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ABSTRACT

Aggradation occurs when the equilibrium of
an alluvial stream is disturbed in such a manner that
either the sediment carrying capacity of the stream is
reduced or the rate of supply of sediment is increased
over and above the carrying capacity of the stream.
Aggrédation is thus found to occur in many situations.
The problem of aggradation due to supply of sediment,
in excess of what the channel can carry, has been investi-
gated in the present study. The supply of additional

sediment is assumed to be continuous and at a constant rate.

The primary objective of the study is to provide
a computational procedure for prediction of transient bed
profiles on the basis of laboratory experiments. The
analysis of experimental data provided also for the
‘first time a clear understanding of resistance to flow
and sediment transport in alluvial channels under non-

uniform flow condition.

The time dependent variations of a river bed
due to natural and/or human interference can be described
by equations of motion for flow and equations of continuity
for water and sediment. For large scale river morphological
processes such as aggradation and degradation analytical

models based on these equations have been presented by
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gome investigators. The parabolic model proposed by de Vries,
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viz.,

has been solved for the boundary conditions of the present

problem and following expressions obtained

=
z =2  (1-erf-—) i (i)
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in which Z is the aggradation depth at time t at any
distance x from the section of sediment injeqtion; ZO

is the maximum depth of deposition at x = 0; AG is the
sediment load at x = 0 in excess of the equilibrium sediment
transport rate; K is the aggradation coefficient; 1 is the
length of aggradation; and » is the porosity of the sand

mass.

A tilting recirculatory flume of rectangular
cross—-section 20 cm wide and 30 'm long was used for
experimental iﬂVestigation of the problem. The sediment
forming the bed and the injected material was natural sand
with a median diameter of 0.32mm and a geometric standard |

deviation of 1+30. After the establishment of uniform flow
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for a given dischargo and slope, the sediment supply rate
at the upstream end of the flume was increased to a known
value by continuously feeding excess sediment at the
upstream end of the flume. The bed and water surface
profiles downstream of the section of sediment injection
were recorded at intervals. The added sedimeht load was
el  Sratl- el G, to 4.0 &, where G, is the equilibrium

sediment transport rate.

The theoretical cxpression Z = ZO(1— erf x/2VKt)
i.c. Bq.(i) has been arrived at after many simplifying
assumptions and it is to be expected that results from
this shall not fit the cexperimental data directly. On
comparison with the experimental data it has becn found
that the form of the equation is correct, but the wvalue
of the aggradation coefficient,K, enabling fit of this
equation to the experiment?l data is diffcerent from the
theoretical value, K = % é;;%j§§~ ( Here b is the
exponent in sediment transport law of the form G = a U
and S, is the bed slope). This modified value of K
(enabling fit of BEq(i) to the experimental data) has
been empirically related to the theoretical value, Ko,
and to the relative rate of overloadingzﬁG/Ge. As such
this relation alongwith eq.(i) enables prediction of
transient bed profiles, when the value of ZO has been

computed from Eq.(ii) with the modified value of K.
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The extent of aggradation can be known from the Bq.(iii)

using again the modified value of K.

The analysis of non-uniform flow data obtained
from aggradation runs has revealed the following facts:
(i) The sediment transport law valid for uniform flow
conditions cannot be!applied dircectly to non-uni forn

flow conditions obtained in agerading strecams.(ii) The

!
t

concept of lag of scdiment transport proposed by Kennedy
is oﬁly partially supported by fhe present data.

(iii) Registance law under non-uniform flowEéomditions
is seen to be tﬁe same as for uniform flow provided the
local friction slope is used in place of So-in the

former case.



ACKNOWILEDGEMENTS
The author is extremely grateful to Dr. R.J. Garde

and Dr. K.G. RangaRaju, Professor and Reader respectively

in the Department of Civil Engineering, his graduate advisors,

who gave freely of their time and attention in providing

guidance and inspiration needed for this study. The author

would like to express his thanks to Dr. Chander Mohan,

Reader in Mathematics for his valuable suggestions.

The assistance rendered by Mr. B.R. Sethi and the
staff of Hydraulics Laboratory during the experimental

investigation is thankfully acknowledged.

The author is indebted to his wife, Suraksha, for
patience ,understanding and encouragement during the

programme of study.

The author is grateful to Punjab Agricultural

University, Iudhiana, for financing his Ph.D. programme.



TABLE OF CONTENTS

CHAPTER PAGE
LIST OF SYMBOLS o viii- xi
LIST OF FIGURES - xii- xiv
I INTRODUCTION ¥ 1~ 10
II  REVIEW OF LITERATURE i 11 32
IIT THEORETICAT ANALYSIS - ¥ 33— 44
IV  EXPERIMENTAL INVESTIGATTON ) 45~ 52
V  ANALYSIS OF DATA = 53— 84
VI  CONCLUSIONS 5 85- 88
REFERENCES 7 89~ 93
FIGURES a 94~137

APPENDICES s 138155



LIST OF SYIBOLS

- s ——

Symbol Meaning Dimension
ik : . 2-b b-1
a Coefficient in sediment transport L L
law
B Width of the channel L
b Expdhent in secdiment transport law Dimensionless
C Chezy's coefficient L1/2 =
C, Coefficient in scdiment transport =1 o2
law
Cq1Cs Celeritics at the water surfacec A
c3 Celerity for the propagation of ¥
disturbance at the bed
< Constant -
d1 Constant -
d Median sizc of scdiment, dSO' L
Fr Froude number of thc Flow Dimensionless
f Darcy-Weisbach resistance coefficient Dimensionless
%
G Total sediment transport ratec at a -5 L
cross—-scction in absolute volume per
unit width of strecam per sccond
GG Average equilibrium sediment 5 1
transport rate by wvolume per unit 5L
width per sccond
g Gravitation acceleration L 772
AG Sediment injection rate in absolute 12 771
volume per unit width per second
h Depth of flow L
h Dcpth of uniform flow L



- — AR i

Fr -

Symbol Meaning
hC Critical depth of flow
L Index for distance
Index for time
K Aggradation coeificient
KO Theoretical valye of aggradation
coefﬁc:.fnt1 .fiila_J
3 A AN
K1’ Ko Coefficients
i;:ig‘ Constants
kv Veleeity coefficient
o Velocity coefficient for plane bed
kt Coecfficient in sediment transport
law
L Length of duncs and antidunes
s M Length of aggradation profile
m Exponent in sedimcnt transport law
n Manning's roughness Cocfficient
q Discharge per unit width
R Hydraulic radius of the channcl
Rb Hydraulic radius corresponding to bed
RW1 - Hydraulic radius corresponding to

glass side walls

e

N oA T R S Yt AR T e R M o

Dimension

Dimensionlecss
Dimensionless

Dimensionless

Dimensionless

L

L
Dimensionless

113 ¢

2 m=1

- P
L

=



o m e ——ara -—— = e B

Symbol Meaning ; Dimension
ng Hydraulic radius corresponding to
painted stecl-sheet side wall L
SO Bed Slope Dimensionless
SOi Initial bed slope Dimensionlecss
Sf Friction slope Dimensionless
U Lverage velocityof flow at a section 1 g1
19 Shear velocity (= (o/j?) 7 o
Ve Critical shear velocity 3
B Time ‘ T
t Time
to Lquilibrium time i
¥o Initial rescrvoir volume per 5
unit width : T
2
¥ Reservoir volurie per unit width R
- :
at time t
x Distance L
Z Depth of Deposition L
Zq Maximum depth of deposition at
any time and at x = 0 L
y Unit weight of water R
Y. Unit weight of sediment M L %pe
S Mass density of water M1
e Mass density of sediment M L0
x
n Dimensionless variable 4] e -
: , oVt
ZhYé Difference of unit weights of W I~2n2

scdiment and water = )_-
[=]



xi

e

Symbol Meaning Dimension
2/ Kinenatic viscosity of water i L
®T Dimensionless total load scdiment Dimensionless
transport parameter
y 1/2 " VB A
D I (Pt PR R
Y- )
$1, @2 Dimensionless celerities at the
wa%er surface; 01/D and ¢ 2/U
respectively Dimensionless
@B Dimensionless celerity of the by
bl = c3/U
A Porosity of Sand mass 1
5 Lag distance in Kennedy's analysis L
5! Laz distance in Engelund's analysis L
5 Lag distance for section x = 0 L
o Constant -
B Constant o
To Average bed shear stress R Sl i
T Critical shear stress e
c
'
T Average grain shear stress
B computed from lManning-Strickler i
relation.
Tt Effective shear stress for total "
load transport
[ Dimensionless effective shear
stress for total load transport Dimensionless

Dimerisionless shear stress

= T/(} -Y )a

Dlmenolonless average grain shear
gstress computed from Fanning—
Strickler relation.



LIST OF FIGURES

L U P ———

Fig. No.

-

Description

.1
- H

243

2.4

2'5
2.6

2.7

2+

31

k- ¥

4.1
4.2

4.3

T e o e e - o — s e

Definition sketch

Diagram showing rclative celerities in unsteady
alluvial Channcl Flow(Rcf. 39)

Typical bed and water surface profiles
during nggradation (Ref.3)

Ranga Raju resistance relationship for steady
uniform flow in alluvial channel s(Ref.25)
Variation of K1 and K2 with sediment size(Ref.25)
Vittal,et al. total load relation for planc bed

data (Ref.38)

/
Variation of (. with T*s for ripple and dunc
bed data (Ref.38)

Bngelund's relationship for lag distance 8'(Ref.9)
Schematic diagram of aggradation due to
overloading

Definition sketch

Schematic diagram of the cxperimental set up

Grain sizec distribution of sand used for bhed
material as well as for injection

Variatlon of & with T at the end of the flume

Sediment transport law for uniform flow data

Variation of ¢T with T*t for ripple and dunc beds



5.7

5.8

5.9

5.10
o T8 I
Be 2
B 13

5.14
5. 13
516
517
5,18
5.19
el
21

xiid

Author's uniform flow data plotied on RangaRaju
resistance relation

Typical avecrnsiny of bed and water surface profiles.

Transient profiles at various times after sediment
injection

o P i e ¥ .
Variation of lMannings ronghness coefficient with
distance and time

Definition sketch for computing sediment transport
rate along transient bed profiles

Variation of sediment transport rate with time and
distance

Effect of nonwuniformity'of flow on sedimeut transport
relation based on shear

Variation of @y with (4, for non-uniform flow data
Variation of G with U for non-uniform flow
Definition sketch for determination of '&!

Figure showing existonce of lag distance 'd' in
agerading flows

Variation of 8 with x along transient bed profileg
Variation of 8/8, with x/1

Variation of ém/R with Ut/R

Resistance law for non-uniform flow data
Variation of & with U, for uniform flow data
Variation of 2/Z_ with x/2VK %

-

‘JK(;t with AG/Ko(1 -2)

Variation of 2 /
Vs with AG/K(1-A )

Yariation of



Dimensionless plot of transient bed profiles

Length of aggréded reach

Variation of K/Ii‘_o with AG/Ge (de Vries model)
Variation of K/KO withJQG/Ge(Adachi and Nakatoh model)

Sediment transport law for the Colorado river

Computed transient bed and wzter surface profiles
for Colorado river at Taylor-Ferry



CIUARPLLR-T

INTRODUCTION

el FRELIMINARY REMARKS

) Pl

- R 4 . )
An in gight into the dymamic behaviour of

gtreams is essential in the »lanning of river basin

)

development. Many rivers are so delicately balanced

that any artificial or natural change of a permanent
nature in the flow of water and/or sediment may affect
the entire system. The rate at which the river will
adjust its resime to man-made river worls or %o natural
causes may be very slow or ranid denendins on its nature,

L

Such natural adjustnent of the river to the imposed changes

o,

may nrove detrimental ©to the »nroper functioning of the

41 3

engineering worlks located on or along the river. It is,

therefore, immortant to have methods for aguantitative:.
2 X L

prediction of the nature of the adjustment.

An alluvial stream flowing under equilibrium
conditions has been called a graded stream, a balanced
stream or a regimen stream. lackin (23) 1948, has
defined a graded stream as one " in which over a period
of years, slope is delicately adjusted to nrovide with
available discharge and with nrevailing characteristics,
Just the velocity required for the transportation of the

load suppnlied from drainage basin'' . No natural stream,



however, is truly in equilibrium. The discharge of a
natural stream varies continuously with time, with a
ratio of high discharge to low discharge ranging from
unity to several hundred or more. The temperature, the
rate of sediment supply by tridbutaries and even the
character of the sediment also vary. The resullt of this
continuous change is that the stream under consideration
cannot be in true equilibrium. It appears, therefore,
that the graded condition is more a matter of degree of
balance than that of absolute balance. However, many
rivers approach this balance reasonably closely from an
engineering point of view in which relatively short
periods (compared %o the geological cycle) and mostly

short stretches of the river are considered.

A change in any of the controlling factors,
namely, slope, sediment size, water and sediment discharge,
will necessitate changes in one or more of the other
factors 1o restore the ecuilibrium. The above situation
can be explained qualitatively by the well known balance
analogy of Lane (22) 1955, where two controlling variables-
sediment discharge and diameter of sediment- are on one
pan and the other two controlling variables- water dis-
charge and slope— are on the other pan. Thus if the
sediment load entering a stream in equilibrium is

increased keeping sediment size the same, equilibrium
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an again be restored only if the wabter discharge and/or

slope are increased sufficiently.

The changes in discharge, slope, sediment load
and sediment sigze can be due to natural reasons-~such as
occurrence of land slides, addition of sediment load by
tributaries in excess of what the stream can carry, etc.

It can also be dug to artificial means such as construction
of a dam across a river, orovision of s=ilt exclusion works,

ce A stream disturbed in this

<

withdrawal of clear water, e
wvay tends to apnroach s new equilibrium condition through

a slow process oi denosition or widesoread lowering of the
stream bed. If the sediment darryinﬁ cavacity of the stream
is decreased, the excess sediment load will be dropned on
the bed causing the bed slope to increase with the passage
of time; this phenomenon is known as aggradation. On the
other hand, increase in the sediment carrying canacity
will enable the flow to vick up additional sediment from
the bed and banks, and a nrogressive lowering of the

stream bed will result; if banks are erodible the streanm

width may increase. This phenomenon is called degradation.

Both aggradation and degradation are large
scale time~dependent morvhological processes of a river
and take very long time to reach near equilibrium
conditions. Obviously such phenomena create non~uniform,

and unsteady flow conditions in o channel
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problen of determination of resistance to
flow, sediment transport and vrediction of bed forms in

a stream in equilibriun (uniform flow conditions being

implied) is far from solved even todav. The problem is
further complicated when non-uniform and unsteady condi-

tions are created as is the case when this equilibrium is

disturbed in a manner explained in the preceding varagranhs,

1.2  AGGRADATION PROCESS

When artificial or natural changes disturb the
equilibrium of a stream in such 2 menner that eith
sediment carrying cavnacity of the strear is reduced or
the incoming sediment load is gcreater than the carrving

capacity of the stream, aggradation takes place. Thus
) v 9

aggradation is found to occur under the following conditions:

(i) Upstream of a dam :~ Due to backwater Fformation
the sediment carrying cavacity of the stream is greatly
reduced and the excess sediment is denosited in the

reservoir,

o

(ii) When relatively clear water is withdrawn from an
alluvial stream in equilibrium for irrigation or water
supnly purnoses agrradation occurs downstream of the
point of withdrawal..

(1ii) Dovmstream of branching streams where the divisio

of discharce leads to a decrease in th

(0]

carrying cenacity

of the stream.



(iv) When the tributary brinss in more sediment load
than what the main stream can carry,.

(v) Vmen sediment load is increased in an alluvial
stream by series of lard slides or dumping of mining
debris. Due to series of land slides in the Alalknanda
valley, in the year 1970, the Ganga canal (36)1974, in
Uttar Pradesh, India, was virtually silted up in its
upstrean reach; the canal had to be closed and silt
clearance done. Another exomple is the Mu Kwa viver in
Formosa (22) 1955, the bed of which was raised about
12,0m in 12 years due to addition of sediment to the river
from land slides. A two storey hydroelectric nower house

along the side of the wiver was completely buried.

Lane (22) 1955, renorts that the bed of the
Yuba river in northern Califoinia, U,S.A. rose about 6.0m
due to increase in the sediment load resulting from the
dumpins into the streams of large quantities of sgravel
wasted in the hydraulic mining of gold. A similar case is
that of Serendah river in Falaya (22) 1955, where the
river rose about 6.5m in the vears 1922-23 due to addition

of sediment load from the hydraulic mining of tin.

Aggradation of stream channels and natural
or artificial waterways has the effect of increasing
flood stage for a given discharge. Congequently the

area inundated and the extent of flood water damagces
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g0 on increasing although the discharge remains subs-
tantially the sane. Aggradation causes noor drainage of
irrigable lands and excessive wastage of water throush
consumptive use of uncontrolled vegetation. It also

increases the ground water levels in areas surrounding

the stream.

1.3  MATHEMATICAL KMODELS FOR STUDY O AGGRADATION

Time dependent variations of river bed due
to artificial or natural causes can be described by
combining equations of motion, equations of continuity
for water and sediment,the resistance law and the sediment
transport law. LTheoretiecally these equations can be
solved with »reseribed boundary conditions of the »nroblenm
to determine the longitudinal bed »rofile of the river at
various times. However, such a system of equations being
nonlinear it is not possible to solve then analytical}y
without maliing simplifying assumptions. Models based on
such simplifying assumptions have been nroposed by a few
investigators (1,8,10,31,35,39). However, in general, it
is necessary to check the results from such models anainst
a known situation ,i.e. against a set of observations. A
sufficient degree of apreement between analytical predic-
tions and observations may exist but comnlete identity
cannot generally be obtained duve to the comnlex nature of

the vhenomenon. One way of improving the analytical



predictions is to adjust the values of those parameters
in the model about which certain simplifyinc assumptions
have been made: the adjustments have to he denendent on

the observed results.

1,4 NONUNITORM FLOW IN OPEN CHANNELS

Various investigetors (14,29) have shown that
the frietvion faector for uniform flow in alluvial channels

can vary widely because of changes in bed form with varying

]

flow conditions. On the basis of both field and laboratory

k

) g - = 4 -

data it has baen found that friection factor of a sand bed
strean often changes by a factor of four to five, times

’

and in excentional cases by a factor of even ten over the
ranre of discharges commonly occuring during a year,., This
property of streams is illustrated by Alam and Kennedy(2)1969,

for the Rio--Grande river in ew l'exico.

Friction factor pnredictors for alluvial
channels as of today are by no means as satisfactory as
their countexr’maxrts for rigid bed channel flow. But one
may hope to predict the mean veloecity to an accuracy of
* 30 per cent under most circumstances from some of the

existing methods,

Regarding sedinment discharge relationships,

it has been found (30) 1971, that the probable error in

sediment discharge calculations even under the most
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favourable circumstances can be as large as 50 ner cent
to 100 ver cent. When calculations are based on average
alues of slopes, bed material characteristics, temnerature
and estimated flow depth and velocity, larger errors can be

expected.

While there is an abundance of data on sediment
transport and channel resistance under steady uniform flow
conditions, there is almost total lack of data under
nonuniforn/unsteady conditions; as such no check has been
maede so far as te whether the resistance and sediment
transport laws derived under uniform flow conditions can be
used under unsteady, nonuniform flow conditions. ‘

Xennedy's(19,20) 1963,1969, concent of lag distance—

that sediment transport lags local changes in velocity

near. the bed-—indicates that the sediment trensvort

o

relation is affected by the non-uniform flow conditions.

= JaF

However, no exneriments have been carried out to find the
masnitude of lag distance and its variation with other

pertinent variables. 3o far as the resistance law is
concerned, novhing is known about its applicability for
nonunifori flow condi

nonuniform flow and unsteady conditionSare associated with

the phenomenon of amggradation.

In view of the above, there is a great neec

for collecting experimental data on aggradation. Such



xneriments shall provide basic data on sediment transport
wnd resistance to flow under nonuniform flow conditions.
Suech information would also help in evolving a procedure
for orediction of aggradation, either using an empirical
procedure or by modifyving the results from a mathematical
model. It is to be pointed out that there is almost a total
lack of data on aggradation in streams arising out of
sudden addition of sediment load. Bhamidipaty and

Shen(3) 1971, hawve collected a limited amount of data

on aggradation due to excess of sediment load but under
conditions of incipient motion prior to sediment addition.

¥Natural stream beds are generally mohile and as such their

study would not be directly applicable to such streams.

1.5 '0PE OF SIUDY

-

The argradation caused in an alluvial stream
in eguilibrium due to increase in sediment suopnly rate
has been studied in this iﬁvestigation. The stream bed
both unstream and dowvnstrean of the section of increased
supply of sediment shall aggrade; the apgradation in the
downstream reach only has been considered here. The
primary objective has been to predict analytically the
transient bed and water surface nrofiles under such
conditions. Assuming a dovmstrean control section, one

can see that after a long ti~e, the aggradation downstrean
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of the section of sediment addition ceases once hydraulic

2 e vk S p i
conditions are compati, ble with the increased load.
? v

=

aboratory experiments have also been conducted.

)

N

data have been used to support and modify

i1
i

-

1e exnerimenta
the results obtained from the analytical model. These data

have been utilized to study resistance and sediment

transnort in nonuniform flow conditions.

1.6 LIMITATIONS OF THE STU

B S T

[~

The following limitations have been imposed on
the study :
. Apgradation downstream of the section of
increased sediment supply only has been

. . 1

investizated.

o Graded sand .yith o median size equal to 0.32 mm
and geomebtric standard deviation equal to 1.30 was
used a8 bed material of the flume as well as
fox injecteﬂ material.

- B8 Water dischargzge was lrept constant for a given
slove.

4. Channel widath remained the same along The

-

length since flume of constant width was used.



CHAPTER-II

REVIEW OF LITERATURE

2.1  PRELIMINARY REKARKS

Basically there are two avproaches to the
solution of aggradation problems—analytical and
exnerimental. The phenomenon of argradation can be

described as a problem ol propagation of hed nrofile

1
@
O
s

in 2 continuous medium. The gisi equations governing

the phenomenon is nonlinear and it is not nossible to

solve these equations analytically without maling simpli-
fying assumptions. ILxperimental investigations on the
phenomenon of aggradation are few and as such not

sufificient informetion is available on the hagic

mechanism of the nhenomenoca.

o

Cne of the objects of the nresent study was %o

check the anplicability of uniform flow sediment transnort

and resistance laws to non-uniform flow. A number oi such
relationships are available for uniform flow. A few of

these intended to be used in later analysis are reviewed

here,

~
b

The literature reviewec

,
h
¥

e
3
®
et
)
0
o’
)
o)
%

classified as under ¢
Analvtical nodels:

(14) Bxperimental work on aggradation:

i
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the material flow to Ttake place at a rate »nroportional
to the surface gradient and anplyins the usual conser--

vation principle he obtained :

e o 1= . 2.1

in which ¥ mav be called the argradation (or erosion)

coefficient; Z is the bed elevetion: x is the distance

and t is the time. Since the basic hydro-dynanic equations

were not unsed in the derivation of Bq. 2.1, no expression
K was obbtained., This mathematical model could be used

for v»redicting trensient nhasges of agpradation provided

K is a determinable guantity.

Tsuchiya and Ishizali (35) 1969, have developed

the basic diiferential esuation vizvﬁq.2.1 and have given

’
an exvression for eveluvating the value of aggradation
coefficient. In their mathematical frame woxrl: they used
the equation of fluid continuity,i.e., @ = U h,
resistance equation for uniform flow, bed load equation
of Sato, Xikkawa and Ashida (28) 1958, and the continuity
equation for sediment moving as bhed load. In arriving

at the model revresented by Eq.-2.1, the river bed slope,
32/9%, has been used in place of the energy slove. The

[}

model was usel to predict agsradation upstream of the

Hongu Dam (located on the Joganji river, Japan\. A good

agreement was found between the predicted values of



denosition denths and the data collected for a neriod of

fifteen vears (1939-1954).

De Vries (39) 1973, has developed the mathe-

matical models by makirng use of the dvnamic equations of

-
)

motion and equations of continuity both for water and

N ad

sediment. The dvnamic equation of vater and continuity
equation for flow as quoted by Chow (5)1959, have been

combined with Chezv's equation to give (see Fir.2.1):

3U Gl 3h 02 ~ g ig)
crm 4 U mmmn g g oemmee g e = om e (2,2)

3t ix ox ox 1

oh 8h R
cmme 4 U wwams 4 R wewes =0, v nkZF)
¢t ox 8x

5

in which h is the denth c¢f flow; U is the averapge velocity

of flow at a sectvion; C is the Chezy's coefficient; R is

the hydraulic radius:; and g is the sravitational

)

aceceleration. The actual phenomenon is of three dimensional
nature due to wvariation of denth and velocity across the
section and also dug to secondary currents; but cnly one

ment is implied in ZEgg. 2.2 and 2.3.

T

dimensional tireal

The continuity equation for sediment for

alluvial stream of constant width is 3

+
i

O
»

.

*
N
N
L J
o~
g
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absolute volume per unit time per unit width of the

stream and A is the porosity of the sand mass. This
equation can be used if the amount of sediment carried

in suspension does not change much with x and t. In fact
this equation holds truly for bed load only and strictly
speaking therefore its applicability is limited to streams
with coarse sediment. However,it has been applied to streams

carrying medium sands.

He has used a sediment transport law of the
form @

G = a'Ub. s e (205)

It has been shown later in this Chapter that it is an
approximation of Colby's total load relation and may be
deemed to be satisfactory over a limited range of depth.
De Vries preferred to use the law of the type given by

Eq. 2.5 because of its simplicity and also because of

his contention that the relations involving shear stress
are Dy no means more accurate., The sediment transport law
during unsteady/non-uniform condition is assumed to follow
the same relationship as for steady uniform flow, i.e.,

no inertia effects are considered.

The set of differential equations governing
the phenomenon,vizz,Eqs. 2.2 to 2.5 are nonlinear partial

differential equations and as such are difficult to handle.
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In an attempt to simplify the analysis he examined mathe-
matically the possibility whether water movement could

be treated as steady when the study of bed movement is
of primary interest. Lt has been shown by him that when
Fr is not close to unity, which is so in a majority of

practical cases,the celerity ¢ the one for the propa-

39
cation of disturbance at the bed is very very small
& o

compared to e, and 02-the celerities at the water surface,

1
see Fig.2.2. The term § in Fig.2.2 is a relative
3201 . -1 4G
celerity = ¢/U 3  is a transport parameter = h 3T

and Fr is the Froude number of flow = U/Ygh . This means
that the bed movement can te studied by assuming |(I)1’2|~*~oo
and hence the water movement can be considered as quasi-
steady,i.e., the terms 9U/3t ¥ERBE neplected in

comparison to other terms in Egs.2,.,2 and 2.3.

Further considering wide rectangular channel
(so that R = h) and water movement to be steady and

uniform during transient stages, Eq. 2.2 reduces to :

37 U3 .
e p— = — ‘--‘-"éﬁ'"” I ) (2’7 )
0x U*g
327 R o
or - mime = —_ 3 g S e R ) 2 ° 8
dx? CzQ 0x

Ccmbining EBgs. 2.4, 2.5 and 2.8, he obtained his narabolic
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model,viz,

87 2%y,
——m = K e = 0 = (2.9)
8t dx
1 024 ae/av
Where K = - '“"’"‘“"“:‘"'_" LI I (2010)
3 U2(1-A)
1 dc/au Uo 3
or K= = U sememee (22 b 34 (2:4%)

3 (1-2)8, U

. in which the subscript O refers to the original uniform

flow situwation.

After linearization UJ::E%)
1 U _(aG/4u)
K= o= sl . e {2412}
F a0 -2)

If sediment transport law of the form G = a Ub'with

constant values of a and b is assumed, then

1 b G : )
K= —~ v cee 2.13
5 8 (1-%

This theoretical value of K is designateias KO subsequently.
The parabolic model represented by BEa. 2.9 can be solved
analytically for a number of aggradation problems. De Vries
points out that the parabolic model has restricted appli—
eability and in certain cases this model might have to

be replaced by the more complicated hyperbolic model. The
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hyperbolic model is characterized by the following

differential equation 3

2 2y
3% 8°Z K 02

i [ L o S = D Y, (2.14)
ot 0% CB 0x 0t

in which c3 denotes the celerity of o small disturbance at
the bed; the expression for K arlffer linearisation again
reduces to Eq.2.13. In the derivation of the above hyper-
bolic model assumption of uniform flow during the entire

process is not made in advance.

dis description of aggradation phenomencn is
gualitative only and no results have heen obtained to show
growth of aggradation pattern either upstream of a dam or in
streams, However, he showed that for steep slopes and for
relatively small depths of flow, the results from the
simpler parabolic model are in good agreement with those from

the hyperbolic model.

Adachi and Nakatoh (1) 1969, made use of the
dynamic equation of fluid motion, viz., Fq. 2.2, eguation

of fluid continuity,

i &N - (24837

equation of resistance to flow,

U, = Vf/8 U , . (2.16)
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and equation of sediment discharge,

G = B0 (2:17)

U, is the shear velocity (= { 433);

x o)

Tg is the average shear stress;

~y is the mass density of water;

4 is the Darcy-Weisbach coefficient under
uniform flowj; and

CO is a constant.

Neglecting the temporal and spatial changes in the water
depth and velocity and combining the above equations with
the equation of continuity for sediment moving as bed

load, they obtained a second order differential equation

of heat conduction type,viz.,

37 2°g
17;5“ = & "5”27' ’ s (2.18)
X
where K =C_ 8 q VE£/8" e (2.19)

Note that the same differential equation with the different
value of the constant was obtained by de Vries. If the
discharge of water remains constant and f is assumed to
remain constant at the vdlue under uniform flowsEq. et
can be solved analytically for a variety of aggradation

and degradation problems.

On the lines of Tinney's analysis (34) 1952,
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for prediction of aggradation, Garde(10)1965, has
formulated a model for prediction of aggradation
upstream of a reservoir. He has used the gradually
varied flow equation, resistance équation developed by
Garde and RangaRuju(11)1966,and total load equation of

Garde and Dattatﬁri(12)1963, in this analysis.

The resistance equation can be written as

. e 2 AR E . P (2.20)

in which kv is a velocity coefficient, which has
different values depending upon the reziwe of flow;
for ripples and dunes kv = 3,2: and 4 is the diameter

of the sediment.

The total load equation can be expressed as

G '(\

0 _(C £

W & D de)

L (221}

in which kt is a coefficient; m is an exponents;

”(O is the ecritical shear stress; and Y.and ) are the
[}

unit weights of sediment and water resnectively.

l'aking use of Eqgs, 2,20 and 2.21 and neglecting higher

powers of U*C/ 7o he arived at the following expression

for 3G/dx :
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: . 14m~1
3G T q 2m+1 7-(;4-m i e 7 - :
0x 6 kv hc LVp

_14ms 13 Flon
—(2m+1)h 6 J - ; (2,22)

in which kvp ig the value of velocity coefficient for plane
bed without motion (the sugrested value being 7.57) and
hc is the denth of flow at the incipient condition for

a piven discharpe and sediment size. Since all the terms

N

in the parenthesis on the rirht hand side of Eq.2.22
except h, are constants for a given flow situation,
Eq.2.22 could he written as
oG oh
e = Bl e (2.23)
Ghd ox
The continuity equation for sediment,viz.’Eq 2.4 then
becomes
Z
o 4+ F(h) =——— =0 (2.24)
ot Ox
The scheme of computation congists of determination of
h and dh/8x at various sections by integrating the
varied flow equation, and calculation of 9G/dx from
Bq., 2.22. Substituting the value of 9G/9x in the continuity
equation for sediment, viz.,Bq. 2.4 the value of 38Z/8t
is obtained. Assuming a suitable time interval At,ADZ

can be obtained by

27
AL = iz . - PR | =T
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The aggradation profile after At is obtained by determina-
tion ofAZ at various sections, Calculationsfor the next
time interval can be carried out starting with the above

aggraded bed.

Because of the neglect of higher powers of U*C/U
in . arriving at Eg.2.22, the formulation ig not expected to
give reliable results for sections close to the dam where
U*C/U is approximately one, This formulation cannot,
however, be used for the problem of aggradation in
streams due to excess sediment load since no back water curve

exists initially in such cases.

Bimamee (33%) 1974, has presented a numerical
method for predicting aggradation upstream of a dam for
a constant discharge flowing through the stream. The
method is based on the solution of set of eauations
represented by Eq. 2.24 and the following equation :

oh Soi— 3Z/dx - Sf

— (2.26)
ox 1 - Fr

in which Soi ig the initial slope of the stream bed.
The first deposition profile after timeAt is obtained
using Bq.2.24 after substituting the values of 0h/dx
from Bq.2.26 with 9Z/0x = 0. The subsequent profile

is predicted using the relation @

0Z

7(0) = 2 + 2 A%(~——— )

i e — R (=
s W L 2y =1 3t L] ( 7)

for various i, values. Knowing this profile the bed slope
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as well as 0Z/3x are computed at each section. Now a new
water surface profile is obtained and then (8Z/8t) values
at various sections are computed. A new bed profile can be
computed as :

1 (o) &% T OE pZ - {a)
J

B cped Tiagts o U Ayl e il el

This iteration is terminated when desired accuracy is
achieved, The high frequency undulations on the bed thus
obtained are smoothened using truncated Fourier sine series.
‘Such a smoothening is necessary for obtaining a stable
solution over a large period of time. The numerical
algorithm was found to be quite stable and results show

ro0f agreement with experimentally observed bed profiles.
£ g It .

2.5 TFXPERIMENTS ON_AGGRADATION

e )

Compared to the anaiytical investigations of
the phenomenon, very little experimental work on aggradation
has been carried out. Aggradation has been studied in the
laboratory under idealised conditions of a prismatic
channel carrying a constant discharge and sediment load—
assumptions which are also common to many analytical
investigations. As such a comparison between theoretical

and experimental results is possible.

Sugio (32) 1962, observed aggradation upstream

of a weir in a rectangular laborabtory flume. He has analysed
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thesc data (covering a range of hc/(yn/)/—1) = 13 to 25
and SO from 1/100 to 1/267) on the basis of dimensional
analysis to evolve emogrical relations for the deposition

and depth of water at the moving front of aggradation.

Bhimadipaty and Shen(3),1971, have conducted
experimenté on aggradation caused by addition of sediment
load to a stream under conditions of incipient motion.
The increased sediment load creates a moving ageradation
front. The down-stream reach of the front at any time
remains unaffected by the sediment addition. The typical
water surface and bed profiles as recorded by them are

shown in Fig. 2.3 They have found that the bed level at a

section rises as a logarithmic function of time, viz.,
R Wk 5 d1 e (2'29)

in which c4 and d1 are constants. This equation does not
give zero deposition at t = 0 and also no attempt has
been made by the authors to evaluate the empirical

constants q4and d1.

Swamee(33) 1974, studied the problem of aggradation
upstream of a dam in a 20cm wide, 30 m long laboratory flume.
He found that the phenomenon of aggradation upstream of a
dam is a phenomenon of moving front. Upstream of this
front he found major peaks followed by minor peaks. AS

time passes these peaks travel in the downstream direction.
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At the time the major peak reaches the dam its height
is nearly equal to the dam height and by this time a
major part of the reservoir is filled up. The front
causes the reduction in the reservoir capacity, for

which he obtained an empirical equation of the form *

% i ) 6

. STt - e s i (2.30)
= . 4 4 i‘_5
= g+ (t/t,)

which gives the reservoir volume Vt Tor~sime T} VO

being the initial volume, Here t is the equilibrium time ¢
and k3, k4, k5 and k6 are constants. Empirical equation
have also been obtained by him for determination of the
height of the front as a function of its distance from

the dam and also as a function of the time.
2.4 RESISTANCE LAWS UNDER UNIFORM FLOW CONDITIONS

The Task Committee on sediment transport
mechanics (29) 1971, has given an excellent review of
a majority of the resistance relatioms. As such literature
pertaining to these relations has not been reviewed here.
Only the resistance law proposed by RanpaRaju (25)1970,
is reviewed briefly since it appeared the most convenient
to use in this investigation apart from being reasonably

accurate. Garde and RangaRaju (11) 1966, had proposed a
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resistance relationship involving the parameters

U/\RAYS/JG)"R R/d and Sf/(A)”S/y ). Later, with the

availability of a large amount of additional data,

RangaRuju(25) 1970, modified the above resistance law

by considering the effect of parameter g1/2d3/2/>/ on

the resistance relationship. The resistance relationship

obtained by him for all regimes involving sediment motion

is shown in Fig. 2.4. This relationship is between the

parameters K1.U/V2>Ys/f>) R and K2(%)1/3 nwmvsf -
y (AY/y)

in which K1 and K2 are empirical coefficients related to

the sediment sizc as shown in Fig.2.5. On Fig.2.4, the
scatter of data drawn from nearly swenty sources 1is such
that an error of less than + 30 perZcent is indicated in

the predicted mean velocity.

&% SEDIIENT TRANSPORT UNDER UNIFOR!’ FLOW CONDITIONS

l’any relations for calculating sediment

discharge have appeared in literature. The hydraulic
engineer has to select one or more of these for solving
his particular problem. The selection is not straight-
forward since the results of different formulae often
differ appreciably and it is not possible to find out
which one gives the most realistic results for the case
under investigation. After closc examination of the

various formulae, two total load relations, onc based
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on mean velocity of flow and other based on shear, have
been selected for use in the present analysis on the basis

of their simplicity and accuracy.
2.5.1 Colby's Sediment Discharge Forrula

Initially, Colby(6,7) 1964, gave a relationship
for the uncorrected discharge of sand in terms of mean
velocity for six median sizes of bed materials, four

2 #, . , 0 0
depths of flow and water temperature of 60 T{15 80,

The relationship in functional form is ¢

e A0 X; dso) j (2.3}

~

and consisted of sets of curves for water depths of
0.1 5., 106, 308 and 100 Tea mnd sediment sizes
of 0.10mm, 0.20mm,0.30mm, O0,40mm, 0,60m: and O.8Cmm.
For getting the true sediment discharge he recommended
that certain corrections be applied to the uncorrected
sediment discharge to account for the effect of
temperature, presence of fine suspended sediment and

changes in sediment size.

TLater Colby developed relationships, in the
form of curves, between the observed sediment discharge
and mean velocity for 5 sand bed streams at average
temperature of 6OOF(15.SOC). These curves on logarithmic
paper have little curvature especially over the narrow

ranges of discharge for which the data are generally



available and can be fitted satisfactorily by power

relations of the form,

b

G‘ Za,U- 9 e 0 (205)

where a and b are functions of depth and sediment size.
In the evaluation of various sediment discharge formulae
by the Task Committee (%0) 1971, it has been established
that Colby's relationship gives good agreement with the

observed sediment discharges.

For a given sediment size and a relatively
narrow range of depth'a'and 'b' in Bg.2.5 would be
approximately constant. This is supported by the
laboratory data collected by Kennedy (18) Y961, I+ may
be emphasised that Kennedy (19,20) 1963,1969, and

de Vries (39) 1973, use Bq. 2.5 in their analyses.
2.5.2 Vittal-Rajju-Garde Sediment Discharge Formula:

Relations for rates of total load and bed
load transport in alluvial streams rnve been developed
by Vittal-Raju~Garde(38) 1973, using. the concent of
effective shear stress. For plane bed they showed that

4 )1/2 ( yl,,.)T/Q

the parameter {. defined as G(---~-—

A gd’

ig uniquely related to (4 , see Fig. 2.6. Here
K TO/(YS— Y)a. The effective shear stress for total

load Tt in case of undulated beds has heen defined as
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the ghear stress which would give the same rate of total
load transport (for a given value of &, ¥ and ) ) on 2

2
plane bed as the observed rate of total load transport

on the undulated bed. Obviously (., for a plane bed is

8-
equal to the average shear stress on the bed. For r inple
and dune beds it has been shown by the authors that T{

is greater than grain shear stress r; computed by Mamming-
Strickler equation, the difference being large when the

suspended load is high, see Fig. 2.7. Here T*t - Tt/()L» Na
= (=l

and -(":s: '(Ly()'s— Ya.

Thus one can use Figs. 2.6 and 2,7 to compute
the total load transport in case of ripple and dune beds. The
scatter of data is emall in comparison to that obtained

normally on sediment discharge plots.

2.6 SEDIMENT TRANSPORT UNDER NON-UNIFORI FLOW CONDITIONS

The available sediment transport formulae
are all based on uniform flow data. It is not known clearly
how far these are applicable to non-uniform flow conditions
as obtained in an aggrading stream, But a clue to the
poosible effects of such non-uniformity can be had by
referring to the works of Kennedy and others(15’17’26)’
who looked at the flow past a dune as non- uniform flow

in the microscopic sense with a continual decrease in

depth from trough to the crest of the dune.
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Kennedy (19,20) 1963,19€9, has introduced a
physical quantity 18! into the sediment discharge formula
(in which transvort rate 1s proportional to a power of
fluid velocity at the level of the bed) and using the

potential theory investigated the stability of a small

disturbance at the fluid-bed interface. He defined the

m

quantity,6, ac the distance by which the local sediment
transport rate lags the local velocity at the mean level of
+he bed. In other words because of inertia, the sediment
transport rate at a section responds relatively slowly to
the changes ir hydraulic conditions, Thus on the up-strean
face of a dune, the transport rate at a cross-section
would be smaller than that given by the equation G = a Ub
after substituting the local velocity for U. The reverse
would obviously be the case on the down~stream face.
Kennedy, however, did not give any relation for computing 8.
Yennedy's concept of laygdistance has often been used

in subsequent treatments(15,17,26), and various qualitative

reasons have been given for existance ot B,

Engelund(9)~1966, considered a sand bed with
sinusoidal variation of bed shear (an idealised case) and
cstablished thet sediment transport 1is delayed in relation
o the bed shear. This lag distance based on shear stress
may be designated as &', The lag distance,d', was deter-

mined by the structure of turbulent flow, He related ond! /L
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to the Froude number of flow as shown in Fig. 2.8.

Here L is the length of dunes and antvidunes.

Parker (24) 1975, has gone a sten further and

argued that if the lag in fact exists, it should be
obtainable from the very analysis that indicates ins-
tability. He presented an instability analysis of flat
bed leading to antidunes and obtained an expression for
the lag distance. He showed that the lag distance is a
function of bed form wave number; ratio of sediment
transport effects to frictional effects; and the ratio

of sediment transport velocity to mean fluid wvelocity.

J]

Thus it is seen that whether sediment.

U

transport rate is expressed in terms of velocity or

shear lag exisits., But little is known about the magnitude
of this lag distance. The idea of lag distance has Dbeen
used primarily in connection with the instability of
flat beds leading to the formation of micro-morphological
processes such as dunes, antidunes, etc. There is a need,
therefore, to explore the applicabi’ity of this concept
to unsteady and non-uniform flows occurring in case of
macro-morvhological processes like that of aggradation

due to excess sediment load.

5.7  CONGLUDING REMARES

P

Review of literature indicates that matehmatical



framework for the problem of aggradation and degradation

has been well established, Some work has been done regarding
o (&

o

the quantitative prediction for the problem of aggradation
upstream of a dam but no such work exists for aggradation
in a stream due to overloading,Gompared to the analytical
work very little work has been done on the experimental
side. In fact aggradation due to excess scdiment load when
the sediment on the bed is in motion has not been investi-

pated experimentally at all,

Little information on the resistance of alluvial
streams under non-uniform flow is available. 1though no
studies of sediment transport under non-uniform flow have
been conducted, there ié evidence to sugrest that sediment
transport laws developed for uniform flows cannot be applied

directly to non-uniform flows.
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CHAPTET-ITT
THEORETICAL ANATYSIS

3,1  PRELIMINARY REIARKS

The natural process of obtaining equilibrium between
sediment supply and sediment transporf is complicated by
various factors such as variability of discharge in a river,
variations in total run off from year to year in different
parts of the drainage basin and periodic changes in the volume
of sediment transport, with the actual mode of transport
differing from one stage to another. It is, therefors,
difficult to attempt a complete representation of the aggra-
dation due to overloading as it exists in nature. 1t is.,
therefore ,necessary to choose the simplest‘model which clearly
incorporates the essential features of aggradation. Given
precise setting and calibration the simplified model shall
respond to a given situation just like the natural phenomenon

of aggradation.

As mentioned in Chapter II, the following differential
equation for river bed variation has been obtained by a number
of investigators :

5C 8%g,

S — - K -———“-—2—-- = O . e ee (209>
ot Ox

The value of K varies from investigator to investigator

depending upon the simplifying assumptions introduced.
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The parabolic model suggested by de Vries(39) 1973,
is based on the equations of continuily of water and sediment,
equation of motion for water and a sediment transport law of
the form G = 3 Ub and the theoretical value of X is given by

1 b Gy
3 s, (1 ~A)

T, .
X

I

The merits of de Vries' work have been outlined in Chapter II.
The model proposed by de Vries was chosen for detailed study
and his equation has been solved in this Chapter for the

boundary conditions of the problem.

Before presenting the theoretical analysis, the
salient features of the problem which have a direct bearing

on the analysis shall be explained.

3,2  SUDDEN DISCONTINUITY IN TRANSPORT RATE

Suppose that the sediment load at a section is
suddenly increased without changing the discharge and the
sediment size. This represents a case of sudden disconti-
nuity in the variation of sediment transport rate along
the length. In case of aggradation through back water or
degradation through draw down, such a discontinuity does
not exist; the transporting capacity is gradually increaced
or decreased from the uniform flow value to some specified

value over the length of back-water curve or draw-down curve.
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Due te sudden addition of sediment load, the equili-
brium is disturbed. To reestablish equilibrium the slope of the
bed must increase. Ordinarily, after such a change in flow"
condition, a new equilibrium tends to be established in the
following manner: When the rate of sediment supply is increased
the stream between sections C and A (see Fig.3.1) cannot carry
the increased load of sediment and some of it is deposited on
the bed downstream of O causing the bed to aggrade to 01.
Deposition continues with the addition of sediment load and
the bed level rises to O2 and the aggradation extends further
downstream., If the sediment addition continues for a long time,
a new equilibrium grade 03A would ultimately be established

such that the new slope with the prevailing water discharge is

able to transport the increased sediment supply rate.

‘'he above mentioned changes would also cause a change
of slope upstream of the secion O, The rise of the bed level
to O1 would also cause a decrease in the slope upstream of the
section O. The stream cannot transport the sediment brought
down on this decreased slope and some of it would be deposited
upstream of O, With the continued aggradation of stream bed
downstream of O, the bed level of the stream upstream would
alsc rise approaching a final equilibrium grade O3B3 parallel

to original grade OB,

In the theoretical treatment in this Chapter and

subsequent analysis only aggradation downstream of the section



of sediment injection is comsidered.

3.5  AGGRADATION DUZ T0 OVERLOADING

Equation 2.9 shall be solved for boundary conditions
of the problem of aggradation due to sudden addition of
sediment load to determine the transient bed profiles of the
stream. Injection of sediment load is assumed to be taking
place continuously and at a constant rate. The discharge of
the water and sediment size are assumed to be constant. It
is further assumed that the total load transport may be used
in the equation of continuity for sediment implying little
change in the amount of suspended load from section to section

and with time. The width of the stream is +aken to be constant.

3.%3.1 DMathematical Model

The mathematical model governing the process of river
bed variation under simplified assumptions has been given by

de Vries (33) 1973, as

27 37
i = = { Logay ‘-)‘2‘;ﬂ = O . e 8 & ( 2 L ] 9 )
0y, Ox

ey ]

The theoretical value of K designated as K, is given by

1 b G,
K. o e oo (2.13)
3 8,(1=1)

In the case of overloading at a constant rate at a section
x = 0, the value of deposition depth at this section shall

always be greater than that for x > O. The magnitude of thls
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depth shall go on increasing with increase in time, Prior
e . (See Fg 3.2)
to injection Z is zere everyﬁwhereg At larze distances for
: v
t > 0, the deposition depths can be taken as zero, IHence

the boundary conditions for the nresent problem are

Z (x,0) =0
%2 (0,%) = 2 (t) for %>0 {
v S
g {x,%) =0 far x = =
.28,

in which Zo(t) represents the deposition depth at x = O
as function of time, Assuming further that X is a constant,

and taking Laplace transform one gets

) a%%
S '2 ~ K "'"‘“"‘2"" = Q ’ e (3,2)

dx
in whieh bar over the symbol denotes Lanlace transform of
a quantity and s denotes %he transformed time variable, If
ZQ represents Laplace transform of Zo(t), the solution of

Eq. 3,2 is obtained as (4) 1963,

2 = Z(X’S) = 'Z e—\‘fv‘é‘ﬁ“ = . ¢ 9 (393)

0
1 - . 5 , —-\FS/K X i
Knowing that inverse Laplace fransform of e is

V3w K &3
theorm,one obtains(4) 1963,

2/
W / 4—1&.1; . 3 £ ¥ S b
equal %o e -and making use of convoluvion

bt

t p' Bt
B 8) = f (e Z/2 /DY g (v-)aB 00 (504)
a P YnE
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Letting o . x2/4 XZ, Eq 3.4 reduces to

Sk Y u’y ¢ = ) (3.5)
Z X 't = remeamas - e-_ Z t = T d‘\l ° v e 3 . 5
NI e ER ; aw®

In case when ZO(O,t) « % ., a constant value, which is

o)
representative of a situation very close to the attainment
of final equilibrium,i.e.)when t = =, the sBolubion of Bg.5.¢

may be obtained as

Z{x,%)

il

zo(1 - erf n) con  USJB)

il

ZO( erfc M ), cas AFeld

where 1k=:x/2 VTt and erf R'and‘erfoq are defined as

5% 2
erf q’= et TR gu mHd
el | ver (3.8)
eyfe nL = 1 - erf ng

- The solution cbtainsd in Bq.3,7 is the same as obtained
by de Vries in the case of degradation phenomenon down-

stream of a dam.

The variation of Z with t at x = O is not known
in the present problem and the explicit solution of tha
integral Eq. 3.5 is not possible. As such the solution
for the transient be@ nrofiles is not forthcoming directly
from Bg. %.5. Purely theoretical considerations would not
lead to the determination of Zo(t) explicitly unless the

transient bed profile itself is known. Hence, the
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information regarding the variation has to come from
experiments. The deposition depth at x = 0 i.e., Zo
shall be a function of many variables such as time and
fluid, flow, and sediment characteristics. The determi-
nation of the correct fornm of such a functional relation-
ship involving empirical coefficients may not be easy.

An alternative to the above scheme which shall avoid

determination of the explicit fo.m. of Zo(t) is proposed

below and shall be tested against experimental information.

Assuming that the solution obtained in Eq.3.6
be also applicable for transient stages meaning that Zo
is now the value of deposition at x = O for any transient
bed profile; the value of the deposition at any distance
and time can then be computed from Eq. 3.6. 1t may be
pointed out that many simplifications were made in arriving
at Bq. 3.6. These simplifications are :(i) Simple form of
sediment transport law of the form G = R Ub is used
in which the effect of bed forms is not being explicitly
accounted for. (ii) The use of sediment transport law
under uniform flow conditions  fer non-uniform flow
conditions., (iii) The assumption regarding linearisation made

by de Vries. In view of the above it is exnected that the value
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of K enabling prediction of transient profiles in
agrreement with the measured profiles may be different
from the theoretical value of K equal to KO given by

Ba. 2:1%.

3.4 LENGIH OF AGGRADATION

It is obvious from Eq. 3.6 that at a given time
the aggradation depth Z, downstream of the section of
sediment injection decreases asymptotically in the longi-

%
tudinal direction. However, the region of asymptotic
change in Z is taken to end at a section beyond which the
change in Z does not exceed some prescribed value. In that
case the length of aggradation}ls shall be the distance
between the section of sediment injection and the section

where the arsgradation is assumed to end.,

Assuming aggradation ends where Z/ZO = 0401
a usual assumption made in problems having asymptotic
behaviour,e.r.,as in a boundary layer theavry — one gets

from Bg., 5.6

Z i
—— = 0.01 =1rerf—
ZO A ? \'u:.'b
i
or ewms | w - OB m
2 VKt

v~ A

‘s._...'v——-

-

or = 3,66 VKt



If the limit for aggradation is
1 .
s 4 B8
2 VKt

or 1 = 3.30 YE&

3.5 DEIBRMINATION OF 7

set at z/zO

W

A1

= 0,02,

= (

one gets

4230

In order that the transient bed profiles be

—

determined by =2qQ.3.6, the mapnitude of ZO

mast be kn

For the given rate of sediment injection 8 G and the

during which this is taking place, the

be calculated DYy ecquating the volume

in during time t to the area under the corresvonding
transient bed profile,(see Fig.3.2):
1
AG v -t =f (Z dX>(1 S o0 (3.11)
0
Combining Bgs.(3.6) and (3.11), one gets
DGt e =
§. =y 5 ‘ Tk sl o Ty (3.12)
ET Ay 0 2 T -
which yields,
Aget ( & 1 1 I i
A i 14 1= = | =(- " e +lJ.L4Lt;fQ
ST S t Vr 4*F 96 Vi 1920 VTt
1
1 o 7 1 LGN 1 b R
o e () e G et SO |
4.30x10% V** 11xz10? VK% 32 AAX1O [“

OwWnl.

time

magnitude of ZO can

of sediment coming
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Taking the length of aggradation profile given by Eq.3.9,
the expression within the parenthesis on the right hand
side of Eq.3.13 works out to be 0.307. Equation 3.13,

therefore, reduces to

OHG %
T (3:14)
1.13(1-A)VEE
oxr ZO AG
el 20,885 -—mewse e (3.15)
VKt - Tl1-A)

3.6 TIME SCALE

Equation 3.6 shows that the solution for the
problem of aggradation under study involves only the
single dimensionless parameter x/2 VKt ; the time scale
of aggradation process can, therefore, be estimated from
this equation., Suppose at a section x, a fraction of
final aggradation has taken place, then the time tn in
which this would have taken place can be computed from

this equation,

o - 1 - erf -=~——-v-‘-"‘~“_.‘ LI Y ) (3.16)

or erf  -——-— =1 - « .o {5170

From the table of error functions, the value of
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x/2 VK%O can be determined say B, then

X
e el
2 \ﬁ{ta
}{ *n e (3 !18)
or t W e———
% ABK

Trom Bq., 3,18 it follows that time required
for any section to reach a given deposition depth is
proportional to the square of its distance from the
section of sediment injection and varies inversely as
the aggradation coefficient. For o = 0,50, erf{x/2 V&)= 0.5
and from tables of error function B = 0.477. Thus
o

X

to.5o = "'"O-;-9“'i;‘"' poe (3719)

3.7 CONCLUDING RTEIARKS

Transient bed profiles at different times can
be completely determined by Bq,3.6, while the length and
maximum depth of deposition are given by Egs.3.S and 3,15,
These equations have been obtained on the basgis of several
simplifying assumptions such as constan®t width of channel,
steady water movement during transient stages, use of
resistance and sediment transport law developed for
uniform flow under non uniform conditions occuging during

aggradation,



The theoretical value of aggradation coefficient,
i.e.,KO is based on the value of b derived from uniform flow
data. As already mentioned there is evidence to indicate
that the sediment transport law under nonuniform flow
conditions may be different from that for uniform flow
implying a possible change in the value of b, Also in the
prediction analysis, solution obtained for constant
boundary condition,i.e.,Z = Zo is being applied for the
case of Z = Zo(t)‘ These two assumptions are likely %o

affect the results appreciably in a real situation.

It is therefore, logical to expect that the
derived equations would need some corrections such as
modification in the wvalue of K. Such a modification in the
value of K can only be done on the baswgs of known set of
data, Experimental data collected by the author are used
to find an empirical predictor for such a modified value of
K. Hence once the modified values of K is known EBg. 3.6 can

4

be used tn predict the transient bed profiles.



CHAPTER IV

EXPERINENTAL INVESTIGATIOW

441 PRELIMINARY REITARKS

The mathematical analysis developed in the
previous Chapter for predicting aggradation profiles
ig based on many simplifying assumptions. As such there
is a need for comparison of the anal&tical results with
those observed either in the laboratory or in the field.
No laboratory or field data are availéble for the profilem
sk aggradation in stfeams arising due to increase in the
rate of sediment supply over and above the equilibrium
sediment transport rate.Experiments were,fhcrefore,‘
carried out in a laboratory flume o provide information
on bed and water surface profiles under sgch transient
conditions. Since aggradation creates non-uniform flow
conditions, the data collected also provide an opportﬁnity
to study sediment tranSporf and resistance laws under
unsteady and non-uniform flow conditions. The salient
features of the experimental set up and procedure aré

deseribed in the following sections.

4.2 EXPERIVENTAL SET-UP

he experiments were conducted in a 20cm wide,
50cm deep and 30m long recirculatory tilting flume located

in the hydraulicslaboratory of University of Roorkee,Roorkee.
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The flume was provided with glass side wall on one side and
2 painted steel-sheet wall on the other side. The presencd
of different materials on twe sides necessitates a modi-
fication to the side wall correction procedure valid for

a flume with the same material on both sides. Such a
modified method was devised and is presented in Appendix-1I.
However, the difference in the naturc of the material is

not such as to cause unsymmetricnl flow conditions; gymmelry
about the centre line would in no case be obtained even

in flumes with same material on both walls because of the

three dimensionality of bed undulations. _ ‘

The recirculatory system consisted of a
rectangular tank having sloping_bottém to collect the
sediment laden flow from the downstream end of the
fiume (Fig.4.%1). A 25-H,P. pump waé connected with the
tank and a supply pipe for maintaining fhe recirculation.
A 10cm~-dia supply pipe line was connected fo the upstream
end of the flume. Anorifice meter of 7;501.diaﬁeter vias
installed and calibrated in the supply line for the measure-
ment of discharge, and the discharge was controlled by
a valwe, The maximum discharge: that could be carried in
the flume was 15 1/sec. A floating wooden wave Suppressor
provided at the entrance of the flume for damping the
disturbances at the free surface. Rails made from metallic

tube were provided on the top of side walls. A movable
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carriage with a pointer gauge having & least count of

0.01 cm. was mounted on a carriage which gould move on
the rails. This was used for recording water surface and
bed elevations. An adjustable gate at the downstream end
of the flume was used to control the depth of flow in

the flume.,

The sand was filled in the flume upto a depth
of 15 cm, and levelled parallel to the rails, The sand
forming the bed and injected material had a median sicve
diameter of 0.32 mm and a geometric gstandard deviation
of 1.30. The grain size distribution curve cf the sand
used is shown in Fig.4.2. The specific gravity of the

sand was 2.65.

4.% EXPERIMENTAL PROCEDURE

The experiments conducted can be grouped under
two categories — uniform flow experiments and aggradation
experiments, Uniform flow experiments were conducted for
determining the relation for sediment transport and j
resistance to flow under such conditions for the sediment
used in the study. Subsequently experiments were also
conducted in which the sediment was injected at the
upstream end and the aggradation downstream was studied.
Detailed measurements of the bed and water surface profiles

at various times were ‘taken; these were useful in the study
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of sediment transport and resistance to. flow undor non-
uniform flow conditions, apart from providing the basic

data on aggradation.

The temperature of water was recorded at the
begiﬂ?ng and end of each run and since the maximum difference
between these two was 1OC, the average of these wasg taken
as the average temperature for the run. & continuous
watch wag kept on the discharge and it was ensured that

it remained almost constant.

o e Uniform Flow Experiments

A series of 24 uniform flow Tuns were conducted
during this study. In these experiments the flume was
filled with sediment as mentioned earlier and then was

given the desired slopC.

The recirculatory system was then filled with
water and the pump started. The valve was slowly adjusted
to give the specified discharge and uniform flow was
obtained by adjusting the tail gate at the down stream
end of the flume.and allowing the bed to adjust. Because
of the effect of entrance and oxit conditions on the
flow, about %3 m length of the flume at the upstream and
downstream ends was not considered in assessing the
uniformity of the flow. Uniform flow condition was

considered to have been attained when the measured bed
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and water surface profiles were parallel to each other.
About 4~6 hours were regquired to establish such a condition.
After the uniform flow was established the bed and water
surface profiles'wore rocorded at ten sections 2,50 m apart

and thus the average depth of flow determined.

he concentration of total sediment load was
measured at the downstream end of the flume. The individual
samplc was obtained by a samvler (sce detail 'A' in Pig.4.1),
which discharged the sand water mixture into a collector.
The sapler collects the total load as it is made To
traverse across the width of the flume at a uniform speed.
Minimum of 8-10 samples were collected at an interval of
5 minutes. The contents of the collector for cach of these

throngh o thicke Fdter poger.

samples were Tilteredjp The material was dried in an oven,
then weighed on a chemical balance and concentration in
gms/1litre for each sample determined. From these data
average sediment concentration was determined for each
run. The basic data collected on uniform flow have been

summarised in Table § of Appendix-IT.

4.3.2 Aggradation Studies

In order to study aggradation due to overloading
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uniform flow conditions were first established for a
prescribed discharge and slope as described earlier., The
equilibrium concentration was also obtained. To simulate
the conditiors of aggradation taking place in a Stream
when the rate of sediment supply is increased over the
equilibrium sediment transport rate, additional sediment
was dropped manually at a desired constant rate into
this recirculatory system at the upstream end of the
flume. The section of sediment injection was located
near the upstream end of the flume but far enough from
the entrance to be unaffected by entrance disturbances.
The excess sediment load was progressively deposited in

the flume,

Tt was estimated that only about 5-10 per cent
of the injected material was deposited upstream of the
gection of sediment addition. Since the study was concerned
only with the aggradation downstrean of the section of
sediment addition, the amount of sediment deposited
downstream was used in the computation of amount of
additional load. It may be noted that in view of the
very small amount of deposition upstream, the amountv of
material actually added is practically equal to the

material deposited downstreamn.

The bed and water surface vrofiles were

measured at various times at eleven cections along the

length of the flume downstream of

o 85 7Y
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injection. The profilcs were generally talken at intervals
varying from 10-20 minutcs. This time interval was decided
on the basis of rates of deposition of sediment, the
velocity of pronagation of agrradation front and the time
required to measurc one set of trangient profiles so that
a few profiles could be recorded before the injected
sediment became a part of recirculatory system. The runs
were continued till the front reached closc to the end of
the flume. During the progress of aggradation, the sediment
samples were talen at the downstream end of the flume %o
ensurc that the injected scdiment had not recached the
downstrean end of the flume but all of it has becn
deposited in the flume. Such a check was carricd out

by studying the variation of sediment transport rate, G,
with time, t,at the end of the flume before and after
sediment injection. Two such typical plots are shown

in Fige 4.3. These curves show that, on an average, the
scdiment transport rate at the end of the flume after
sediment injection is cqual to that prior to the addition
of excess sediment, This was true as long as the aggrada-
tion front had not reached the downstrcam cnd of Sthe
flume. The bed and water surface measurements were always
stopped@ well before a part of the added sediment reached

i L |
the down_stream end of the flume.

The area under each transient bed profile was
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determined and & G thus calculated during the time interval.
The average of the values so determined for all transient
profiles of a run was taken as & ¢ for that run. The
maximum difference between the individual® G values during

a run was 15 per cent.

The aggradation experiments were conducted using
two discharges— 4 1/s and 7 1/s -- and range of slopes
from 0,00212 to 0.00652 under different rates of sediment
addition., The rate of sediment injection was varied Irom

030 Ge to 4.00 Ge.

A total of eleven runs were conducted to obtain
thirty transient profiles of the bed and water surfaces.
A summary of the data collected during such aggradation
runs is given in Table 2 of Appendix II. Here run
3,50-U=4 means that the run U-4 listed in Table 1 of
Appendix TT has been used for aggradation studies and rate
of overloadingAG/Ge is equal to 3.50; and so is the meaning

of other runs listed in the Table 2,
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CHAPTER~V

AWATLYSIS OF DATA -

5.1 PRELININARY RENARKS

The experimental data obtained under the present
investigation pertain to uniform as well as non-uniform
flow conditions. The uniform flow data have been analysed
first to establish basic relationships for sediment
transport and resistance to flow that are valid for the
sediment used in the study. The non-uniform flow data
nave been utilised for studying the characteristics of
flow during aggradation and establishing sediment
transport and resistance laws under such condtions.
Finally a comparison has been made between the experimentally
observed aggradation profiles and profiles obtained from
mathematical analysis. As a result, a modified value
of K has been proposed for use in the mathematical relations.
This modified value of K can be predicted from the empirical
relation evolved by the analysis of data, Calculations of
transient bed and water surface profiles with the help of
the proposed relations have been illustrated taking the

case of Colorado river, U.S.A,
5.2  VERIFICATION OF RELATIONS FOR UNTFORI FLOW

Some of the existing uniform flow relations

;—:,

or resistance to flow and sediment transport were tested
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using the data from uniform flow conditions, Agreement

with the well established relations would indicate that

the data are reasonably accurate. Where only the form of the
relationship is well established, plotting of these data

in such form would heln in determination of the constants
required in the later analysis. Throughout the analysis
presented in this Chapter the hydraulic radius with

resnect to the bed was used in place of R and its value found

by the method explained in Appendix I.

5.2.1  Sediment Transport Lew in
A simple sediment transnort law of the form

¢ =aU" sve HE5)

nas been used by some investigators earlier (6,19,20)

and was used in the derivation ﬁreéented in Chapter III.
This equation involves a coefficient 'a' and an exponent Tpi
which mypt be determined experimentally. The. data from

the uniform flow experiments can be utilised to determine
the values of a and b. The exverimental data are plotted

on a log-log paper as G versus U in Fig. 5.1. The relatively
small scatter of data permits fitting a straight line

through them justifying the form of Eg. 2.5. The best

fit line drawn throush these points by visual inspection

L

2

yielded values of a and b as 1.45%10 7 and 5.0 respectively
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Eq. 2.5 then beomes

6 e ALlE % 10T 8P Y (5.1)

in which G is in m3/sec-m and U is in m/sec, and the

above equation is used in later analysis. The values of

a obtained by Kennedy (18) 1961, for sands with sizes
0.549mm and 0.233%mn are 0.17x107> and 0.35x10 “respectively;

the corresponding values of b are 3.4 and 6.2 respectively.

5.2.2 Vittal-Raju-Garde Sediment Transport Law.

Plgura 5.2 shows Vittal-Raju-Garde's curve
of dimensionless effective shear stress for total load,
T%t,versus dimensionless total load transport rate,{,
for rdpple and dune beds. These parameters were
computed for the sediment transport datdﬁare shown
plotted in Fig.5.2. Although the data fall within the
scatter zone of the original graph, they plot consistently
lower, for which no explanation could be found .Nevertheless
a mean line has been fitted through the present data

purely for the purpose of subsequent comparison with

sediment transport data under non-uniform flow conditions.

e Ranga Raju Resistance Law

Ranga Raju's resistance relationship in terms

S
of parameters K1. o e and ;;;_B;Q1/3(",__;E,_ )

&Y/ PR  Za By
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is shown in Fig.5.3. The above parameters were computed
for the uniform flow data and these data are shown plotted
in the same figure. The data plot well within the band

of scatier in the original plot indicating a maximum

error of + 30 per cent in velocity. Uniforr flow data may,
therefore, be taken to be represented by this resistance
relationship. In fact the above resistance relationship
and the two sediment transport laws discussed earlier form

the basis of subscquent comparison with the exnerimental

data for non-uniform flow conditions

5,3 CHARACTERISTICS OF FLOW UNDER AGURADING _CONDITIONS

prerstint e st i

geradation of the stream bed takes place due

to injection of additional sediment 2t the upstream end

U)

of the flume; this leads to the existence of non-uniform
flow conditions. The several intersting characteristics

of this phenomenon are discussed below.

5.3.1 Transient Bed and Watex Sur

e bri

rface Profiles

A typical plot of transient bed and water surface
nrofiles downstream of the section of sediment addition
igs shown in Fig.5.4. This figure depicts the actual data
ints and the mean bed and water surface profiles.
Averaging of these profiles was required because of the

nresence of ripples and dunes on the bed. It was seen



that the scatter of data around the averaged bed profiles
was generally smaller in the aggraded reach than in the
region of uniform flow indicating smaller undulations in
the aggraded reach. This implies a smaller roughness

coefficient in the ag~raded reach which was confirmed

by calculationsdiscussed later. Figure 5.5 shows the

averaged transient bed and wa ter suriace profiles for the
rates of overloading,?® C—/Ge, ual to 4.0 and 3,50
respectively. The deposition depth,Z, and depth of flow

4=

at various sections and for various times during aggrado-
tion (listed in Appendix-II) are taken from such averaged

profiles.

The shape of the transient bed profile is
concave upwards and the ordinate of the curve is mono-
tonicall™ decreasing with increase in distance. However,
aggradation was taken to end at a section heyond whiéh
differences in Z between two consecutive sections was

so small that it could not be measured. This defined the

location of agrradation front and hence the length of
aggradation at various times. Water surface profiles at
small time intervals after sediment addition show &
considerable change in curvature indicating nrobably
that upto a certain time the deposit of the injected

sediment acts like a local hump on the bed.
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From the observed transient bed and water
surface profiles during aggradation the mean velocity,U,
at various sectionscan be computed. The position of the
total energy line can then be determined as U2/2g above
the water surface, after making an assumption that energy
correction factor is unity. Selecting a step lengtha x,
the local friction stepe, Sf, at various peints on the
energy line say ABCDE with end points A and T can be
caleulated using central difference formula for interior
points,i.e., B, C and D; and right hand and left hand
difference formulae for points A and E respectively. For
example the values of the local valués of friction slope
at C, & and E would bé :

Tz~

(S)\ - S
70 2A X :

(8, = =% » VIR

Ip =ip

A

(85 = =z

v

in which Y with subscripts 4, B, ¢ .... represent the
ordinates of energy line at points 4,B..etc. The value
of the local hydraulic redius cbrresponding to the hed
is computed by making use of the local mean velocity and

the local friction slope using the procedure gxplained in
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Appendix-I. After the computation of local values of
U, R and Sf the Mannings roughness coefficient, n can

be determined with the use of the following equation
. 2/9 142 .
s Se (5.3)

The variation of n in the longitudinal direction under

43 ]

<t

ransient conditions for given pateos of overloading was studied.
Trree typical plots showins variation of n with x for wvalues

of A G/Ge equal to 1.0, 3.0 and 4.0 are shown in Fig. 5.6.

In general the value of n in the aggrraded reach is smaller

than that under equilibrium condition; the maximum

reduction in the wvalue of n is about 30 per cent. The

s )

decrease in value of n is consistent with the observation
that during aggradation the dunes are flattened out
Further the variation in 'n' from ecguilibrium value seems
to be small for runs with emall values of AG/GQ. But
there is no systematic variation in the value of n with
sediment injection rates. At any varticular time after
sediment addition Toughness coefficient,nstends to

decrease with increase in x initially and then again

approaches the equilibrium value.

5.3.3 Variation of Sediment Transport Rate Along

Agoraded | Reach.

Phe sediment transnort rate at various sections



60

dovnstream of the section of sediment injection for

o=ty T, el ete.,can be determined from the equation

7

of continuitv for sediment, viz .Bq. 2,4. Reducing 5q.2.4 into
finite difference form and applying it to two consecutive

sections A and B, x apart see Fig. 5.7), one obtains:

= - s -

[ ¢.at ) (5.4)
o bk ; N

Vv

i

o

jn.whic* V is the absolute volume under the transient Ded
Customarily used Value Of 040 was laken for A.

profile =AZ +.A x (1 = A).JThe manner of variation of G
with respect to time at both the sections being untmown,
the above ecuation cannot be solved directly. At the
section x = 0, the sediment injection is taking place
continuously at a constant rate., The sediment transport
rate at this section is thus constant and is equal to
Go+ AG. So if the sections of sediment injection is chosen
as one of the sections, then only one unknown is left
in Bq. 5.4. Even then the direct solution of Eq. 5.4 is

- not possible because of lack of knowledge of variation of
G with respect to time. However, startines from the section
of sediment injection, Bg. 5.4 can be solved by the

following graphical trial and error procedure.

On a G-t plot,; (Bes Fig.5.7) draw a horizontal
line H-I at the lnowm specified transvort rate equal to

C—e + AC, Assume a trial G-t curve 0-FP=Q-R for a particular



section say A. The area between the assumed curve and

line H-I is calculated and compared with the area under

thé transient bed profile for the same time interval

and between the sections O and A, In other words the two
shaded areas must give the same volume after taking into
account the porosity of the sand mass. In case of difference
the assumed G-t curve is adjusted in such a manner that

the areas become cqual. The point P on the G-t curve
represents the sediment transport rate at the point(i,j+1)
on the transient bed profile., The trial G-t curve OTMFE-S
is assumed for the section B, the variation of the sediment
transport rate at section 4 now being lmown. The area
between the curves 0-P-Q-R and 01-M;N~S between time t = O
and € = t1 is then comapared with the &rea under the
tronsient bed profile between section A and B. In case

of difference the trial G-t curve namely qéM—N—S is
adjusted till the areas are balanced. The point M on the
G-t curve now represaents the sediment transport rate at

the point (i+1,j+1) on the transient bed profile. Proceed
in a similar fashion for 2ll the sections till the end of

transient bed profile for t = 5y

The sediment transport rate for the second
transient bed profile for T = tg,i.e., for points (i,j+2),
(i+1,T+2),(i+2,J+2).. etc.,is determined by extending and

adjusting the previously assumed G-% curves in such a
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fashion that the recuirements of continuity are satisfied.
The transient bed profile for T = t1'serves as a base

for working out sediment transport rates for the transient
bed profile t = t2. The sediment tronsport rates at various

locations for all the subsequent profiles are worked out

in a similar fashion.

During the process of adjustment by trial and exreor;
it was ensured that the calculated G-t curves are smooth
and that there is a general similarity in shape of these
curves at various x values. Apart from the pogsible errors in
averaging, these computed valuegmay be prone to some error
because the above nrocedure is based on the presumption
that suspended load varies little with x and t. While
it was observed that most of fhe added sediment settled
to the bed in a short length and then moved as bed load,
variation in suspended load along the length (and with time)
cannot be ruled out. Since this variation is likely to
be more significant close to the section of sediment
injection, Computea values of G at small x values are
likely to be less accurate than those at large distances.
Further some inaccuracy may also creep in due to error
in measurements towards the tail end of transient bed
profile where very small deposition depths are involved.
Nevertheless, these computations provide useful information
on the variation of sediment transport rate along the

length of the channel.
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Figure 5.8 shows typical curves of G versus t
with distance x as tiae third parameter. 1t is seen from
these plots that the sediment transport at a particular
section increases very fast from the equilibrium value
once the aggradation fromtreaches that section and then

-

rradually ilncreases and approaches the increase . sediment
e i3 X v

5.4 SEDINENT TRAITSEORT TAW UNDER._ NON-UNIFORYF_FLOW

C.QS‘@_IE_.IQF_S

Ag discussed in Chapter IT data on sediment

transport under non-uniform flow conditions are practically

non-existent., The values of G under such conditions computed

in section 5.3.3 provide an excellent opportunity of
examining the applicability of the relations develoned
for uniform flow to such non-uniform flow conditions as
are obtained under aggradation. The relations of Vittal,
et al. and the one discussed carlier in this Chapter are

used for this purpose.

A7
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s
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igon with Vittal, et al.Relation

The parameter @T was calculated by malking use
!
of the computed sediment trangnort rates at various
sections along the length of the transient profiles at

various times. The values of the dimensioniess grain shear



64

1
stress (*s were computed by making use of the corresponding

local values of U, R, and S The values of dimensionless

£
effective shear stress (4. vere read against these T;s
values from Fig.2.7. The parameter @T and T*t obtained

for two aggradation runs 1.8-U-3 and 4.0-U-1 are shown
plotted in Fig.5.9, along with the Vittal,et al;ourve and
mean curve drawn through the uniform flow data of the
present study. The mean curves are drawn through these
points and shown dotted. The arrows on these two mean
curves show that with increasing distance from the section
of sediment injection the data fall closer to the curve
for uniform flow and eventually merce with the uniform
flow data of the present study as indeed they should. It
can, therefore, be concluded that in case of pronounced
non-uniformity the relation between the shear and sediment
transport is different from the relationship valid under
uniform flow conditions. The data of all the agiradation
runs is shown plotted in Fig. 5,.,10. It is interesting to
note from this figure that although majority of the data
points fall above the curve for uniform flow, there are
still a fair number of points falling below the curve.
Such dispersion of the data is clearly indicative of the
complexity of the problem of sediment transport under non-

t

uniform flow conditions,

The relation between the sediment transport -



rate and the mean velocity was derived as under uniform
flow conditions. The 1ocal Sediment transport rates
computed at various sections along the length of

transient bed profiles for, various times are plotted

ageinst the local mean velocity in Fig.5.11, on which
is also shown Bg. 5.1, From this plot it can be seen
that relationship betweén sediment btransport rate and
velocity under non-uni.form flow conditions is different
from the G-U relationship valid for uniform flow condi-
tions. In general the transport rate is smaller than

that under uniform flow conditions for a particular mean

velocity.

5.4.2 Study of Variation of ©

Tt was concluded in the previous section that
under non-uniform flow (and unsteady) conditions £h
sed iment transport relations for uniform flow are not
directly applicable. Based on such a speculation,
Kennedy introduced the concept of lag distance, &, JTor
which a physical explanation has been gi&en but no
quantitative estimates of this parameter are available.
The data on aggradation can be used, as done below 1o

find & and study its variation.

The depth of flow at various sections in the

longitudinal direction was determined from the observed
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transient bed and water surface profiles . Inowing the
discharge of flow, the mean velocity at these sections
was computed. The velocity corresponding to the local
sediment transport rate was computed from Bg 51 Tha
sectlon wnere this mea locity occurs on the agsraded
profile was then determined. The distance of this section
from the section under consideration (for which G was
¥nown) is obviously the lag distance,d,(See Fig. 5.12Y,
The lag distance was considered nositive when the sediment
transport was related to the mean velocity at a section
dovnstream of the section under consideration and negative
when related ‘o the mean velocity at a section upstream
of the section under consideration. The 8-values computed

jn this manner are tabulated in Appendix Il.

iR

Figure 5.13 shows the typical varistion of @
computed with x3 G being computed in two ways. In the
first case G is computed from Egq.5.1 and in the other
case it is computed from the continuity relationship as
explained in section 5.3.3. It can be scen that &

be positive throughout the ngth of agoredation profile
in run 1.8-U-3 because the curve representing & computed
from Eq.5.1 ig lying throughout above the other curvej;
whereas it shall be positive over a part of the length

and negative over the remaining length of the profile

in the second run.
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The typical variation of the lag distance,$,
with x along the length of transient bed profiles is
shown in Fig.5.14 for the runs 3%3.5-U-4 and 0,90-U-9,
Extrapolating such curves on to the section x = 0, the
maximum values of the lag distance,&m, were determined for
all runs except one; and are listed in Appendix II. In
run 0,30-U-11 it was not possible to get values of 8,
because the required mean velocity was not available in
the length over which measurements were made. Figure
5.15 depicts the nondimensional plot of G/Sm versus x/1
for the runs listed in Appendix II. The data disperse
greatly indicating no unique relation between these para-
meters. It is further seen thét for about 20 per cent of
the data, 8 values are negative., An attempt was made to
relate 6m with the relevant flow parameters. A plot of
ém/l versus Froude number of uniform flow (not shown)
showed poor correlation. Figure 5.16 shows the variation
of Sm/R with the nondimensional time Ut/R. The plot indicates
a general increase in ém/R with increase in Ut/R, but the
scatter of data indicates that there is no exact relation

between these parameters,

In his stability analysis of plane bed leading
to micro-morphological features-ripples, dunes, anti-
dunes—— Kennedy (19,20) 196%,1969, hypothesised that
sediment transport rate lags the local changes in velocity

at the mean level of the bed. In such a case, therefore,
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sediment transnort rate at a section is always related
to the velocity upstream of this section, and hence as
per the author's definition & shall always be negative.
The analysis based on non-uniform flow data has shown
that 8 can either be positive or negative. The above
analysis, therefore, does not fully support EKennedy's
hypothesis. Some explanation can be offered for the
discrepancy between the present results and Kennedy's

hypothesis.

(i) Due to sudden injection of sediment, unsteadi-
ness created in the flow is severe near the
section of sediment injection. There occurs
a sudden discontinuity in the sediment transport
rate at this section. No such discontinuity
occurs in XKennedy's analysis of instability.

(18 It is emphasised that the G-values used in
the analysis are computed values and not
measured ones. G was computed considering the
variation of suspended load with x and t to
be negligible. If suspended load content in
a certain reach is assumed to increase in &
particular veriod because of sediment injection,
the actual value of G would be smaller than
those listed in Appendix-IT.

{i11) Kennedy dealt with 2 micro-morphological



:précesé—ripples; dunes,etc.- whereas in the
nresent problem a macromorphological process
like aggradation is involved.

(iv) Due to rise in bed level at x = O caused by
sediment addition, aggradation shall also tak
place upstream of this section resulting in
lower velocities. Since no data were collected
upstream of this section it was not possible
to check whether the required .velocity in the

-

g of the aggraded reach were

s

irst few metr

[©]
6]

really available upstream also.

(v) Kennedy's potential flow model is based on
the velocity close to the bed, In the fore-
going computations the mean velocity of flow
at the section has heen used because the
velocity distribution in the vertical was not

Inown and could not be predicted.

Figures 5.15 and 5,16 were vrepared as a
logical step following the computation of 8., It is
emphasised, however, that not nmuch significance can be
attached to the positive value of 8 and any significant
conclusions  regarding Figs.5-15 and 5,16 must await a
better understanding of the mechanics of sediment

transport in non-uniform flows.
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Summing up on the subject of sediment
trangport relation under non-uniform flow conditions,
it has been shown that existing relations for sediment
transvort cannot be used directly under such conditions,

The present analysis estd#lishes for the first time that

(0]

lag distance,d, does exist and is a real physical entity
and provides some ideas regarding its order of magnitude
in aggrading flows. However, it has notl been possible to
prove the hyvothesis of Kennedy that sediment transport
at a gection is always related tc velocity upstream of -’
the section. The possible reasons for such discrepancy

between actnal data and Kennedy's hypothesis have been

)

=

clearly mentioned. But it is quite possible that the con-
-cept of & introduced by Kennedy to discuss the micro-

morphological process of bed formation under uniform flow
may not be directly valid for macro-morphological process

of wide spread aggradation.

5.5 RESISTANCE RELATIONSTIIP TFOR NON UNIFORI: FLOY

T o

In rigid boundary channels, resistance law
valid for uniform flow is seen to yield r~asonably
reliable results under gradually varied flow conditions
if local friction slope is used in place of the bed
slope. The uniform flow data of the present study on

gediment transporting flows were found to agree with

CENTRAL LIBRARY UNIVERSITY OF ROORKEE
ROORKEE
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resistance relationship proposed by Ranga Raju (25) 1970,
As such the non-uniform flow data were also plotted on

this figure using S, in place of So to check the appli-

T
cability of the above relationship for non-uniform flows,
see Fig., 5.17. The data plotted on this figure correspond
to various sections along the length of the aggradéd reach

and at different times after sediment injection.

It is seen that all the data points, barring a2
few fall around the proposed curve and well within the
scatter zone of the original plot. Detailed scrutinyg of
the data which fall quite far from the resistance éurve_
showed that most of these pertain to a single run 3.5-U-4,
This particular run is also the one which shows a departure
from the trend of other data in the plot of K/K_ versus
Z&G/Ge discussed later (Fig.5.24). This aggradation run
was taken on a flat bed slope covered with large undulations
and might have led to inaccurate measurements at some
locations. But it seems logical to expect that in view
of generally good agreement of the rest of the data with
the resistance curve, the relation may be used for
gradually varied flow ( as in case of aggradation) with
confidence after replaciﬂg the bed slope by ?he iooal
friction slope. In view of above, one is inclined to

conclude that any resistance relationship valid for a
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given river under uniform flow conditions can be used

on the same river under non-uniform flow conditions provided

5.6  PREDICTION OF TRANSTENT PBED PROFIIR

The differential equation for the solution of
transient bed profiles duve to overloading, namely Eq.2,9
has been used by de Vries and &dachi and Nakatoh. They,
however, propose different! thicor¢tical expressions for

~a

the ageradation coefficlent in this equation. A comparison

ct

between the actual profiles and those predicted from

these models is presented helow.

5.6.17 Adachi and Nakatoh lNodel

The theoretical expression Ior K proposed by

-«

Adachi snd Nakatoh is 3

¥ =pL g q Y£/8 (2.19)

in which CO is a constant in the sediment transport law ;

G = COUE , and T is the Darcy-Weisbach friction coefficient

considered ag constant for a particular run and is given

by
e a,

P L - e (2.16)
S U

The uniform flow data computed in terms of parameter
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A

I VQ'HHE{) and G are shown plotted in Fir.5.18. A

>

beat fit line with a slope of 1:3 (H:V) is drawn throuch
the plotted points and value of C_ determined as 0.372.

0.

The sediment transport law is, therefore,

G = 00372 U,)B(. * e (

(%)
L]
\J1
S

It is seen from Fig.5.18 that o, 5.5 98 not the bhess £1d
line to the data as low and high sediment discharge data
fall away from this line, BPut there is no Ifreedom 3
choice of exponent of U,, the sediment transvort relation
Go= COUE being an essential part of his analysis. Adachl
and Makatoh obtained simple diffusion model only with .

the exponent of Uy as 3. If any other value of exponent

is used the model shall become complicated. As a conseguence
one is compelled to use Eq. 2.17 with CO = 0,372 even though

he equation may not be truly revnresentative of the data.

As shall be shown later in section 5.6.5, K
showed poor correlation with¢3G/Ge when theoretical wvalue
of aggradation coefficient given by Adachi and Nakatoh

was used for nondimensionalising K,(see TFig.5.25).

With the sediment transport law of the type
1 - a N "
G = a U, there is complete freedom in the choice of the

exponent b, For any given situation, by passin~ the bes

S 3

fit line on a G-U plot on log-~log paper, value of exponen®t b
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(and of a) can be determined. It means that the sediment
transport law most renresentative of the situation is

obtained by this nrocedure. It has been already shown
that the relation G = 1.45X1Q_3 g0 (Z2.5.1) fite the

data of uniform flow wvexry well,

In the light of the above, de Vries model

)

which makes use of the sediment transport law of: the

R g 3 L , -
type G = a U” shall be used in preference to that of
Adachi and Nakatoh in the prediction of transient bed

pratiles,

Vries Model

P s

The data concerning aggradation downstream of

the section of sediment injection was used to check

Eq.l 3 . 6 . Le—ttil'lg If

‘5 be the value of aggradation coefficient

computed from Eq. 2.13 with value of G = Ge’ the experi-

oy -

mental data for all the transient bed profiles were
plotted on a plot of Z/ZO and x/2 VKE% ( not shown here).
1t was seen that the form of the theoretical equation

is basically correct but the value of aggradation
coefficient X, enabling fit of Eq. 3.6 tc the experimental
data was different from the theoretical value KO. To
illustrate the above point and for clarity the data

from only threc such aggradation runs are shown in

Fig., 5.19 along with the theoretical curve

=] i.e.,El_’l. 3.6.

7
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A significant feature of this figure is that different.
profiles for various times during any run fall on a single
curve when Z/ZO and x/2VK&ﬁ' are used as the abscissa and
ordinate respectively. It may be recalled that in Chapter III
the scaling parameter for 2 was changed from theoretically
obtained Zo(t) to 2. That the data at various times

are brought together on a single curve by the use of ZO

as the scaling parameter indicatcs the validity of the

approximation introduced in this connection in Chapter TII.

The parameter ZO/VT;% is plotted against

oG-/KOU-M in Fig. 5.20 in which Bq.3.15 is also plotted

-

-

as a 8o0lid line. One aggradation run is represented by
a single vpoint on this figure as an average of the ZO/TEJ%
values obtained for the individual transient bed profiles

of the run. This was done since the variation of the
individual values from the average was not large. The
data are seen to plot consistently above the line

corresponding to Bg. 3.15.

In deriving the theoretical expression for

K,ie., Eq. 2.13, two major simplifications were made.

3

Pirstly the linearization U= UO was made where subscript
0 refers 1o the origonal uniform flow situation, Secondly
the sediment transport law valid for uniform flow

conditions was used for the aggrading case as well., But
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it has Dbeen shown That this law is not anplicable during

w
t@
=
5

the aggradation process. At there is every Peason

to expect the value of E to be different from the theore-
tical wvalue Kn. The value of K which provides agreement

between theory and the experimental data was determined

as described below.

From Fig 5.20, the slopes Myslys oo of the
experimental curve such as OA were determined. From this

line one obtains +the expression

Zo AG

.,.—[-.‘-:_-so = =B i) R "‘: - 8 & (5 ° 6)
¥ )

VE ¢ E (1=

in which m represents the slope of experimental curve
and hence assumes different values for each run. Theoretical

relationship between the parameters is,

Z AG
[ -.—-:%u — O. 885 T S . a s ( 3 . 1 5 )
V% E (1 -A)
Dividing Bgq. 3.15 Dby Eq 5.6 and simplifying one gets,
K
L s cis B
. BUFLE

Tae valus -of K wae obteined from Eg. 5.7 for allithe sunag

&

(=)

5.6.3 Dimensionless Plots with Ilodified

o B oS Favai] - N
Aporadation Coefficient

Figure 5.21 ghows a plot of ZO/VKt versus
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AG

K(1-2)] ©based upon values of K computed as explained

above. A3 can he expected the data fall around the line

given by Bo. 3,15 and the scatter of data about the meam 1line
appears to be within acceptable limits. The bed profile

in dimensionless form is ghown for all the runs in Fig.5.22:
it is based upon the above wvalues of K, The data scatter

on either side of the theoretical relation given by Eq.3.6.

he soatter of data is small at small valued

C\'

In general -
of x/2 VKt and relatively larger for higher values of

x/2 YEKt, This is partly .due to the possible errors in
measurement of small depths of deposition near the end

of the aggradation profile. The aggradation depths will

be large at sections elose to th? section of sediment
infection and decrease rapidly in the downstream direction.
Thus the rclatively smell scatter at small x/2 VKt values
ensures accurate prediction of the large values of Z close
to the section of sediment injection. The small depths

of aggradation at large values of x/2 VIt are not

predicted with the same degree of accuracy. But for most

practical purposes this does not assume much importance.

5.6.4 Length of Aggradation Profile

With the modified value of aggradation
coefficient,K, the experimental data in terms of 1

versus VKt are shown plotted in Fig. 5.23 alongwith the



theoretical relationships Eqs.3.9 and 3.10. It is seen
that thé experimental data lie closer to the line
carresponding to Eg.3.10 than Eq.3.9. This implies that
the length of transient bed profiles détermined from
experimental plots (sec Fig.5.5) are from the section of
sediment injection to a scction wherc the depth of deposi-
tion is about 2 percent of the deposition at the section
e

of scdiment injection. Obviously wvalues of Z with Z/ZO

legs than 0.02 were too small for measurement.,

5.6.5 Variation of I/K With Increased Sediment

Load,AG/GC

In the nrevious two sections, good agrecement
has Teen shown between exverimental data and theory
bascd on the modified wvalue of L. Therefore, the
theoretical relations can be used for prediction of
transient bed profiles provided K can be related to

e

the known scdiment, fluid and flow characteristics

The injection of additional sediment at a
section in the stream is responsgble for agrradation
resulting in non-uniform flow conditions leading to
diffference between the actual and theoretical values
of the aggradsfion coefficient. The ageradation coefficient

K may, therefore, be expected to vary with the increased
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sediment load, apart from the theoretical value of K,
viz.,Ko. From dimensional considerations one can expect
K/Ko to be a function of AG/Ge. A plot between these
parameters based on Ko values obtained from de Vries
model and Adachi and Nakatoh models is shown in Fige 5.24
and 5.25. It is obvious from these plots that Pig.5.24,
shows better correlation between K/Ko and AG/Ge as
compared to Fig.5.25. Hence de Vries model is adopted

for use in the prediction analysis.

It is seen from Fig. 5.24 that the value of
K/Ko increases with increase in the values of‘AG/Ge.
Despite some scatter a mean curve is fitted thmough the
plotted points. This plot would doubtless require modi-
fication or inclusion of a third parameter as more data
on aggradatidn particularly with different sediment sizes
become available. Until such modifications or refinements
are done, Fig.5.24 may be used for estimation qf the
correcct aggradation coefficient required for pqediction
of transient bed profiles. One can determine X from this
figure and then use Egs.3.15, 3.6 and 3.9 to determine
the maximum depth of deposition, the profilc and the

length of aggradation.

In view of the uncertainties rzgarding

Pig.5.24, one may'profitably use prototype mcasurements
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over a limited period (if available) to predict

successive bed profiles. The value of XK can  obtained
from Eq. 3.15 if one knowg ZO at a given time t for a
given value of AG. Since the value of XK remains independent
of time, this value of K can be used alongwith Bq. 3.6 ¥o

predict the bed profiles at other times.
5.7  CONPUTARION OF WATER SURTACE PROFILE

Assuming uniform flow conditions to exist at
the end of the aggraded reach and making use of energy
equation at two sections of the aggraded rgach, AX apart,
the following expression can be written forna wide

rectangular channel (sece Fig. 5.27) 3

3 S 1 | U5
h1 - ;g + Z1 + E (Sf1+ Sié)AlX i h2 + By + 22 + Sélx
. (5.8)

For constant discharge, q = Uh, the above equation can

be pewritten in the  form

g 2
q 1 ( ) q L
h, + === + = 8 e AX - (B Ax + Z,- Z,)= h,+ —=— - — S_ .Ax
1 2gh$ o &1 0 2 1 2 Zghg 5 fo
s e » (509)

Equation 5.9 can be solved for h, by trial and error
making usc of the resistance relationship of Ranga Raju

which has been shown to be applicable under non-uniform
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flow conditions if friction slopc is used in place of

So' The depth of flow is substituted in place of hydraulic

radius for wide rectangular chamncl.

The steps for the computation of water surface

profiles are @

(i)

(ii)

{1id)

(iv)

(v)

Start from the downstream cnd of the
transient bed profile, wheré h1= ho, the
uniform flow depth. Decide the step length
and cvaluate thc left hand side of the Eq.5.9,

computations being performed in upstream

direotion.
Assume a trial valuc of h2 and calculate ng
from Bg. 5.9,

U

Compute the value of parameter X, ————
o 1 »Y—T
3 -VrA Sh JD
ana read the value of the parameter,
S

K2(h/d)1/3(.dyg§7 ) from Fig.2.4 and hence
determine the value of friction slope Sf.
Compare the value of sz against the value
determined in step (iii). If these valucs
are different, assume another value of h2;
and repeat the stops (ii) and {111) 4411
these tally.

Repeat steps (ii) to (iv) for the next step

length and work out the water surface profile

over the whole of the aggraded reach,
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5.8 ~ IREDICTION OF TRANSTENT BED AND WATER SURFACE
PROFILES FOR COLORADO RIVER- A CASE STUDY

The ved material size of the sediment of the
Colorado River at Taylor Ferry, U.S.A is 0.%2 mm, the
same as in the present laboratory investigation. With
the effect of size of sediment climinated, it was,
therefore,decided to employ the proposcd method of comnu-
tation for predicting transient bed and water surface
profiles for a large stream like the Colorado. In the
absence of any prototypc data to compare with, the only
check can be whether the results arc realistic. The rate
of overloading¢3G/Ge, was assumced to be cqual to unity
and the aim was to prediet the bed and water surface
profiles at the end of 6 months. The following are the

known hydraulic and sediment parametcrs of the river(37)1961

Discharge, q = 1.38 m”/scc-m
Flow depth,h = 80 m

Equilibrium scdiment 115x16_6m)/soc—m

transport rato,Gea
Bed slope, SO S 2k

Medien size of the bed

material, d = LS 2

From the known scdiment transport rates and

corresponding mean velocities sediment transport -
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law in the form G = a U’ was determined for the river
reach under consideration as shown in Fig.5.26. The
value of the exponent b was found to be 7.3. The values

of KO and K were found to be 2,07 and 0.414 respectively.
Following the steps of computation detailed in sections
5.6.5.and 5.7 the bed and water surface profiles at the -
end of 6 months arc computed and shown in TR B8
The maximum aggradation at gention x = O, 4.8., ZO is
decreasing te 0.01
found to be 1.01—m)in a distance of 9.42 kms; %the bed
wave will trével to 6.,67km, 9.42km and 13.40 km at the
cnd of three months, 6 months and oné years respectively;
these values may be considered realistic. It can be scen
that the computed water surface maintains the cssential

characteristics of the transient water surface profiles

observed in the laboratory

5.9  CONCLUDING REMARKS

The elcments of a transient bed profile, h B - N
maximum depth of deposition, dcposition at any distance,
and lcngth of aggraded profile can be worked out with
the help of rclationsdeveloped for these but using a
modified value of K which can be determined using Fig.5.24
and Eq.2.13. It hat been found that seciment transport law

under uniform flow conditions cannot be applied directly to

non--uniform flow conditions obtained in agrrading streams.
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Keunedy's concept of lag distande, &, has not been fully
supported by the present data. However, the resistance
relationship developed by Ranga Raju for uniform flow
was seen to be valid under non-uniform flow conditions

if the local frioction slopa, Sf, i8 used in place of SO.
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CHAPTER-VI

CONGLUSIONS

The main objective of the present study was
to formulate an analytical computational procedure for
predicting transient bed profilos.in casc of aggradation
due to continuous overloading at a constant rate. It
was also intended that this procecdure should be supported
by data from laboratory experiments. Theoretical relations
for the transient bed profile bascd bn the parabolic
model proposed by de Vriqs have been modified on the
basis of these data. Thc_aggradation experimehts conducted
during this study provide data for non-uniform flow
conditions as a by-product. The non-uniform flow data
have been utilised in studying the chrracteristics of
flow under aggradation and studying for the first timc in
detail the sediment transport and resistance laws under

such conditions.

The main conclusions drawn from the analytical

and experimental investigation are summarized below:
(1) The maximum aggradation in a stream, Z_,
occurs at the scction of sediment injection

and for a given time, t and ratc of injection,
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A G, Z, is given by Bq.3,15 namely

ZO AG
—2- = 0,885 —p—e—
VET > KA
(2) Downstrecam of the section of sediment addition

the extent of aggradation decreascs monotoni-
cally in the down strecam direction and
approaches a value of zero asymptotically.
The value.df aggradation at any section and

at any time t can be computed from Eq. 3.6,

namely
X
Z2 =2 (1-ecrf —— )
R 2 VKT
(3) The region of asymptotic change in Z is

assumed to end at a section beyond which the
change in aggradation depth docs not exceed

some small prescribed value taken as 1 per cent
of the maximum depth Zo’ This defines the length,
1, of transient bed profile for time t, and is

given by the following equation:

1 = 3066 "V‘K:t

(4) . The aggradation coefficient & appearing in
Eqgs.3.6, 3.9 and 3.15 expresscd as K/KO is
related to the ratio of the excess load to the

equilibrium 1oad,A'G/GC. However, more data



(5)

(6)

(7)

(8)
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are needed in support of this relationship

shown in Fig.5.24.

In view of uncertainities regarding Fig 5.24,
the value of K may be obtained from Eq.3.15

if one knows ZO at a given time,t, and for given
value of AG from prototype obscrvations. Since
the value of K remains independent of time, this
valuc of K can be used in Eq. 3.6 to predict

the bed profiles at other times.

The sediment transport rate at a scction on

the aggrading rcach initially increases very
fast from the equilibrium value but it inereasecs
gradually later and approaches the increased
sediment transporgt rate asymptotically.

The value of Lanningé roughness coefficient on
the aggraded recach is generally smaller than the
valuec of uniform;flow; the decrease may be to
the extent of 20-30 per cent. However, there is
no systecmatic variation of n with scdiment

injection ratc and such other parameters.

The sediment transport formulac for steady
uniform flows cannot be direc’ly applied to
the unstecady non-uniform flow conditions

obtained in aggrading streams.



(9)

(10)
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The sediment transport ratc at a particular
section is not rclated to the mean veclocity

of flow at this section by the same relationship
as for uniform flow. However, the local sediment
transport rate at a scction is related by this
relatiom to the local mecan velocity upstream

or downstream of thisisection. Kennedy's
hypothesis is that therec would be a lag '8!
between sediment transport and mean velocity
(implying relation of local transport rate to
the velocity upstream of the section) and the
present data do not thus support the hypothesis
Tully.

The resistance law under non-uniform flow
conditions ies seen to be thc same as for uniform
flow provided the local friction slope is used

instead of SO in the former casec.
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APPENDIX -T

PROCEDURE FOR APRLYING SIDE WALL CORRECTION

The side walls of the flume were made of different
materials— one side being of glass and other bf painted
steel sheet. There is no standard procedure for applying
side wall correction to get the hydraulic radius corres—
ponding to the bed in such a case. The following procedure

was, therefore,devised :

Let the total area of cross~section,A, be divided
into three parts— Aw1, sz, and Ab-representing the

areas corresponding to glass and steel wall and the bed

respectively.
igdn e Ab + AW1 + AW2 - _

iae (AT
or Bh = BRb+ h Rw1 + h R-WZ

in which Rb’ Ry and Ry, are the hydraulic radii
corresponding to the bed and glass and steel walls
respectively. For any given run at any given section the
"values of the friction slope,Sf,and the mean velocity,U,
are known. The values of Rwq and Ry, can be found from

;| .
Mannings formuls as 3

Rur, a i -----~-’7£/-§) e {433
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TJnxv? 3/2
a,nd R‘,.‘\f,« = ( g T ) ° s s (A—B)
H 1/2
in which Ny, and Ny, represent the Manning's roughness

coefficient for glass and steelside walls respectively.

Substituting Bgs. A-2 and A-3 in Eq.A-1 and simplifying:

R, yl-5 = nw13/2+ an)/2 -t
R S ey e | (A=2)
O 7) i |
h S, , B

In the present case, the width of the flume, B,is equal

to 0.20m and values of Dy and Ny read from pages 110-111
of 'Open Channel Hydraulics' by V.T. Chow are 0.010 and
0.013 respectively. With the substitution of these numerical

values, Eg, A-4 reduces to

Ry gls5 e
R I A-5
5 $ 0TS

Here U is in metres/sec and Ry and h are in metres.

Eq. A-5 was used in the calculation of Rb'
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APFDNDIX -T

T —,

PROCEDURE FOR APPLYING SIDE VALL CORRECTION

The side walls of the flume were made of different
materials— one side being of glass and other bf painted
steel sheet. There is no standard procedure for applying
side wall correction to get the hydraulic radius corres-
ponding to the bed in such a case. The following procedure

was, therefore,devised H

Let the total area of cross—~section,A, be divided
into three parts— Aw1, sz, and Ab——representing the

areas corresponding to glass and steel wall and the bed

respectively.
jicve, & = Ab + Aw1 + AW2 - .
PRFENRE (. 1%

in which Rb’ Rw1 and ng are the hydraulic radii
corresponding to the bed and glass and steel walls
respectively. For any given run at any given section the
"values of the friction slope,Sf,and the mean veloaity U,
are known. The values of Ryq and Ry, can be found from

. . > ’
Mannings formula as :

Rw1 = ""é‘“‘—rf'z : REE ] (_[;.—-2)
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APPENDIX-TT
TABLE-1

o v

SUMMLRY OF UNIFORI FLOW DATA

S.No, RUN qx10° hx10

ma/sec.m e

s o s

-S%x103 AP

Temp. Remarks

g /sec.n °C

m/sec. T i

-

|
2
|
!
!
!
|
i
!

oo mecm = . S e S

U-1 20,00 5.00 0.400 12,10 29.00

35.50 8.50 2.67 Dedt] 16.60 30.00 been

U-7 35.50  7.20 4.27 0.495  34.40 30.00 45

U= 25.50 T30 Fb3 U477 21.40 27.50 aggrada-

1 550

2 U-2 20.00 5.20 3.30 0.385  12.10 27.50

53 U-3 BO0 5.50 .60 0.578  11.%0 28.00

4 U-4 %5.50  8.60 2.25 0.413  16.10 30.50 RUNS U-1
5 5 . to U=11
5 U-5 35.50 7T.50 3.38 0.413  29.50 29,00 10U

6 6

7

8

9 U-9 35.50 9.20 2.12 0,386  18.80 28,50 Sr°%
10 U-10 35.50  6.20 6.52 0.572 111.00 29.50
11" U-11 35,50 5.80 4.82 0.612  80.50 28.00
12 8-12 20,00 7.00 .74 O 206 1.50  29.75
13 U-13 25.00 7.40 2.07 0.337 6.80 29,50
14  U-14 30.00  8.50 - 2.35 0.353  10.66 28.00
15 U-15 40.00  9.85 2,50 0.407  20.50 31.50

6 U-% 45.00 10.00 2.25 0.450 20.40 28.00
o =37 T7.00 o ¥ 0. 2.72 Q.29 0.82 28, 50
18 U-18 25.00 2383 .50  Ouf] 19.85 29.00
13 U193 30.00 6.80 Y30  Gada 610 29,50
20 U-20 7.00 2420 B:58 0.718 & 88 27 .00
21 U2 ¥5,00 3+50 6.50 0,429 31.40 29.00
22 U-22 20.00 4,30 570 - 0OL465 47.60 28.00
£3 U323 25,00 Jeetl  TW00 Qu481 80.50 8,00
24 U-24

30,00 Wl O 6.90 D.526 O3 2N

* U values are computed ones.



TABLE-2

AGGRADATION STUDIES—BASIC AND COMPUTED PARAMETERS :RUN 4,0-U-~1%

TEMPERATURE = 28.0° K=oT2zxio
DISTANCES 1 3 5 7 9 11 13 15 A |-
T o 05 vmwwtes z_ = 0.028 ' Te 7.2 Gt = B
2 x 102 2.00  1.00 0.30 .0.00 0.00 0.00 0.00 0.00  0.00 0,00
h x 10° 3:35  3.70 4,00  5.00 5.00 5.00 - 5,00 5,00 5.0 5,00
¢ x 10° 54:00 41.00 28.00 17,50 12:10 12,10 . 12,10 12.10 12.10 12.10
n x 10° 1042 Y57 1.8 1,40 168 .32 1,98 1.2 82 1.7
T = 30 MINUTES : 2 = 0,038 e 18,2 G« = l4.0x 165
z = 10° 2,75 1.60 0.85  0.50 0.25 0,10 0.00 0.00 0.00  0.00
h x 10° 3:40 3,70 380 4:10  4.35 4.90 5,00 5.00 .5.00 5.00
x 10° 56.00 46:50 38.00 30.00 23,50 17.00 13.00 12.10 12.10 12.10
 x 102 {.do 1,88 .4 1.42 . 1.38 . 1.25 1.47 1.63 1,68 . 1.72
T = 40 MINUTES. z, = 0,040 Lz T6all 1 S V5 Bl
z x 10° 3.20  '2.10  1.30  0.85 0.60 0.35 0.20 0.10 ° 0.00  0.00
h x 10° 3.55 3.70  4.00 4,25 4,65 4.30 5.00 5.00 5.00  5.00
¢ x 10° 57.00 48.00 40.00 32.50 26,00 21.00 17.50 14.50 13.00 12.10
n x 102 Y:62 - BN e 1.45  1.55  1.64  1.81 1.83 1,72 1.72

T ~ o e —— . — oy

In all these Tables G is in I-"',S/Sec—l-’; -the depth of deposition,z; the meximim depth of &
deposition at x = 0, zgy; the length of aggradation profile,L; and the depth of flow,
h, are in metres. Gy 1s he tabod Sediment transjpoyt vote Ak e end of {lome in |\A3/SQC—M_

3K



TABLE-2 (Continued)
AGGRIDATION STUDIES~-BASIC AND CONF PUTED PLRAETEF S:RUN FOUU=2

TENPERATURE 27,5°C P P

DISTLNCES 1 3 5 7 9 11 13 15 17 19

T = 15 MINUTES. - B, = 0,029 Eoo=th 2 G*:Iz-O;§
z x 10° 1.50 0.60 0LO6 DLOD 0.00 '0.00 0,00 0.00 000 0,00
1 2 ~ E
by = 10{ %.90 [1-25 5.20 Ba20 520 5.20 5:.20 5.20 5:20 5:20
B 10; - 41,00 26,00 15,00.42.10 12.10 12,90 12.10 12,10 12,90 12.40
nx 10 1.79 1465 ~ MeBB 1.70. 1.76  1.76 1,86 878 T.76 1.9

_ T = 30 MINUTES z, = 0.028 . L =8.5 Gx=zIBexio

7 x 10° 2.30 1.40 085 0.20 0.00 0.00 GiBD 8,00 .00 000
h x 102 3.90 4,40, A% .70 5,80 Swb S5v20 . BgDg G20 BLUD
¢ x 10° 44.50 36.00 28.50 21,00 14.75 12.10  12.10 12.10 12.10 12.10
n x 10° 1 1 1,82 9.82 4,45 1635 .90 1576 .98 - 4096 4075

T = 45 MINUTES ¥, = D.0%5 I = 12,0 Gee 2201
z x 10° 2.90 200 ML 0.60 0.30. Old0 C.00 G.00 - GuBs 0.00
h x 102 3.90 3.80 4.10 4.30 4.60 4,95 5,20 5.20 5.20 5.20
¢ x 10° 45.25  38.75 33.00 27.50 22,50 18,00 14.00 12.50 12.10 12,10
n x 10° T BBt 10E2 9,50 14T 50 L8016 ANE A6

s e s .

i



T/BILE-2(Continued)
LGGRLDATION STUDIES-BASIC AND COMPUTED PARAMETERS:RUN 1.8-U-3

TENPERLTURE 28.0°C K oS0 wio

DISTLHCTS 1 5 5 i 9 11 13 15 17 19

T = 30 MINUTES z, = 0.020. L 5 8.0 Grpcttarid
z x 10° 1,60 .80 0,20 W0.00 0.00 6080 G850 0.00 0,00 B0
h x 10° .70 4,00 4480 5.5 5,15 BuSD 5.0 oSuBE: 580 5,30
G x 106_ SO0 2200 15.00  18.30 11030 41,50 NI 9030 M8 19,30
n x 10° B 1,50 165 . 486 1B 182 iR 192 .82 4.9

T = 60 MINUTZS . z, = 0.025 L =11.0 S%=11.6xi0o"
z x 10° 2,20 1,40 080 0,30 0,10 0,00 080 0.00 0;00 0,00
h x 10° BiB0 300 4.0  4.80 480 S.00 548 5.80 5.30 B.%0
¢z 10° $0.50 PATE 25,50 19.750 1650 15:25 ‘B0 11,30 11.3¢ 11,30
n x 10° TeSB. 4056 | 9.B1 . .68 482 184 135 1310 R 9.92

T = 9C MINUTES | zy = 0.029 - L =16.0 Gx=iz4xi
z x 10° 2,70 1,80 1.20 0.0 '0.45 0,30 0.15 0.05 ©0.00 0.00
nox 10° 240 5.50 . 4.00 4.30 4.60 4.90 5.05 5,15 5,30 . 5,30
¢ x 10° 31.00 28,00 25,25 22,50 20,25 18,00 16,50 14.50 13.00 12.00

2

e

10 120 1.5 hd RSO Y ReE . T4 1480 1.8 .58

e - e - - a e

haa



PIBIT-2 (Gontinued)

LGGRIDLTION STUDIES--BLSIC AND COMPUTED PLRLR: TETERS sRUN 3,5-U~-4
TEITPERATURE 29. 0° k= oTaxls

DIST/NCES 1 3 5 7 9 11 13 15 17 19

T - 15 MINUTE % = 0,030 = 7.2 Ggeziogs
z x 10° 2.40 1.30 0.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00
n x 1of 540 5,80 . .05 8.55 8.60 8,60 A 58 -8sky  B.E0 8.60
G x 10° 64.50 45.00 27.50 46.10 16.10 16,10 109610 16,10 16.10
n x 10° fas. 1745 s.er g 75, wugss ke 43R 478 e

T = 30 MINUTES z, = 0.040 I 42,0 Gh-nasxué
z x 10° 3.50 2.25 1,40 0.80 0.50 0.15 0.00 0.00 0.00 0.00
hox 10° 3.85 5.B0;. &.4D 1,00 950 890 BiSs BMO B850 8.6
¢ x 10° 68.00 59.50 50.50 41.50 32.50 24.00 12.00 16.10 16.00 16.10
n x 10° 152 IW5® 0 1,450 1,287 AN 4.9 TaEE W 1.8% i

T = 50 MINUTES z, =0.046 TS (R DI
z x 10° 3,90 3.oo 2.10  1.60 1,10 0.70 0.40 0.20 0.00 0.00
hx 10° 570 5.90° Bi30 0 6,40 .UBLTE TUIS TEG B00 B4 86D
¢ x 10°  70.00 64.50 58.50 53.00 47.00 41.00 35.00 29.50 24.50 19.50
nx 10° 1592 142 1.52 0 fiE | TeBA 138 4.2k 18% Au3s 4.8

a4t



TARILE-2 (Continued)

AGGRADATION STUDIES--BASIC ANWD COMUUTED PARAMETERS:RUN 2.7-U-5

TEMPERATURE 29°C k= 121 %t

DISTANCES 1 % 5 7 9 1 17% 15 17 19

T = 10 MINUTE z, = 0.030 L =75 Gupa el
z x 102 2,50 1.50 0.60 0.10 0.00 0.00 0.00 0.00 0,00 0.00
h x 1oj BoAly - 5,85  B.45 .35  7.500 1.50  q.50- FH0 7.50 750
¢ x 10° 96.00 73.00 50.00 33.50 29.50 29.50 29.50 29.50 29.50 29.50
n x 10° 180 .63 A BhT 1.6 tLeT 1.7 108 o vetT 10T HG

T = 20 MINUTES z, = 0.041 I = 11.50 G =22omt
z x 102 A0 2001 1.:25 . 0.0 - 0.45 815 0 0.00.. 0.00 0.00 0.00
h % 10° SUEOEE 5200 - 6085 6490 TolB TA0 T80 . T450 . 7450 T80
¢ x 10°  103.00 92.00 81.00 68.00 56.00 43.00 34.00 30.00 29.50 29.50
n % 10° 1.88  1.82  1.76  1.71  1.71 1.78  1.73  1.74 . 1.74 474

T = 30 MINUTES z, = 0.041 L = 15.50 Gk= 26008
z x 10° 370 2.60 1.80 1.25 0.95 0,70, 0.30  0.10. 0.00 0,00
n x 10° BIGE  BARDN D ByiBN BySEr: BaB% e Teds . lh . TSl T80 .50
¢ x 10°  105.00 95.00 85.00 75.00 65.00 56.00 48,00 41.00 36.00 32.00
n x 10° 1,08 455 475 1.60 . 1.66 ANBO W.Eh  .EE 1.8 HuTd

S —— e —— e A . W A 5 | B e B | e A P M M= TR M B

aviL



TABIE-2 (Continued)
AGGRADATION STUDIES-~BASIC AND COMPUTED PARAMETERS:RUN 1.35-U-6

TEMPERATURE 29°C K - 6.485x(n

DISTAINCES 1 . 5 7 9 1 12 15 17 e

T = 15 MINUTES Z i 0,016 Li= 630  Grpsotasi
z 7107 130 . 050 000 8,00 ' 0,00 060, 6.06¢ 000 0.00 - -0.-00
hx 10° 6.20  6.90 8.50 8.50 8.50 8.50 8.50 8.50 8.50 8.50
G 00 36160 26,750 BDI50 1675 164D 16040 LS 16,00 4R B0 . 16, 4R
n x 10 VabBee, - HellE 0468 1,80 - 187 .81 0 8. 48T 1.87 4.
T = 45 MINUTES z_ = 0.024 b d1ed Geetbon

2 0

z x 10 2.10 130 | 0.60. U040 - @El .00 EEE Ol 0u00 oLbD
h x 10° 6.00  B.15 670 30 8.20 8.50 8.50 8450 B.50  B.50
@ x 10° 57.00 32.50 28,50 24,75 21.50 19.00 17.00 16.40 16,40 16.40

K
24

—
O

1.74 1.53 1«27 0.5 s 1,76 1 .80 V87 teBT TS

: T = 75 MINUTES 2 = 0,029 L= S0 Gemlve o
2 )

z x 10 2.50 1570 1,90 B0 OL60 0id5 0:;30 080 0.00° O.00
W ow FGS 6.10  6.20 6.60 6.90 7.30 7.60 7.80 8.00 8.50 8.50
¢ x 10°  38.00 34.50 31.00 27.75 24.75 22.00 19.75 18.00 17.00 16.40

S
»
i
O

181 et 150 g 45 1.24 1.27 1.42 1.69

—

.80

o
N
Lyl

- e e e e o L B . T | SO VS MK 3= " a0 L - r - roxacy .




TABLE-2 (Continued)

AGCGRADATION STUDIES--BASIC AND COMPUTED PARAMETERS: RUN 0.9-U-7

[EIPERATURE = 27.5°% K = C877 et
DISTANCES 1 3 5 7 9 11 13 15 17 19

T = 30 MINUTES z = 0.023 L = Bu5 Gigeos s 7o

z x 10° 1.70  1.00 0.50 0.20 0.00 0.00 0.00 0.00 0.00 0,00
h x 10° 6:00, 5,90 6:2% 689 7.25 T2 7.200 Tugo wsg w0
G x 10°  62.50 56.00 49.00 42.00 37.00 34.40 34.40 34.40 34.40 34,40

2

0
nx 10 1483 1.54 166 1,18 a8 1.88 1.88 1.88 1.E8

=1
-]
N

T = 60 MINUTES z, = 0.029 L =17.5 Gu=2335%

=X

x 10
x 10

.90 Ou70 Qi50 035 B.25

(3 0 0.00
6.20 6:55 6.3 53853 7.00 110

1

1

0 T.20
0 34.40
8 1.88

2.50 1.70 1

£ .00 Ja90 5
64.00 60D.00 56.00 5
129 s 1

N

Y

no

[ep)]
be

=
G
|

.50 47.50 44.00 40.50 37,50 3
B 4 Twah  UStS 1.85 1. 32

-~ N =1 O

(=)
b
O
O

e O - e e g e < M. o . S s P i T e —————
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TABLE-2 (Continued)

AFGRADATION STUDIES-- BASIC AVD COMPUTED PARANETERS:RUN 1.0-U-8
TE PERATURE = 29.0°C e o B T

DISTANCES 1 ] 5 7 9 11 13 15 . 14

T - 15 NINUTES z = 0.017 LS T s aa
.30 0u4D 0.00 0:00 0,00 0.00 000 000 0.00 0.00
6.40 6,70  T.35 7.60 7.50 7.50 7.50 7.50 7.50 7.50
37.00 26.50 21.50 21.50 21.50 21,50 21.50 21.50 21.50 21.50
n z 10 2407 H.B6  1.82 4.6 190 LB 4088 CTBO  4.88 F.an
T = 30 MINUTES z,= 0.025 L -7.0 Gx-26c4mc
2.00 1.00 0,50 0.00 0,00 S.00 ©JO0 0.00 0.00 0.00
5.90 6.20  6.70 7.25 7.60 T.55 T.50 7.50 T.50 7.50
39.75 32.50 26.00 22.25 21.50 21.50 21,50 21.50 21.50 21.50
x 10 TER CfUBY. 1B BT .72 4UES {UBb. .80  1.80° foko

e e P S S e e A B R s g . O

e gite pil] -
MM
— e
55 IR )

£ e v s

T = 60 MINUTE z,= 0.030 L =12.0 Gx-s58058

z x 10 2.60 1.70 1,00 0.45 0,20 0.10 0.00 0.00 0.00 0.00
hx 10° 6:00 .20 6270 T410 T30 WS T80 V.8 . TS0 750
¢x 10°  41.50 37.50 34.00 30.00 26.75 23.25 22.00 21.50 21.50 21.50

nx 102 1:.89 1.89 1.90 180 T80 1.81 1.87 1.88 1.80 180

2

ovi

e e A s . A S8 i . i A i i - e e et i s . OEERprs e e T C—



TABLE-2 (Continued)

AGGRADATION STUDIES-- BASIC AND COMPUTED PARAFETERS:RUN 0.90-U-g
TEMPERATTRE = 29,0°C o Satte

e e e e . e o et . B, 50 iAo T . M R 2 S

e e —— L e A RS . T VU, e e S O A . A e o s e

T = 45 MINUTES z,= 0.019 D= U Gu.lieos
z x 10° 1.85 1.10 0,55 0.30 0.10 0.00 000 0.00 0.00 0.00
nx 10° 6.90 6.90 7.20 7.70 8.65 9.20  9.20 9.20  9.20 9,20
¢ x 10° 34.25 30.25 26.50 23.00 20.25 19.00 18.80 18.80 18.80 18.80

nx 102 2.02 Tl 1«32 2.08 1.88° 1.88 1.88 1,88 1.88 *1.88

e . . e s S SO I .- S BN e e e A e st v e s e, e

T = 75 MINUTES z,= 0.027 L2335 G bsar
z x 10 2,20 1,50 0.90 0.60 0.40 0.20 0.05 0,00 0.00 0.00
% % 40 748 6190 1505 To15  T.40 7.90 860 .80 g.520 .90
¢ x 10° 34.75 32.00 29.50 27.50 25.00 22,00 20.75 19.50 18.80 18.80
nx 10° 228 85 A.BB 1534 Gu81 1,98 152 162 - 4.8B.  1.88

e T . A T i O O 8.5 e G M, - e TV —

2
2

T B 5. ML Pt 05

T = 105 i INUTES z,= O 5030 Lox 17.850 Sassnoit

55 g8 mil e s L nis e e D05 @
h ¥ 10 T30 H.00 7.05  7.25 7.50 7,80 8.35 .8.80 9.15  9.20
5
3

B0 35300 B0.TS 28,75 26.75 24.75 23500 21,25 19:50 - 19,00
o 47 210 1.69 1.42 1.22 %00 TelF 38 T 157 1480

041t

e e . i S e b et S e i . 4 e A 53 e e o s TR



TABLE-2 (Continued)

ACCGRADATION STUDIES--BASIC AND GOMPUTED PARAMETERS:RUN 0.63-U-10
TEMPERATURE = 26,5°C k= {232 xier

DISTANCES 1 3 5 . 4 11 13 b 17 1%
T = 10 FIVUTES z,= 0.023 L = 8.5 Sk = 920010

X 102 1,80 1.00 0.50 0.20 0.00 0.00 0.00 .00 0.00 0,00

AR - ALEG kD BoAD B8, B0 fdt | EERBe - By f-8 6.20
¢ x 10° 171.00 155.00 138.00 122.50112.80441.00 111.00 111.00 111.00 111.00
nx 40% . 1.29° .41 1.64 1.76 4.9 186 1.88 4.8 AHE .86

o SN

A e L. L 0.3\ M o . e . - e o o ket < s e i

T = 20 MINUTZS z,= 0.028 T = 18,0 G slotm ity
2A10% | 2Y E0 . 1l o5 o0 B0, D90 Bean o Bios
BR A0 UGBD - 4S80 5530, 5.60 $eB0 SO 6,90 G0 4.5 .20

G x 106 174,50 164.00 153,00 142.00132.50 124.00 117.00 112.50 111.00 111.00

n ¥ 10° 1.49 15T D VR T e T S - G e R T T

N

M B AT R e d 0 A N A et . S - = - P ¥’ e T O —

LGl



TABIE-2 (Continued)
AGGRADATION STUDIES~- BASIC AND COMPUTED PARAMETERS: RUN O.30-U-11

TEMPERATURE = 29.5°C K = &.542 xTa?
DISTNACES 1 3 5 7 9 11 13 15 17 19
T = 15 MINUTES z,= 0.015 7 S RO O

~

z x 10° 1100 ©E0  0.20 0.05 ' 0.00 0.00  DLab SiBE 0.08  6.00
nox 10° 5.70  5.45 5.30 5.30 5.80 5.90 5.80 5.80 5.80  5.80
¢ x 10 101.00 93.00 87.00 82.50 80.50 80.50 80.50 80.50 80.50 80.50

nx 10 1518 s 5 1,20 T 1,530 1 2% 1.30 130 1.30 1430

NG Ay

e e e L S S . e85 WS S Pl e s s s i, i Sl o = B T L L LI TR+ A G b

T = 30 MINUTTS 5 = 0.020 T t4ut, B e

g-x 10 1.60 0.90 0.60 (.40 0425 Bk 0.05 0.00 0,00 0.00

5.80 5.30 5.20 5.40 5.60 5.70 5.80 .80 5.80 5.80
IR 50 95.50 90.00 86.00 83.50 81.50 80,50 80.50 80.50 80.50
B X 10 152 1.48 Hedd TeiB Ties 1.50 1,59 1307 1,30 150

i -t S— P . e s N e e

cal
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