resnl ts in their theoretical analysis. (See Figures 7.23 ane'

7.2,1). Fcr example a~ 66.67% decrease of 1\caused an 150% increase

of re12tive concentration whereas Hjelmpelt and I,enaus (23) analysj,l>

gave approximately 143% increase. The distance required to attain
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1% of the equilibrium concentration ~t a depth of ylh = 0.5 was,
shown in Fig. 7.22. Similar graphs could be dr3.'t~n for different
depth ratios. The maximum VC"~lueof x/h occured for A. = 0, as
.10uld be expected from the results of Figure 7.21 and xlh decreased
as /\increasod. Figure 7.22 inr1ic('.tedth<'ltfor typical values of /\.
a considerable length of the channel is required to reach any degree
of equilibrium. For example if w/U = 0.06, P = 0.70% and Y = 0.5,
then the distance required wouJ~ be x/h = 3.9 or x = 3.9h. Hjelmfelt
and Lenau (23) developed similar graphs for average concentration
over the flow depth.

It was also observr>d durinp-:the laboratory experiments that
scouring of the bed at the channel entrance was much more than the
downstream end (Plate 1 and 2). The explanation of this behavior
could be drm-m from ]<~mlre7.25. Near the oriR:in;rostof the suspen-
ded sedim'?ntwas confined to their "boundary layer and the diffusion
co-efficient within this layer was smaller. than the average va]~e
(42). As the boundary layer gro.lin thickness, the aver:lge diffusion
co-efficient within the .layer increased until it exceeded the c1k'1.nnel,
depth average and the relative magnitude of the scour rates were
reversed. Shahjahan (54b) also found similar resu1 ts and explc.ined
the behavior from the competency points of views.

It might be concluded from the above that the pr'2sent inves-.
tigations :md observations could be used in predicting the concon-
tration profile undor non-equi.librium condition.



in relative concentration.

describe the concentration variation

erosion of the bed material under non-equilibrium CO",-

equilibrium and vice versa.

considerable support to the following conclusions:
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7.6 CONCLUSIONS:
The experimental works presanted in this study has given

purposes.

1. The analysis presented is suitable for the computation of
---harizontal as well as vertical concentration profiles, under

4. The diffusion co-efficient is a function of Prandtl's mixing
length, (1) and the authors equ8.tioncan be used for all practical

2. The'distance required to reach equilibrium concentration is
a function 'of W/U and can be obtained using this analysis. The lese
is the value of ~l/U the more will be the distance required to reach

3. A small increase in W/U ratio causes a tremendous decrease

the channel bottom and the authors equation can be used to represent
6.' l!'allvelocity of particles is a :function of the distance from

5. A power law velocity distribution equation is suitable to

compared to
dition.

the concentration profiles.

7. Erosion,of the bed materir,l is less under equib.brium condit",'n

~..-..non-equilibrium and equ.ilibrium conditions •.-<'- .



this work and they may be sum~erized as follows:

8. The results of the computation!" depend on the selection
of the representl.tive flol'lvelocity. the particle fall diameter
and the reference level (YA). These parameters should always be
verified by means of prototype measurements.

SCOPE FOR FURTHER S1'UDY:

Several av,,,nuesof adciitionalstudy have been opened up by

v. The study ,should be extended for collection of field data
of suspended sediment to correlate with the mean flow
veloci ty.

mathematical analysis can be extended for tidal regime
under well mixed flOl'lcondition.

ii. The study have been done under non-tid:?l condition. The

80

i. Since the shape and size of the channel geometry depend
on the suspended sediment transport experiments need to
be taken up to predict the channel geometry from suspended'
sediment distri,bution pattern.

iv. Scour rate study should be carried out on the basis of the
present theoretical study.

vi. More study should be carried out to obtain a correct,
pattern of diffusion distribution.

iii. TeEt need to be carried out to find the value of the total
suspended load transport through a particular section by
integrating the equation of vertical concentration profile.

7.7
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0.35
0.59
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0.80
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0.810
0.106
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0.640
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DISCHARGE = 2.72 cfs
AVERi\GE VEI,OCITY U = 0.725 fps
SLOPJ)J = 0.00357

TYPE OF BED MATERIAl, = TYI'~I (~O = 0.195 mm)

VELOCITY R,',TIO
(ujlJ) .
0.437
0.703

1 .070

1.034

0.435
0.717
1 .060
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0.424
0.786
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DISCHARGE = 2.70 cfs

AVERAGE VELOCITY = 0.632 fps

SLOPE = 0-0

TYPE OF BED MATERIAL = TYPE-I, (D50 = 0.195 rom)
HEIGHT ,lBOVE VELOCITY VELOCITY RATIO.BOT'rO]V[(Y/h) (Dj(fps) (u lIT)
0.097 0.333 0.53
0.292 0.4.87 0.77
0.585 0.641 1.01
0.810 0.641 1.01
0.097 0.320 0.50 '"
0.292 o. 1-50 0.71
0.585 0.660 1.04
0.810 0.620 0.98
0.097 0.300 0.47
0.292 o.no 0.74
0.585 0.660 1.04
0.810 0.670 1.06
0.097 0.300 0.47
0.292 0.480 0.76
0.585 0.650 1.02
0.810 0.680 1.08
0.097 0.290 0.46
0.292 0.460 0.73
0.585 0.560 0.89
0.810 0.730 1.15
0.097 0.310 0.49
0.292 0.+30 0.68
0.585 0.650 1.02
0.810 0.760 1.20
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DISCHARGE = 2.70 cfs
AVEl~\GE VELOCITY = 0.7045 fps
S'LOPE= 0.0025
'rYI'EO:F'BED MATERIAL = TYIE-II (D50 = 0.235)

HEIGlfr ABOVE VELOCITY VELOCITY R,;TIOBOTTON (y Ih) (U) (fps) (u/u)
.0 .108 0.32 0.454
0.324 0.52 O.HO
0.650 0.73 1.037
0.810 0.70 0.990
0.108 0.39 0.550
0.3211- 0.55 0.780
0.650 0.76 1.070
0.810 0.82 ' 1.160
0.108 0.38 0.540
0.324 0.58 0.820
0.650 0.77 1.090
0.810 0.78 1.100
O. 108 0.36 0.511
0.3,24 0.61 0.860
0.650 0.73 1.040
0.810 0.79 1.120
0.108 0.36 0.511
0.324 0.57 0.809
0.650 0.76 1.080
0.810 0.78 1.100
0.108 0,:55 0.496
0.324 O ..58 0.820
0.650 0.69 0.980
0.810 0.80 1 •135
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94TABLE - 7.5

0.117 0.42 0.55
0.350 0.61 0.80
0.700 0.81 1.06
0.880 0.83 1.09
0.117 0.40 0.53
0.350 0.61 0.80

.0.700 0.81 1.06
0.880 0.84 1.10
0.117 0.43 0.56
0.350 0.63 0.83
0.700 0.80 1.05
0.880 0.82 1.08
0.117 0.41 0.58 .
0.350 0.64 0.84
0.700 0.80 1.05
0.880 0.83 1.09
0.117 0.41 0.54
0.350 u.63 0.83
0.700 0.79 1.04
0.880 0.84 1.10

I'1EASUREMENTFOR VEr,QCITYF?Ol"ILE
DISCHARGE = 2.70 cfs
.AVERAGEVEWCITY = 0.76 fps
SLOJ'E= o.00357
17PE OF BED MATERIAL = TYPE-II (D50= 0.235)
HEIGHT ABOVE VELOCITY VELOCITY RATIOBOTTml Cy/h) (U)(fps) (U/V)

0.117 0.39 0.51
0.350 0.58 0.76
0.700 0.79 1.04
0.880 0.76 1.00
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0.10 0.33 0.51
0.30 0.49 0.76
0.60 0.69 1.07
0.75 0.70 1.08
0.10 0.36 0.55
0.30 0.50 0.77
0.60 0.67. 1.03
0.75 0.74 1.15
0•.10 0.34 0.53
0.30 O.'f9 0.76
0.60 0.65 1.00
0.75 0.64 0.98
0.10 0.41 0.64
0.30 0.50 0.77
0.60 0.69 1.06
0.75 0.72 1.11
0.10 0.39 0.60
0.30 0.55 0.84
0.60 0.68 1.05
0.75. 0.75 1.16

•

DISCHl\RGE = 2.70 cfs
AVER~GE VELOCITY = 0.648 fps
SWPE = 0-0
TYPE OF BED MATERIAL = TYPE-II (~O= 0.235)
HEIGHT ABOVE V};'WCITY VELOCITY RATIO
BOTTOJIi(y!h) (U)(fps) (U/U)
0.10 0.29 0.44
0.30 0.37 0.58
0.60 0.58 0.90
0.75 0.68 1.05

45

20

10

TABLE - 7.6

30

65

Expt.No.6
Date:13.9.83

DIST. FROM
Ch. ENTRANCE( ft)

5



. :~

•

0.097 0.32 0.50
0.292 0.46 0.73
0.585 0.67 1.06
0.810 0.68 1.08
0.097 0.30 0.47
0.292 0.47 0.74
0.585 0.64 1.01
0.810 0.66 1.04
0.097 0.31 0.49
0.292 0.46 0.73
0.585 0.65 1.02
0.810 0.69 1.02
0.097 0.32 0.50
0.292 0.46 0.73
0.585 0.65 1.02
0.810 0.66 L09
0.097 0.33 0.52
0.292 0.51 0.80
0.585 0.66 1.04
0.810 0.71 1.12

DISCHARGE = 2.71 cfs
AVEHAGE VEJ,OCIl'Y= 0.632 fps
SLOPE = 0-0

30

20

45

!'ffiASUHET'IENTFOH VEt.oCITYrHOFILE
TABLE - 7.7

10

96

65

Expt.No.7
Date:14.9.83

TYPE OF BED MPTERIAL = TYPE-III(D50 = 0.161 rom)
DIST. FROM IDJIGHTABOVE VEIOCITY VETOCITY HATIOCh. ENTE11NCE(ft) BOT'l'OM(y/h) (U)(fps) (u/u)

5 0.097 0.34 0.54
0.292 0.50 0.79
0.585 0.64 1.01
0.810 0.65 1.05



",

TABLE- 7.8

0.108 0.32 0.45
0.324 0.55 0.78
0.650 0.75 1.06
0.810 0.76 1.07
0.108 0.33 0.46
0.324 0.56 0.79
0.650 0.75 1.06
0.810 0.74 1.05
0.108 0.30 0.42
0.324 0.56 0.79
0.650 0.74 1.05
0.810 0.73 1.03
0.108 0.31 O.,~4
O.32,~ 0.57 0.81
0.650 0.75 1.06
0.810 0.76 1.08
0.108 0.32 0.45
O.32,~ 0.56 0.79
0.650 0.75 1.06
0.810 0.75 1.06

45

30

20

10

l"fEASLJIlEl','JEl'i':i' FOR ¥ELOCrT},:FHOFILE

97

65

Expt .No.8

fute: 15.9 .83

DISCHAHGE-= 2.70 cfs
AVERAGE VEI,OCITY= 0.7045 fps
SLOPE = 0.0025
~~PE OF BED MATERlf~ = TYPE-III(D50= 0.161 mm)

~D~I~S'~T-.~F~h~'O~M~------=HEIGHTABOVE VELOCITY VELOCITY RATIO
Ch. ENTRANCE(ft) BOTTOM(y/h) lU) (fps) (U/U)

5 0.108- 0.32 0.45
0.324 0.50 0.71
0.650 0.74 1.05
0.810 0.71 1-.00



TABLE-7.9
98

0.117 0.41 0.5'~
0.350 0.64 0.84
0.700 0.86 1.13
0.880 0.89 1.17
0.117 0.10 0.53
0.350 0.63 0.83
0.700 C.79 1.04
0.880 0.86 1.13
0.117 0.39 0.51
0.350 0.64 0.84
0.700 0.86 1.13
0.88 0.87 1.14
0.117 0.40 0.53
0.350 0.63 0.83
0.700 0.85 1.12
0.880 0.86 1.13
0.117 0.41 0.54
0.350 0.65 0.85
0.700 0.86 1.13
0.880 0.90 1.18

,
ME!ISUREJI'lENTFOR Vl~WCITY I'HOFILE

DISCfu,RGE~ 2.70 cfs
AVERAGE VELOCITY = 0.76 fps
SLOrE = 0.00357
TYPE OF BED MATERIAL = TYrE-III(D50= 0.161 mm)
HEIGHT ABOVE VELOCITY VEI.OCITYRATIO
BOTTOM (y!h) (U)(fps) (U!IT)
0.117 0.42 0.55
0.350 0.58 0.76
0.700 0.84 1.10
0.880 0.78 1.02

20

10

30

45

65

DIS'l'.FROM
C1'1.ENTRANCB(ft)

5

:8xpt.No.9
De.te:15.9.83.
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\, TABTJE- 7.10

OCNCBNTltATION]l1E.,\ SU:?EHENT

DISCH}lRGE= 2.70 cfs 2fl..x
X = nB1 9(. IiExpt .I'To. 1

SIOPB = 0.0025 Y = y/hDate:9.9.83
AVERAGE'lEWCITY = 0.70 fps YA= 0.1• Temp.29?6°C
TYPE 01" B~D MATERI1JL= TYPE-I n = 0.39

A.= 0.68
L0NGT. HT.ABOVE CONCENTR,~- CONC.RATIO C [Y ~ -(n+/\)DIi::!TANCE(X)BOTT0I1(Y) TION( C) (grn/l) [C/Ca] "ITa r:

\, 0.45 0.1 0.8300 1 .000 1.00
0.3 0.1826 0.200 0.70
0.6 0.0740 0.089 0.50
0.8 0.0269 0.032 0.30

0.90 0.1 1 .6000 1 .000 1.00
0.3 Ci.j36u 0.210 0.68
0.5 0.1712 0.107 0.60
0.8 0.0864 0.054 0.50

1.80 0.1 2.6500 1 .000 .1.00
0.3 0.6700 0.253 0.82
0.5 0.3070 0.116 0.65
0.8 0.1000 0.037 0.35

2.70 0.1 2.9400 1 .000 -. 1.00
0.3 0.7790 0.265 0.86
0.5 0.3150 0.107 0.60
0.8 0.1111 0.037 0.35

4.04. 0.1 4.1000 1 .000 1.00
0.3 1 .0740 0.262 0.85
0.5 0.4980 0.121 0.68., 0.8 0.1680 0.041 0.38

I
I 5.84 0.1 5.6000 1 .000 1.00)

0.3 1 .5500 0.277 0.90
0.5 0.6160 0.110 0.62

\ 0.8 0.2600 0.046 0.43

(,
r





TABLE - 7.12
101

o fY A=l-(n+A)
(;a Li_

1.00
0.72
0.51
0.25

1.00
0.80
0.60
0.32

1.00
0.81
0.62
0.34
1 .00
0.82
0.59
0.35

1 .00
0.83
0.63
0.36

1.00
0.90
0.65
0.42

n = 0.39
1\=0.72

1.00
0.23
0.09
0.03

1.00
0.23
O~10

0.03

1.00
(1.21

0.08
0.02

1 .00
0.24
0.09
0.03

1.00
0.24
0.10
0.03

1.00
0.26

0.10
0.04

0.074

0.128
0.027
0.010
0.003

0.500
0.118

0.049
0.016

0.680
0.162
0.068
0.022

0.766
0.185

1.070
0.284

0.114
0.045.

.0.026

0.780
0.191
0.080
0.027

orBED MATERIAL = TY?E-I
00NGlli1TRA- GONG. RATIO
TION( 0) (r;m/l) (0 /Oa)

QQliJCEN"TRATION IYIEASUI?E~lENT

DISORARGE = 2.70
ilVETU,GEYSLOCITY --0.632 fps
'SLO~E = 0-0

0.1
0.3
0.5
0.8
0.1
0.3
0.5
0.8

0.1

0.3
0.5
0.8

TYPE

ET. ABOVE
BO'I"l' OM( Y)

0.1
0.3
0.5
0.8
0.1

0.5
0.8

1.682

2.520

0.842

3.800

5.470

Expt .No. 3

Date:11.9.83
Temp. 34.9°0

LONGT.
DISTANOE(X)
0.421



102'rABLE7.13
~ONCENTRATION MEASUP~MENT n = 0.405Expt.No.4 i(= 0.48Date: 12.9.83 DISCHARGE = 2.70 cis

1'emp.33.3OC SLOPE = 0.0025
AVERAGE VELOCITY = 0.704-5 ips
TYl"JE OF-BED MATEElAL = TYPE-IILONGT. HT. ABOVE CONCENTR.A- CONC. RATIO Q r YAl-(n+>,.)DISl'ANCE(X) BOTTOJVI(Y) 1'ION(C)(gm/l) (C/Ca) CaLY'":J---

0.53 0.1 0.1300 1.000 1.00
0.3 0.0343 0.264 0.70
0.5 0.0174 0.134 0.560.8 0.0071 0.055 0.35

1.06 0.1 0.1470 1.000 1,00
0.3 0.0433 0.295 0.780.5 0.0212 0.144 0.600.8 0.0086 0.058 0.37

2.12 0.1 0.3300 1.000 1.00
0.3 0.1023 0.310 0.82
0.5 0.0594 0.180 0.750.8 0.0236 0.071 0.45

3.18 0.1 0.6700 1.000 1.000.3 0.2360 _ 0.352 0.930.5 0.1260 0.188 0.780.8 0.0531 0.079 0.50
fe.76 0.1 1.2200 1.000 1.00

0.3 0.4510 0.370 0.980.5 0.2020 0.106 0.690.8 0.0990 0.081 0.51
_6.89 0.1 2.1300 1.000 1.000.3 0.7700 0.363 0.960.5 0.3750 0.176 0.730.8 0.1860 0.087 0.55



103TABLE 7.14

,CONCENTRATION MEASURE.MENT
n .- 0.417Expt .No.5
A..= 0.43Date:13.9.83 DISCHjl~G.B '- ?70']'emp.31 .60c SLOTE = 0.00357

AVEIU\GEVELOCITY = 0.76 fps '". 'TYPE OJ? BED lVIATERIAL= TYT'E-IILONGT. HT. ABOVE CONCENTRA- CONG.RATIO
ga L~J-DIS TANCE ( X) BOTTOM(Y) TION(C)(gm/l) (C/Ca)

0.472 0.10 0.445 1.000 1.000.30 0.114 0.256 0.650.50 0.017 0.102 0.400.80 0.008 0.050 0.29
0.945 0.10 0.700 1.000 1.000.30 0.198 0.284 0.720.50 0.116 0.166 0.650.80 0.047 0.067 0.39
1.890 0.10 0.800 1.000 1.000.30 0.245 0.307 0.780.50 0.139 0.174 0.68..0.80 0.059 0.074 0.43
2.830 0.10 1•100 1.000 1.000.30 0.368 0.335 0.850.50 .0.205 0.187 0.730.80 0.084 0.077 0.45
4.250 0.10' 1.300 1.000 1.000.30 O.'r46 0.343 0.870.50 0.249 0.192 0.750.80 0.113 0.087 0.51
6.140 0.10 1.600 1.000 1.000.30 0.576 0.360 0.9';0.50 0.132 0.202 0.790.80 0.149 0.093 0,5,1.

( "

--.;~:'
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TABLE - 7.15

CONCENTRATION MEASURm~ENT n = 0.395
Expt •lifo.6

~= 0.534
Date: 13.9.83 DISCHARGE = 2.70
Temp. 31.5°c SLOP.E = 0.00

TYPE O:F BED MATERIllI, = TYPE-II
LONGT. HT. ABOVE CONCENTRA- CONC. HATIODISTt.NCE( X) BOTTOM(Y) TION( C) (,gm/l) (C/Ca)

0.42 O. 1. 0.104 1.000 1.00
0.3 0.024 0.216 0.60
0.5 0.012 0.117 0.52
0.8 0.004 0.046 0.32

0.85 0.1 0.300 1.000 1.00
0.3 0.082 0.274 0.76
0.5 0.0.'1-1 0.138 0.61
0.8 0.159 0.053 0.37

1.70 0.1 1.750 1.000 1.00
0.3 0.525 0.300 0.830.5 0.287 0.164 0.730.8 0.104 0.058 0.41

2.56 0.1 2.100 1•.000 1.00
0.3 0.657 0.313 0.87
0.5 0.344 0.164 0.73
0.8 0.130 0.620 0.43

3.84 0.1 2.920 1.000 1.00
0.3 0.934 0.320 0.89
0.5 0.467 0.960 0.71
0.8 0.172 0.059 0.41

5.54 0.1 3.330 1.000 1.00
0.3 1.020 0.306 0.85
0.5 0.571 0.171 0.76
0.8 0.227 0.068 .0.47





106
TABLE 7.17

CONCENTR~TION MEASUREMENT n = 0.432
Expt.No.8 \ = 0.27Date: 15.9.83 DISCHARGE = 2.70
Temp. 33.60C ,SLOI'E = 0.0025

AVERAGE VELOCITY = .7035 fps
TYPE OF BED JlTi\TERIAL= TYPE-III

LOlTGT. HT. ABOVE CONCENTRA- CONC.RATIO ga[~A-]-(n+?lJDISTANCE (X) BOTTOM(Y) TION (C)(gm/l) (C/Ca)
0.50 0.1 0.145 1.000 1.00

0.3 0.047 0.323 0.70
0.5 0.010 0.025 0.55
0.8 0.013 0.093 0.40

1.00 0.1 0.335' 1.000 1.00
0.3 0.124 0.370 0.80
0.5 0.073 0.219 0.68
0.8 0.039 0.116 0.50

2.02 0.1 0.600 1.000 1.00
0.3 0.250 0,416 0.90
0.5 0.140 0.233 0.72
0.8 0.840 0.139 0.60

3.03 0.1 0.920 1.000 1.00
0.3 0.383 0.416 0.90
0.5 0.238 0.259 0.80
0.8 0.135 G.146 0.63

4.54 0.1 0.875 1.000 1.00
0;3 0.384 0.439 0.95 ;

0.5 0.240 0.275 0.85
0.8 0.132 0.150 0.65

6.56 0.1 1.680 1.000 1.00
0.3 O.691 O.,'j.11 0.89
0.5 0.472 0.281 0.87
0.8 0.254 0.150 0.65



TYPE OF BED MATERIAL = TYPE-II
HT. ABOVE CONCENTRA- CONC.RATIO C [Y A] -(n+~)BOTTOM(Y) .TION(C)(gm/l) (C/Ca) l!a r
0.1. 0.163 1.000 1.00
0.3 0.046 0.281 0.60
0.5 0.026 0.164 0.50
0.8 0.015 0.095 0,40
0.1 0.470 1.000 1.00
0.3 0.158 0.337 0.72
0.5 .0.092 0.196 0.59
0.8 0.050 0.107 0.45
0.1 0.870 1.000 1.00
0.3 0.346 0.398 0.85
0.5 o ~197 0.227 0.69
0.8 0.124 0.143 0.60
0.1 1 .19 . 1.000 1.00
0.3 0.502 0.422 0.90
0.5 0.313 0.263 0.80
0.8 0.172 0.145 0.61
0.1 1.580 1.000 1.00
0.3 0.690 0.435 0.93
0.5 0.447 0.283 0.86
0.8 0.225 0 •.142 0.60
0.1 3.380 1.000 1.00
0.3 1.480 0.440 0.94
0.5 0.912 0.270 0.82
0.8 0.588 0.174 0.73

Expt.No.9
Date: 15.9.83
Temp. 32. 9°C

LONGT.
DISTANCE(X)
0.57

1.14

2.28

3.43

5.14

. ..
TABLE 7.18

CONCENTRATION MEASUREMENT

DISCHARGE = 2.70 cfs
SLOrE = 0.00357

., .
".. ,- ,

n = 0.45
A.= 0.24

•

107
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QUARTZ PARTICLES IN

WATER. [After Schoklitsch ( 6 J]
2.2 ) FALL VEL oelTY OF

SEDIMENT CARRYING

FIG.
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VELOCITY DISTRIBUTION

.AT SAND RIPPLES IN
SOLID AND lOOSE BED
o lOOSE SAND
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FIG. 3.2 VELOCITY DISTRIBUTION FOR DIFFERENT BED CONFIGURATIONS

FOR SOLID AND LOOSE BED [After Raudkivi I 50 lJ

:)

~
~
.~



FIG. 3.3 EFFECT OF SUSPENDED lOAD ON THE

¥ VALUE. [After Einstein el. 01.( 52 U
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OF CLEAR-WATER

FLOW. [After flNSTEIN
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el 01.(19 bij

2420

1

u/u.-"-

FIG. 3.4. VELOCITY DISTRIBUTION

AND SEDIMENT. LADEN



FIG. 3.5 VELOCITY PROFILES FOR CLEAR WATER AND

SEDIM ENT LA DEN FLOW. [After Vanoni et at. (63 l]
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FIG. 4.1; UNSTEADY AND NONUNIFORM DISTRIBUTION OF

SUSPENDED SEDIMENT (TWo-dimensional flow).
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FIG. 4.5. CONCENTRATION CHANGES WITH NO PICKUP;

lJ//Es = 0'030 em' D=4~6 em.
[After DOBBINS (16)J
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FIG. 7.2. RELATION BETWEEN FALL VELOCITY AND

VERTICAL DISTANCE
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FIG. 7-10 (b ): VELOCITY PROFILES AT DIFFERENT SECTIONS
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It is shown herein th?t Q(Y,pt), t = 1,2,3••.••••forms
A. -/I.an orthogonal system with respect to the weight function yn+ (I-Y)

• The methods used and the results o~tained c~n be found

164
API'ENDIX - I

ORTHOGONAL SYSTEM Q(Y.p)

Now, from equation (5.23) if F(Y,P) is substituted by
Q(Y,P). Then one can write:

in many works on applied mathematics such as Refs. (17), but
are included here for the convenience of understanding.

"d'1-Q.(Y,p)
Y( 1-Y) O'r2.. I [( 1+n+/l.)

'O"'CH'r,p) r- i+i1+-7\or, --~~ + ---_ .•..0'r~ _y (1-1')

corrospon0ing eigen functions Yt and Yr. Then

-". [Y.1+n+/\ (1-Y)1-/\ oQ, ('I, P,) j_.L- 2 1+n 2j- n+lI. i\-~-~ -- Pr-(.-2) Y.(1-Y)-cry ()"'(
Q(Y,Pr) ..... (A-I-4)



••••.. (A-I~5)

oQ.Cy, ft) l
lJ'r J=;'1~1+n+,,(1-Y)1-('

and

165

o&(y,tq_ y1+n+:>o.(1_y)1-AQ(yP )oQ(y,PrJl
'O'r • r 0'( _I

••.••••(A-I-6)

Multiplying equation (A-I-4) by Q(Y,pt) and equation
(A-I-5)by Q(Y,Pr) and theI\ substracting ~t is possible to
obtain -

Integrating equation (A-I-6) between limits YA to 1,

Now, the conditions are such that when Y = 1, (1-t) =0 and when
Y = YA' Q(YA, Ft) = 0, t ~.1,2,3 •••••••Therefore if the values are
put in equation (A-I-7) it will Rive:

1

(pi - p;)J~n+, (H)-'q(Y.Fr) Q(Y.",) dY ~ 0 •..• (A-F-8)

'y
IA
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(A-I-9)

•

...

Moreover, since r t= t. one can write
1J yn+~(1-Y)-~Q(y,Pt) Q(y,P

r
) dY = 0

v ..
fA

Equation (A-I-9) shows that Q(y,pt),t = 1,2,3 ••••• form

an orthogonal system with the weight function yn+7\. (l_Y)-A.



'(A-II-4)

_,';.-TI-1 )

APPEND! X - II

That is,
1j y"+'{ 1-Y)-~Q{Y, p,) Q{Y,p) " "

YA' -

Now, as P~ Pt one can get usinl'; LIHospitals pri ciple
1

J . IW-lI . I-A Oe.(yA,r) CJG-.Cr",p0 .
yn+7\.(1-y)-I'Q'l.-(y,Pt') dY YA(I-IA) "'?)y--' "] (A-II-})

2Pt
_.YA Again integratinl'; equation (A-I-3) term by term Over the

167

interval YAto 1, one will get



= 0

(A-III-2)

(A-III-3)...

equations (A-III-3)

11+11 +7\-P
2-

-?=1+/\.,P,

J2';2, ..• -.-
I ,./ ~

11+ A 1 :A+ n

I J.¥ +?\+P !
, .

/L. 1+n/~ = -y + /\.-

1+n . ~ \ I+I\.I-~-I)-y +/\.- P, 1+::\. , 1-Y, = ~ I _. "' I I::-':'-t p !.=!J.-p2. 2.. _

7\+ P 4E. +/\..- P, 1+n+'l., yl-j /1+?\1A.+- n
- , c. '\" !:i - jl~nl 7\+ pl1~nl ?'I-._p

"'-+ P,

No,,,, for (n+A.)) 0 the second term in equation (A-III-3) ",ill

168
APPENDIX-III

LOCATION OF ROOTS

H fl+nL-Y+

<X = 1~n + A + P.

H<?/lC12,

Therefore one can ",rite by identify:
. .

Since YA is very small, then one ",ill get,

dominate the first. Hence the positive zeros of
are approximately the poles of

From mathematics the hypergeometric solution of the
Ii hyprogeometric equation is:



(A-IV-1)

(A-IV-2)

(A-IV-3)

(A-IV-4)

0/
- }'+t)"v (1-Y A)

•••

•••

.. .• ..

p + t )'1/ ( n /2 +

(1 +/\)'Y e-

1+;\, 1-Y. I ...:J
term by t~rm, one will get _

APPENDIX - IV

EVlcWATION OF ~ ~(YA,Pt)

1

~ +l\+ P +('- t) (n/2+7\-p +1'-- t)

169
•

It was assumed that

Q(Y,p) = He"? +7\.+P, 1~ 0+'1\_ P, 1+7\.., 1-:]

or Q(YA,P) = H r¥+?\+ P, ~/c." P,
I-

Differentiating equation (A-IV-2)

Therefore,

•
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