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SEINOPSIS

The proposed study is aimed at developing a suitable
hydrologic model for the 8,800 square miles natural catchment
of Chambal River in Madhya Pradesh, contributing to the Gandhi

Sagar Reservoire.

A linear distributed parameter model has been detailed
for simulating the catchment action, i.e. starting from the
observed rainfall upto prediction of the reservoir levels at
the Gandhi Sagar Reservoir. This has been achie#ed by di-
viding the catchment into five sub-basins in the upper reaches
~ of the tributaries, keeping?ﬁiew, the drainage characteristies
and in between the outlets of the sub-basins and upto the
Gandhi Sagar Reservolir, the catchment is termed as intemme-

diate sub-basins-divided in six parts.

Suitable input functions are separately defined for the
sub?basins and Intermediate sub-basins, Attempts are made
to develop relationships between rainfall excess/f) - index
and rainfall intensity and its duration. These relationships

can be of great use for prediction purposes.

The transfomation process of the hydrologic system of
these sub-basins and Intermediate sub-basins have been taken
care off by suitable hydrologic models. Attempts are magde
to develop relationships between catchment constants - thus
model parameters and catchment physiographical characteristics

to develop the transfer function for Intermediate sub-basins
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(ungauged catchments). The properties of linear reservoirs

and linear channels have been used for the same. The computed
and observed responses are compared at the outlets of sub-basins
and intermediate sub-basins, for the verification of the propose

model,

The flow concentration so computed at the outlets of
these sub=basins and intermediate sub-basins have been routed
upto Gandhi Sagar Reservoir, by using the Unit Response Theory.
In all Ten Unit Responses have been formulated and tested for

routing the flows upto the Reservoir.

Two storms havé been tested and a comparision between
the observed and computed reservoir levels at the Gandhisagar
is given, The overall efficiency of the model for the entire
catchment have been worked out and found as 89 percent and 81

percent for the two stommse.
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CHAPTER -

INTRODUCTION

101 GENERAL FRATURKS OF THE CHAMBAL BAGIN:

River Chambal is one ¢of the main tributaries of River
Yamuna, The length of river is about 600 miles. Largest flow
is through Madhya Pradesh and Rajasthan State. This river
rises in the northermn sldpe of Vindhya Mountains, about 20 miles
south-West of Mhow in M.P., at an elevation of about 2800 feet
above the mean sea level. It flows, first in northerly dire-
ction for a length of about 225 miles, and after passing by the
historic part of Chauraéigarh, it flows in North-Easterly dire-
ction for a length of about 375 miles through Rajasthan, M.P.
and Uttar Pradesh State, beforé joining the River Yamuna, South-

west of Etawah at an elevation of 400 feet above mean sea level.

The present study pertains to the basin upto Gandhl sagar
dam, which is constructed on River Chambal at a distance of about
218 miles from the source. The index map showing the catchment
area of Chambal and its tributaries upto Gandhisagar deam may be
seen in Fige. No.1=1.

Telele Size of The Basin; -~

The total drainage area at Gandhisagar has been reported
to be 8,890 sge.miles. In present study, from the toposheet

1" = 4 miles map the area has been computed as 8,800 sg.miles
and this figure has been adopted.

1e1¢2 Drainage Pattern:-

The four important tributary of the River Chambal are,

Shipra, Cbhhoti-Kalisindh, Shivana and Retum. The first two
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f

tritutaries are rumming almost parallel to the main Chambal,
River. These tributaries together with Chambal, control
about two-thirds of the total catclment. The shipra and Ch-
hoti-Kalisindh rivers are closely spaced. The other two
tributaries ghivana and Retum drain about one~half of the
remaining area and join the reservolr in its middle reaches

from West.

As the basln is traversed by monsoon depression and
cyclonic storms in the same general direction as the main
river i.e. in the West-North-wWesterly direction, the flow con

centrations from different areas synchronise at the out let.

1e1¢3 glope:-

Originating at an elevation of about 2,800 feet above
mean sea level, the Chambal river drops to a ¥evel of 1,750
feet above mean sea level after traversing a length of about
10 miles., Thereafter it has a fairly uniformm gradient of
about 3.30 feef, Per mile, except near the confluence of River
Chambal with Shipra, and Chhoti-Kali-gindh where it has re-
latively steeper gradient which varies from 6 to 10 feet per
mile. At the dam site its bed is at 1120 feet (above mean
sea level) and the length of the river is about 218 miles,

1e2  SIGNIFICANCE AND NEED FOR A HYDROLOGIC MODEL OF

IHE BASIN:

Large drainage basins require greater attention re-
garding hydrclogic investigations in view of growing deve-

lopment of water resources. The transformation of rainfall



excess into direct runoff is a complex process, which is the
basic problem of hydrologic investigations, occuples a central
‘place in applied hydrology. The transformation needs for
proper design of hydrostructures and also for reservoir
regulation. Hence correct estimation of this require not
only the knowledge of the peak flood but also the time dis-
tribution of discharges through out the period of flows. The
flood peak and time distribution of runoff from a drainage
basin during a stormm depend upon the meteorblogical éonditions

and also on the physiographical characteristics of the basin,

The available concept, regarding the transformation
of rainfall excess in the direct runoff, the synthetiec approach
empirical formulae give only the knowledge of flood peak, but
the time distribution of runoff throughout the period of flows
can conventionally be predicted only by Unit Hydrograph app-
roach proposed by Sherman (1932). This approach is based
on the availability of gauging data and unable to predict the
direct runoff-considering the distributed input. Hence in the
proposed study, the procedure of developing a distributed
parameter model is explained, which will be helpful in the
prediction of runoff from different parts of a sub-catchment
and also given an idea regarding the variation of rainfall
and infiltration index, with respect to time in different
parts of the catchment.,
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1.3 STATEMENT OF THE PROBLEM:

The present study is aimed at simulating the direct
runoff hydrograph, for a natural catchment at Gandhi Sagar
Dam, using a linear distributed parameter model.

Basically the approach consists of the following:-

(1) To develop suitable input function.

(1i1) To formulate the linear distributed parameter
model for gauged sub-basins.

(1ii) Fomulation of distributed parameter model for
gauged and ungauged intermediate sub-basins,

(iv) Routing of the flow concentrations from all the
sub-basins and intermediate sub-basin to the
Gandhi Sagar Reservoir.
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CHAPTER=II
LITERATURE SURVEY

2.1 SYSTEM CONCEPT IN HYDROLOGY:

For mathematical representation of a drainage basin,
the entire hydrological cycle may be treated as an engin-
eering systeni. It is preferred to consider the hydrological
system as a black box in which:

1o Input function
2+ System function (Transfommation process)
3. Output function or Response,

In surface water hydrology where a natural catchment
is studied as a hydrologic system the input function is gene-
rally the hyetograph, system function is a function,is the
catchment action on hyetograph. The output function or re-
sponse is the runoff hydrograph observed at the outlet(Fig.
No.2=1.

2e1e1s Linear And Non-Linear Hydrologic stem; -

Any system is sald to perform a linear operation
of a step input to the system produces the output response,
which is directly proportional to the input at any time.
Linear systems are easy to work with as the principle of

homogénity and super-position hold good.
(a) The homoginity of system ensures

£ ( < Q) = o(f(Q) oo o0 X3 201 a



(b) The principle of super position states:

f (Q1) + f (Q2) + - - f(Q)n % olo oe 002.1 b
However depending upon the nature of the Input

function a linear or non-linear hydrologic syStem may e

further be classified into lumped or distributed system.

2.1.2. Lumped And Distributed Parameter:Svatems:

The hydrological system is defined as a lumped sy-
stem when the system components are the function of time
only and spatial co-ordinates are not accounted for input.
A lumped system may be located at any point in the working
space of entire system. It can be represented by an ordi-

nary differential equation

X .
. Neq
f (Q) = & -—En—Q;- + a’n-‘] -—d-'___;Q; *"l e® ee oss 262
n n Nne-q ¥
- = 3Q dt dt {

where &, 3 -1 °* ¢+ ¢+ « 3, etc. are all con-

stants and are said to be linear and time invariant only.

However if a, o o o3y (or any of these)

a
n-1
is a function of § the system would be a nonlinear system

ngoN002"2(a) .

Mathematical equations represénting a distributed
system involved spatial co-ordinates as shown in Fig.No.
2¢2 (b), input to such a system is distributed and there-
fore, it cannot be located atasingle point. The distri-
buted system can only be described by partial differential



equations and, therefore, theoretical solution to such
system requires complete knowledge of the boundary condi-

tionse.
2.1¢3 Gatchment Action:-

As shown in Fig.No.2-3, as a résult of the catchment
action, output responge gets distributed over a larger time
period which,not only attenuates the input hydrograph peak
but also shifts it in time. The translaf.ion and attenua-
tion of input hydrograph is due to storage actions of the
basin system. In most of the conceptual models, the cat-
chment action is represented through conceptual identities

such as linear chamnels and linear or non-linear reserveirs.

2.1+% The Linear Channel:

A linear chamnel conceptually represents the pure
translatory effects of a system and, therefore can be de-

fined as:

"A conceptual channel on which the time(T) requékred
to translate a discharge (Q) of any magnitude through a
channel reach of given length (x), is always constant. Thus
when an inflow hydrograph is routed through the channel,
its shape is net affe¢cted.

If F = f(t) be the inflow funetion to a linear
channel, after routing the outflow function Q(t) would be
identical to the inflow function except for a time lag which
is introduced by the system and whose magnitude is given by
the translation time ( At) of the linear channel®. Hence

Q (t) = f(t"' o t) . .o oo ee 2¢3
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2.1.95 Concept Of Reservoir-Linear And Non-Linear Regervoirs:

The catchment action on its input precipitation is
analogous to the reservoir action on its inflow hydrograph.
A reservoir too, translates and attenuates the inflow hy-
drograph by regulating its outflow over a desired period
of time. This analogy suggests that a drainage basin sy-
stem could perhaps be analytically represented by the re-

servolr concepts,

A reservoir may be classified as a linear or non-
linear depending upon its mode of operation. A linear
reservoir is a conceptual identity in which the storage

S is directly proportional to the outflow @

s <X Q
S = KQ L X ] o (X2 20‘1'

where the constant K has the dimension of time and equal
to the average delaytime, imposed on its flow by the re-

servoir model,

The functional relationship between the storage
and discharge of a non-linear reservolr may be written as

S =KQB LX) (X} L] *e (X ] 205

where K and B are dimentional constants which represents
the two characteristics parameters of a non-lineaf conce-

ptual model.
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2¢146 Derfved Identities - Unit Hydrograph (U.H.),
Instantaneous Unit Hydrograph (I.U.H.):

These identities are derived with the help of con-
ceptual identities or from available record of input and
response functions to represent the transfarmation process

of a system.

In linear hydrologic modelling the derived identities
are: (1) the Unit Hydrogwaph and (2) the Instantaneous
Unit Hydrograph.

As per the definitions given by Sherman ®The discharge
time relationship resulting from a study of effective rain-
fall of ﬁnit duration uniformly distributed over a catchment®
is called Unit Hydrographe.

If the duration of the effective precipitation become

infinitesimally small, the resulting unit hydrograph is de-~
by
fined as IUH and representedLU (o,t)e

262 REVIEW OF SOME CONCEPTUAL MODELS:

Utilising the properties and concepts discussed in the

above sectlon different hydrologists have proposed various
hydrologic models which have got a direct relevance in the
development of the proposed model. A brief summary of these
hydroleglec approaches is presented in this article.

| In the year ;1930, the committee of floods, suggested
that the hydrograph due to an Instantaneous storm could

provide a good indication of watershed response. It was
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considered that the hydrograph would reflect the width of
the watershed and the velocity of flow, all other factors
being constant. This idea was not adopted by other inve-
stigator at that time probably because of crudeness of the
available data and the difficulties inherent in the deri-
vation of IUH by numerical or graphical differentiation

of the S-curve based on Unit Hydrograph of finite duration.

The most notable of the early attempts to derive
a relationship between rainfall and runoff was in a series
of articles by Zoch (Zoch, R.T.1934=37) in which it was
~ assumed that the runoff from each élementary area of the
watershed was related to the storage S over the elementry

area by a linear relationship s = K@

2.2+1 Lumped Model:

In these model the input function is function of
time only. It does not have spatial co-ordinates. It
is considered_to be located at a single point in the work-
ing space some of such models are discussed in the following

paragraphse

Clark (Clark,C.0. 1945)- derived the Instantaneous
Unit Hydrograph by routing the time area concentration
diagram through a linear reservoir; Time of concentration
T and the storage coefficient X were the two parameters of
the model, T was defined as time interval from the end of
excess rainfall to apoint on the falling limb of the hydro-

graph where the ratio of rate of decrease in discharge to
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total discharge was greater, and K was a coefficient of

linear storage discharge dboohrewrge relationship.

St = K Q(t) X oo e 206
where St = Storage in the reservoir at the
instant ¢
Qt = the outflow rate at the same instant
K =q/ 29

dt

rate of direct surface runoff at the
point of inflection on the falling limb.

Kelly (Kelly, J.J.0., 1955) showed that a logical
extension of the procedure of which Unit Hydrographs of

unit period could be derived by means of time-shift of

the S~curve is the reduction to values approaching zero of the

unit period and time shift. This leads to the concept of
the Instantaneous Unit Hydrdgraph. This unit hydrograph
corresponding to a rainfall of unit volume at an instant
has special property. Its ordinates are the slope of the
S=-curve and conversely, the S-curve is its integral. A
two parameter model for the Unit Hydrograph based on the
routing of time area diagrém through a reservoir was pro-

posed.

Nash (Nash, J.E. 1957) proposed a conceptual model
by considering a drainage basin as 'n' identical linear
reservoirs in seriese. He has shown that a cascade of

equal linear storages results in the gamma density fun-



14

ction. The governing relation would be the continuity or

conservation of mass equation,

I-Q ._-___gg__ 0 o0 () 207

where s is the volume of surface storage on the watershed

at time 't!', that would eventually become runoff, Storage
to

S in a linear reservoir is directly proportional/the outflow

Q, Or
S =KQ o e LX) 2.8

Substituting equation 2.7 in equation 2.8 and con-
sidering the condition that Q = O when t = 0, the following

equation for outflow can be derived:

Q I( 1 - e-t/K ) _ oo oo oe 2e9(2)

when t = @ the above equation gives @ = I, which
means that the outflow approaches an equilibrium condition
becoming equal to inflow. If the inflow terminates at
time to since outflow began, a similar derivation gives the
outflow at 't! in temms of discharge Q, at to as:

Q = QO e‘r/K . o oo 249(D)

where r = t-to being equal to the time since inflow
terminated,

For an Instantaneous inflow which fills the reservoir
of storage So int, = 0 equation 2.8 shows @, = So/K and equ-
ation 2.9(b) gives the outflow as § = Ie-t/K = S0 e-t/K

oo ee 2.9(c



For a unit input or so =% the IUH of the linear
reservoir is therefore

U(O,t) = .._I;.._ e-‘t/K oo oo oo 249(4)

This is the hydrograph for the outflow from the 1st
o /K

reservour, outflow Hyd. from 2nd Res. = U(0,t) =

| or

) *0 2.9(3)

continuing this routing procedure we get outflow from the
nth reservoir as,

U(o,t) = 1. y»-1

t
KT(n) K

which is the IUH of the simulated basin for an input of

e L ) ¢ LR ] 2‘10

one inch per hour per square mile.

The parameters of the model n and K were evaluated
by method of moments from the observed rainfall excess hye-

tograph and direct runoff hydrograph. The definition of ta-

king out the moments adopted here is

S:jx 1 ax

Mn - - . o0 L X o 2011
5 Y dx
-0 th.
where Mn =n movemt of BRH or DRH.
Y = ERH or DEH Ordinate at Y-axis
X = Time period ar abscissa of ERH or DRHA

Now the first and second moment (M1 & Mz) of IUH
are related with the model parameter and the first and second
Moment of ERH and DRH by the following relationships.
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M, - nK = MDEHI -MERHI ce ee ee 2412

M, = n(n+1)K° = MDRH2 - MERH2 - 2nK MERHI .. 2413

where MERHI = First Moment of ERH about the origin
MERH2 = Second Moment of ERH about the origin
MDRHI = First Moment of DRH about the origin
MDRH2 = Second Moment of DRH about the origin

Nash (Nash, J.E. 1960) further proposed two relation-
ships relating the model parameters with catchment characte-
ristics by studying about 30 British catchments.

=03 -0.085
K = C1(A)0.25 o (01:3) 2% (L) e es 2o 1)+
where C4 and C, are the constants derived for the
catchments
A = Catchment area in sqguare KM's.
L = Length of main channel in XM's.

OLS = wWelighted overland slope in parts per 10,000

2.2.2 Distributed Parameter Models:

IA the prévious section the model where input functions
is lumped have been discus sed. In nature the rainfall
excess 1s rarely lumped rather it is always distributed.

In this section some of the models which are capable of

accounting for spatial distribution of rainfall excess are

discussede.
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Dooge (Dooge, J.C.I. 1957) introduced the concept
of linear channel and modified the Nash-model by adding
linear channels in addition to linear reservoir in the
series.s In this model the catchment area was divided kke
by means of isochronés and represented each inter-isochronal
area by a combinations of linear channel and linear reservolir
in the series. The outflow from the linear channel was
represented by time area concentration diagram and consi-
dered as input to the linear reservoir of the set, The
output was obtained by adding the partial curves obtained
by routing the time-area concentration diagram for the upper

hogenveins, next thaough( n-) Linean Seaenveins and

most reach of the basin through n-linearkgo One A general
equation for the IUH of the model for equality spaced iden-

tical linear reservoirs was given for unit input as:

t/K -
U(t) % {P(m,n"1) W( T ) dm o o ee 2416
o
where T = Maximum Translation Time
t = current time measured from time of occurence

of the Instantaneous Rainfzll Excess
P(myn-1)= Poisson's distribution function

m:(t-'C )/K
T = Storage coefficient for linear reservoir
n(t) = No. of linear reservoir D/s of T .

and W(T') = Ordinate of dimensionless time ares con-
centration diagram at time T’ .
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As the catchment was dividedvinto several parts by
isochrones and input on each part was fed to the model
seperately, it was possible to account for the spatial
distribution of rainfall excess.

Laurenson proposed the concept of distributed
input in non linear reservoirs. He divided the catchment
by isochrones in several sub-areas. These sub-areas were
represented by non-linear reservoirs in series. The inputs

were tried to account for the following features:

(i) Rainfall excess is variable in time and space.
(i1) storage in the catchment is distributed not lumped
(1iii) storage discharge relation is non-linear,
(1v) Dpifferent input elements pass through different
amount of storages.

Procedure:

(1) Hyetograph of rainfall for furthest of up-stream
of area is determined with shape given by nearest recording
raingauge, and scale the maximum ordinate equal to average

raeinfall for the sub areas.

(2) Losses are subtracted to know rainfall excesse.
(8) Find out the inflow hydrograph for rainfall by
converting hydrograph by relation.
Q = 1A

where i = intensity of rainfall,
A = gub area

(4) The inflow hydrograph is routed through storage

for sub areas by non linear routing method.

(5) similarly next sub area rainfall hydrograph is
developed and added with time shift to outflow hydrograph
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from upstream. The combined hydrogrsph is routed

through appropriate storage.

S = K(q) gq

where K is a function of g

- - & ds .
(I-Q T | .
A - At -— - . P Py Y PY
(1,41,) _.g_ (a,+ ay) = S,-8, 2,17

writting 8, = K,(q,) g, and 8, =K(q,) q, and
substituting in 2.17. We get

q2 = Coiz + C1 i1 + 02 q1 L * e oe 2018
where CO = C1 = __Q_ziél___ oo es oo 2019
- K,40.54t
02 = K1 _0.5A ¢ b °e eele X
X+ 0.5A¢t

where1&2 represents start and end of A t respectively
Since the value of the coefficients Cg, C1 & 02 de-
pend on K2 and K2 depends on Ao this equation is solved
by iteration method by assuming K2= K 1 and find doe
Redetermine K2 knowing a and find segond value of 9, by
iteration. This a becomes a, for next routing period.

From this ¢ 1 corresponding value of K 1 1s determined.

A cascade of linear channels fed with distributed
inputs, has successfully been used to represent the cat-
chment active (Mathur, 1972). Each linear channel of
the series network receives its distributed input from
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from a sub-watershed area which is assigned in it. This
study concluded that different sub areas of drainage basins
system are directly correlated to the basints response fubr-
ction through the 1linear channel concept.®urther it was
shown that rainfall input on different sub area need notbe
the same and thus spatial non-uniformity of rainfall is
taken into account. The model is capable of identifying
¥he parts of the sub area contributing to flood pesks, thus

enabling the flood forecasting programmés.

23 BEVIEW OF SOME FLOOD ROUTING METHODS:

Flood routing may be considered under two broad types,

namely, reservoir routing and open channel routing,

The former types provides methods for evaluating
the modifying effects on a flood wa%e paséing through a
reservoir, In design and planning it applies to the de-
termination of the localion and capacity of reservoirs, of

the slze of outlet structures and spilliways.

Open channel routing are used to determine the
time and magnitude of flood waves in rivers, to develop
design elevations fes for flood walls and levees, to estimates

benefits from completed or proposed reservoirs etc,

2«31 Reservoir Routing Methods:

On initial, prior to the selection of a routing
method is theselection of a proper routing period. This



1s the time interval at which the ordinates of a hydrograph
used in the routing, are represented. The period must be
sufficiently short to define the hydrograph adequately.
Theoretically, it should be equal to, or some what shorter
than the travel time of the flow through the reach. Al so,
the period must be short enough so that the hydrograph
during the period approximates a straight line.

1« The Puls Method

2. Step by Step Method

3. Garrett's Method

L4, Cheng's Graphical Method

5. Goodrichs Semigraphical Method (1937)

6. Steinbergt!s Method(1938)
7« S.M.Woodward's Method (Calculus Method)

The Puls Method:

This method assumes invariable discharge storage
relationships and neglects the variable slope occurring

during the passage of a flood wave.

ce
In a given time interval the different bettwen inflow
and outflow is equal to the change in storage. Rewriting

the equation 2.7 as I e Q = %% = AS

or if expressed infinite time intervals,

/2 (I, +I,) At=1/2(q +8q) At =58 .o 2421

1 L X 4
where the subscript 1 refer to values at the beginning of
any time period of length A t and subscript 2 refer to values

at the end of the period, and I, Q & S are instantaneous



value of inflow,outflow and storage, respectively.
Arranging the equation 2.21 so that all known values are

on the left; the expression becomes

1/2(11+12)At+s -1/2Q1At = 82+1/2Q2At

1
L ] [ 2R 4 LR 2.22

Routing is accomplished by substituting the known
values in the above equation to obtain §, + % 'QzAt.
Then Q2 is obtained from the relationship between @2 and
S, + 1,72 Q, At. Plot outflow vs.storage curve. Knowing
storage curve it is easy to plot either S -4 Qt or S + Q.t.

cuIrves.
Step: 1 Compute 1!2 (Ia+12)
Step: 2 From the S-¥.Q.1 curve read the value of
S.=Y¥, Qb 3orreSponding to a given
v u%o% Q,'o
Step: 3 Compute 82 + &/2 Qz‘l’ by use of equation
2422 i.e. value in Step 1 + Step 2.
Step: 4 From S +% Q,«t curve read the value
of Q, corresponding to that of S,+ 9,t.
Step: 5 Detemine 8,- %2Q1.t or actually

82-% Q2.t. The next routing period

by substracting Q2t from 82+&Q2.t or by
reading it from the S-&z Qt curve for
an Q2

To obtaln Q, for period 3, repeat Steps
1 to 5 and 0T @

24302 Cnannel Routing:

In almost all the flood control problems, it becomes
necessary to know the flood hydrograph of the river at

various points on its path. The behaviour of the river



will change when the tributaries are discharging different
quantities at different periods. Even if there is no
tributary contribution, the hydrographs at different points
‘of a stream will not be the same, due to local inflow, or
even due to its own valley storage or the channel chara-
cteristics may be completely changed by the introduction
of a reservoir or an embankment,

1 The Muskingham Method

2. The Working Value Method

3¢ Meyer's Method

4, Successive Average lag Method(TatumMethod)
5. The Progressive Average Lag Method (U.S. Army)

The Muskingham Method:

This method was developed by G.T. MC Carthy and
others in connection with studies of the Muskingham con-
servancy District Flood Control Project of the U.S.Army
Crops of Engineers in 1934-35. This method involves the

concept of Wedge and Prism storages in a channel flow,

storage volume can be correctly related to outflow
with a simple linear function only, when inflow and outflow
are equal i.e. when a steady flow exists. During the
advance of a flood wave, however, inflow always exceeds
outflow, thus producing a wedge of storage. Conversely,
during the recession outflow exceeds the inflow, resulting
in a negative wedge storage. The Wedge can be related

to the difference between the instantaneous values of
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inflow and outflow. Im Plewwe the Wedge storage is re-
presented by KX(I-0). In addition, there is a storage of
prism, or prism storage, as represented by KO. In these
expressions, K is a coefficient and X a parameter. The

total stora;e is therefore

S = KO + KX (I-O) .0 LI .0 2023
This equation is known as the Muskinghum equation.

The constant X expresses the relative importarnce
of inflow and outflow in determmining storage. If storage
is entirely a function of outflow, as in reservoir, then -
X = 0, but i1f the Wedge storage is significant, then X will
be the function of Inflow and outflow bothj and the value
will be greater than zero. With a limiting value of 0.5
when inflow and outflow have equal weights as in unifomm
channelse. For most streams X is between O and 0.3 with

a mean value of 0.2,

Putting the equation 2,23 in the subscript from

n
idicate the routing period, starts and ends.

S, - 8 = K{x(l2 - Ia) + (1-x3) (QZ-Q,,)J

when the storage is the function of outflow only
for mlinearity condition x =20

82 281 :K{Q2“‘Q1‘ .0 .o e 202""

Comparing the equation 2.21 & 2.23.



I, +1I Q, - Q
2 2.
SSatm T At =K(Q - Q)
2 2
L Toue 8 At vk = 2Atex
2 > R = o5 +ry
21t T2 At - 0548 -K) @ =@0.54¢ +K)
Q = 0‘5(11'*‘2At - 05A%t - K Q
e 0.5At +K 0.5 t +K
Q2 = CO I1 + C1 12 + 02 Q1 o e ') 2.25
where CO = C1 - OoiAt e .o e 2426
0.5 At
C = M—A—t e o X 2028

2.l

UNIT ZESPONSE THEORY OF FLOW ROUTING IN OPEN CHANNEL:

Open channel flow routing has been widely used in

the past by engineers and hydrologists. The routing method

selected for a particular problem depend largely on available

data, accuracy desired, and availability of special equip-

ment such as digital and analog computers.

2elte 1

Basic Theory:

ond deacsiibed a
This theory has been detailed by sauethypothetical

channel where flow losses and gains do not occurs. A flow

input of unit rate and unit duration at one point in this

channel will result in a specific flow response or unit



Response at a down stream location. The shape and timing
of the unit response will be determined by the physical
characteristics of the channel. Fig.No.2-6 shows the
concept. The unit rate 1 cfs. and the unit duration is
any period of time selected to best fit the problem., In

a linear system, an input of any magnitude for unit dura-
tion will resﬁlt in a response in direct proportion to the
input magnitude i.e. an input of 100 cfs. for a period of
unit duration will result in response ordinates 100 times
greater than the unit response ordinate. Al so inputs
occurring at various times can be transformed to response
hydrographs, lagged by the known flood wave travel time
and summed to form the resultant outflow hydrograph.

Fig. No.2-7 shows this process graphically.

2.4+2 TUnit Response:

The unit response of an open channel is defined as
the outflow hydrograph resulting from input of 1 c¢fs. occu-
rring during a unit duration,'D!. It can be generally
derived from observed stream flow record using technigues
such as harmonic analysis. However this requires actual
records of inflow and outflow. Synthetic derivation
methods are desirable at sites where outflow records are
not available. The synthetic derivation of unit response
can bevmade by routing a translation hydrograph through

reservoir type storage and transformming the resultant
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instantaneous hydrograph to the duration selected for use
in a specific problems. Fig.No.2-4 shows a schematic

diagram of the unit response derivation process.

2443 Translation Hydrographs

It is difficult to attach physical significancé to
the translation hydrograph for an open channel. It has
one characteristics, however, the time base W that can some-
time be computed from actual records. As commonly defined,
the time base of the translation of hydrograph for a basin
is the time from end of rainfall excess to the inflection
point on the recession of the resultant outflow hydrograph.
For an channel this same definition can be used, except
that the flood wave travel time of the leading edge must be
deducted to account for lag between the points of inflow
and outflow. The shape of the translation hydrograph has
little effect on the final results because storage routing
tends to damp out irregularities. The time base (W) is
difficult to estimate, even from actual stream flow records.
But fortunately, it is rather insensitive, and successful
routing results can be obtained with crude estimate of W.
Wnere data are not available for estimating W, it can be
teken equal to K (storage coefficient) for rough estimate.
Adpustment can then be made to improve the fit of calibration‘

data if necessary.
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Proportionality Constant 'K!;

For a linear response, [( exponential x = 1) in the

equation S =K Q’ﬂ K is the slope of the storage-discharge
relation measured in hours and is equivalent to the time
required for the centre of mass of the flood wave to travel
through the reach minus the travel time, T required for the
leading edge of the flood wave, The best estimate of K
can be made by the recession hydrograph beyond the point of
inflection. Rewriting the equation 2.9(b) i.e. the expo-

nential relation for recession hydrograph is used

Qt _ Qo Et/K
9 vk |
X ,

- - — -1 _
% = 1oge(r) = loge(r) o= loge( % )
t A
k— = 243 log.lo (_%_)
‘ 0.434 At _
K = t = —————————— ) ) 2.49
2.310g10Z1/r) log10(1/r)

where r = the receission coefficient computed for the
time interval A4 t. It is computed from the
receission hydrograph beyond the point of
inflection. Several discharges are determined
along the recession at intervals of At, base flow
1s deducted from each and a recession coefficient
r is computed for each pair of discharges by



29

dividing the second by the first. 4n
average of individual values of r is used
as the best estimate.

Q
r = r1 * r2‘;rn‘1 g T =.._..2...,r = _93 T
= 1 2 e o o o n_1
n 1 %
%-q
Daration 'D!':

The duration 'D! is the routing computation interval.
Tt should be a convenient eduftiple of 2k hrs., long enough
to avoid excessive computations and short enough to define,
the hydrograph adequately. A value of D between 0.1K and 0.
usually be adequate, however some successful results have
been made with D as large as K. For use in a real problem
the instantaneous unit response may be transformed to a

D-hour unit response for storage routing.

Transformation of a given unit response of dura-

tion D, to a unit response of another duration D., is

1 2
accomplished by:

(1) forming the summation curve on the given
unit response.

(2) Lagging a second, identical summation curve

by the desired duration D2.

(3) Taking differences of the two summation curves
(%) pividing this difference by the ratio D2/D1.

Because the duration of the ingtantaneous unit
response 1s theoritically zero, it is not possible to
perform this calculation directly with an instantaneous
unit response. Negligible error will result, howéver by

averaging successive ordinates of the instantaneous unit

response to form a unit response with duration equal to
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the routing computation interval. This is true only if
the computation interval is relatively small, such as
(0.1W). The unit response, thus formed then can be trans-
formed to the desired duration D by performing the calcu-

lations previously described.

Now with the time base and shape established,
the ordinate of the translation hydrograph can easily be
determined, because by previous definition it was esta-
blished tnaf the unit response was the result of 1 cubic
feet per sec. for duration D. Therefore, the volume of
flow, V, or the area under the translation hydrograph is

defined as

V = 1(CU.SGCS) X D(Hr) Y o os 2030

where V = volume, in cubic feet per second-hours

The translation hydrograph can then be defined as shown

in Fig.No.2-5.

2.4.4 Storage Routing:-

The translation hydrograph is routed through sto-
rage to account for channel storage between inflow and
outflow sites. The reservoir storage routing method has
been found adequate for this purpose. The methods has

already been described under para 2.3.
Rewriting the basic storage equation 2.8 as
S =K Qx

where x = an exponent which provides for linear and non-
linear routing,



33|

For most of the open channel, a value of x = 1 has
given satisfactory results, this provides linear storage
routing, 1In some cases, however, it may be found that
non linear conditions exists to such an extent that a
value of x other than one may result in more accurate rout-
ings. If an outflow recession hydrograph is available,

x can be estimated by a geophysical method described by

chen (Shen, J. 1962). This method also yields a corre-
sponding estimate of K. The outflow recession hydrograph

is first adjusted by substracting base and intervals, A t,

for several points on the recession. The average values

of successive discharges are plotted (abscissa) versus

the difference of successive discharges divided by A t(odinate
on log.log paper. The value of x will be two minus the

slope of the resultant plot and K = X
intercept

2.4¢5 Application to open channel Routings

The unit response thus formed is used to route
flows in an open channel just as a unit hydrograph is used
to compute a runoff hydrograph from a drainage basin.
Inflow to a channel reach is used in the same manner as
rainfall excess is used for a basin. The principle of
lagging and super position apply except that a lag or lead-
ing edge travel time is used for open channel routing where
as in basin hydrograph computations it is assumed that out
flow begins as soon as rainfall excess occurs. The actual
computation requires an inflow hydrograph, aunit response

and a leading edge travel time,



2.445 (a) Inflow Hydrographs

It can be consldered a series of individualiflowf
elements as shown in Fig. No.3-%. The flow'magnitﬁdqégach
element is multiplied by the unit response ordinate to form
the flow response of the element. These flow responses are
then lagged by a time equal to the leading edge travel time
and summed to form the outflow hydrographe This 1is shown

in Fig.No.2=7.

2.%.5 (b) mggzgl_ILQeIOf Leading Edge:

T, can be obtained from actual records, if available
and should be verified with several different period of flow
and at different magnitudes of flow, if possible, it is found
that T varieévsignificantly with flow magnitude, a relation
of T and anticendent flow can usually be devéloped. nti-
cedent flow is defined for this model as the average inflow
for a selected time period immediately prior to the flow ele-
ment to be routed. The time period used for computing an-
tecedent flow is the travel time, T, corresponding to the
lowest discharge to be routed. Each flow element of the
inflow hydrograph is then routed using a travel time or lag,
selected on the basis of the antecedent flow changes, when
travel time is shortened as a result of this process, stack-
ing of discharge response hydrograph will occur. This
results in a steepening of the rising limb conversely when
travel time is lengthened. There will be a gap, on separa-
tion, between response hydrographs. In most cases the

summation of response hydrograph will give no indlcation
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that stocking of separation has occured, however, where

traﬁel time variss greatly. The final results will sometimes
indicate false peaks and troughs as a result of the stacking
and separations where this occurs, more complete methods of

routing are probably indicated.

In the absence of actual records, the leading edge travel
time can be estimated from channel characteristics. The
speed, or celerity, C of a Kinematic wave in an open channel

is expressed by

C = J_QQ__..._. e e se 2.31
B 4y
in which B = The channel width
dQ = Change indischarge
dY = Corresponding change in depth

For practical application the above équation reduced to:

P = _1e9LB ce e ee 2432
&Y
T = Leading edged travel time hours.
L = Length in miles

B = Channel width in feet (average)
Q= A discharge in cft/sec near mid range of
flows to be routed

Q= The discharge in cft/sec. at a stage 1 feet
less than @,

Note: The factor 1.5 is the conversion factor of unitse.
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_PROPOSED MODELS FOR CHAMBAL BASIN AT GANDHI SAGAR SITE

31 INTRODUCTION:

The present study is aimed at simulating the direct
runeff hydrograph for the Chambal Basin at Gandhi Sagar site,
using a linear distributed parameter for gauged sub-basins,
and developed some methodology to simulate the direct runoff
hydrograph for intermediate gauged and ungauged sub-basins,
Further it is proposed to develop a routing model for each flow
concentration to compute the inflows to the Gandhi Sagar Reservoir,
This has been attempted in the following phéses;

1. To develope suitable input function for the proposed
model.

2+ Development of a conceptual model for computing
responses from the gauged sub-basing of the catchment,

3¢ Development of suitable methodology for computation
of responses from ungauge and gauged intermediate
sub-basin of the catchment

4+, Routing of the computed responses to Gandhi Sagar site
to compute inflows to its reservoir,
3.1.1 The proposed conceptual model is to be developed keeping
in view the availability of the following data:
(1) Short term storm data is available at different points
in the catchment,

(i1) Corresponding runoff data available at the Gandhi Sagar
reservolr site and also at a couple of sections on
major tributinc net work,

(1ii) Area capacity characteristics of Gandhi Sagar reservoir
(iv) Topographic and physiographic details of the catchment.,

3+1¢2 The proposed model is a linear model. The assumption

of linearity ensures application of the principle of homoginity
and also the principle of superimposition. This makes the
computations much simpler. Further the distributed nature of the
proposed model has been attempted by spliting the catchment

into different sub-basin, Also distributed input™are taken care
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of by dividing these sub-basins into sub~areas. The sub-area's
are arrived at keeping in view the meteorological homoginitye.
These sub-basins have been marked on the catchment topographic
sheet given in Fige. No. 3.1 and are detailed as below:

1. Pat Sub-Basin

2« Mahidpur Sub-Basin includes Ujjain Sub-Basin

a. Nagda sub-basin -~ includes Badnagar Sub-Basin
5. Mandsaur Sub-Basin

Chaldu Sub-Basin,

Above sub-basins have been demarketed keeping in view the
drainage characteristics of the catchment. Thus these are
representing the surface drainage of all the major tributaries
in the catchment. The rest of the catchment i.e. in between
the gauges of the sub-basins a?;g the Gandhi Sagar reservoir
has further been sub-divided, and these divisions are termed
as Intermediate Sub-Basins (ISB). The following is the
list of ISB adopted in the study and indicated in theFig.No.3e1

1. Choumahla ISB 4, Nahargarh ISB
2+ Kalakhedi ISB 5. Tumri ISB
3. Barkheda ISB 6. Gandhi sagar ISB

Thus in all, the catclment area has been divided into
eleven sub-basins, to take into account the distributive nature
of the response model,
3¢1¢3 Sub prea :

The above mentioned sub-basins and intermediate
sub~basins are arrived at on the basis of drainage pattern.
However, to take into account the uneven distribution of
rainfall in time and space, the sub-basins are divided into
sub-areas ( Fig.No. 3.2). Thus a sub-area characteries:

i) The spatial uniformmity of the precipitation
over the area

ii) The drainage properties of the sub-basin.
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3+2 INPUT FUNCTION:

For the entire sub-basin the following procedure is
adopted to evaluate the distributed input to the sub-basin
and sub arease

Normally the input to a sub-basin i.e., the rainfall data
is available over the different raingauges spread out over
the entire basin., This procedure is adopted when no information
is availablebabout the variations in the infiltration rates
for the different sub-areas and also sub-basins. Therefore
a constant rate of abstraction in the form of ¢ - index is
evalugted for the sub-basin and the ratio of rainfall excess
to the weighted rainfall of the sub-basin is applied to get

the rainfall excess of the sub-area.

3.2.1';gput Function For gub-Bagin:

The mean gross depth of precipitation over the entire

sub-basin is evaluated by using the Thiessen weight equation:

M

Pa i=1 ai Pi i = I ’ n XX ee e 3.1
Where, Pa = Weighted mean depth of gross rainfall over the
sub-basin.
al = Thiessen weight of raingauge station i =1, n

Pi % Observed point rainfall of the raingauge
' stations 1 =1, n

The constant rate of abstraction i.e. the ¢ - index
is evaluated using the observed hydrograph at the outlet of
the sub-basin, ( a suitable time variation in base flow Y 3
is adopted) and corresponding hyetograph. The effective '
precipitation over the catchment for each time unit will thus
be given by:



P = ( P - d ') LR o 302

weighted effective mean depth of rainfall excess
over the sub-basin

£
=3
o®
=
@
g
®
]

P, = Welghted mean depth of gross rainfall over the
sub=basin,
] = Phi « Index

3.2¢2 Input Function For sSub-Area:

For this, a weight factor for each unit-hour duration

of weighted precipitation is computed by the relation

F = pei i =1 ton o L) 303

. el j =1, n ( each unit hr. duration)
\

The weighted mean depth of gross rainfall over each

sub-area is computed using the Thiessen weight equation
n

Z aSi Psi i= 1,n o o 301.'
i=1

Pasi

where, Pasi = Weighted mean depth of gross rainfall over the
" sub-area i = 1,n

a si = Thiessen weight of raingauge stations in the
sub=area ‘

Psi # Observed point rainfall of raingauge stations
i =14, influencing the sub=-area.

The effective mean depth of precipitation for the

each sub-area for each unit duration is obtained by the

relationship:
Pesi =Fi Pasi ' X L 305
i=1,n no. of RyG.Stations
j=1,n0n no, of unit durations.

where, Pesi = Mean deptp of effective rainfall over the
sub-area for the duration considered,
Fj = Factor evaluated for the duration
Pasi = ?ean depth of gross rainfall over the sub-area
= 14D,
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3¢3 ANALYSIS OF GAUGED SUB-BASIN:

The gauged sub-basins adopted for the analysis are

as follows:

1. Pat sub=basin

2. Mahidpur Sub-Basin - includes Ujjain sub-basin
(analysed seperately)

3. Nagda sub=-Basin -« lncludes Badnagar sub-basin
(analysed seperately)

4, Mandsaur Sub-Basin

5« Chaldu Sub-Basin

3.3.1 Formulation Of Model For Gauged Sub-Basins:

Different models, which are based on the time area
concept may serve the purpose of obtaining the differential
responses, but for the present study, the model proposed by
Nash ( J.EB.Nash, 1957), is used, which has been modified by
Dooge ( J.C. I Dooge,1957) by introducing the concept of
linear channel in addition.to linear reservoir in the
series. Thus broadly the following parameters have been used
in the proposed model:

"~ 1.!m!' - No. of linear reservoirs

2.'K' = The storage coefficient
3 - The linear channels

3 03 «2 Methodology:
For hydrologic model the study involves the following

aspects:

8. Analysis of the Input Function
be. Analysis of the Transfer Runction,

3.3.2(a) Analysis of the Input Function:

In the proposed model, the input function for sub-basins

has been detailed in section 3.2

3+3.2(b) Analysis of the Transfer Function:

In the proposed study, each sub-basin is to be modelled

separately., Since a sub-basin has further been divided into
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sub=areas a suitable transfer function for each sub-area is
to be arrived at. In the proposed model the transfer function

for each sub-area of sub-basin is taken care of:

a, The unit hydrograph which is derived with the help of
existing rainfall records and its corresponding
runof f using the conceptual model proposed by
Nash ( J.E. Nash 1957)

be A linear channel to account for the time lag of the
different responses in reaching the outlet of the
sub-basin,

The structure of the proposed model is shown in Fig.No.3.3

Unit Hydrographs For Different gSub-Areas Of A Sub-Basing
(1) The parameters of the model 'n' and ‘k! may be evaluated
by method of moments about origin from the rainfall excess
hyetograph and direct runoff hydrograph. The definition of
takﬁng‘out the moments adopted here is as proposed by Nash
( J.B.Nash, 1957)
+00 n
S-OO Y x dx

5

4-00 X (X3 306
§ oo ¥ ax
where, Mn = Nth moment of ERH or DRH
Y

= ERH or DRH Ordinate at Y-axis
X = Time of ERH or DRH on Abscissa

The first and second moments ( M1 and M2) of Instantaneous
Unit Hydrograph are related with the model parameters n & k,
and the first and second moments of ERH and DRH by the following

relationships:

M1 = I}I{ = MDRH * - MERH1 S ') 307
M2 = n(n+1) K° = MDRH 2 - MERH2 - 2 nK MERH 1.. 3.8

where, MERH1 = First moment of ERH about origin
MERHZ2 = Second moment of ERH about origin
ﬁgggg = Birst moment of DRH about origin

Second moment of DRH about origin
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(11) Wwith the help of above mentioned relaﬁioﬁéhibs.tﬁé?
model parameters may be evaluated. With theéé values, thev 
value of catchment constants:for‘tge sub-basin may be worked
out using the followiﬁg two relationships between catchment
characteristics and model parameter proposed by Nash ( J.E.Nash,

1960) «

o o
k= ¢ (NP @s @)% Lo 3

_ 0,089
n= C (L) ee se 3410
where, C, & C., are the constants derived for the sub-basins,
A = Cgtchment area in square K.HM.
L = Length of Main channel in K.M.
OLS = Weighted overland slope in parts per 10,000

\

(1ii) These established values of C, and 02 are representative

1
for sub-basin and are adopted for computatioanodel parameters
int & 'k!' for each sub areas of the sub-basin. These values
are nov used in the mathematical model proposed by Nash

(J .BE. Nash, 1957).

| b peq -
A \V 0,8 = KT () e

to develop, an instantaneous unit hydrograph €£er each

Fler

- e ee 3;11

of the sub=-areas. Since the rainfall excess duration of
Instantaneous unit hydrograph is infinitesimally small, it is
'not possible to adopt it for use and therefore a workable
solution based on pulse theory a unit hydrograph is adopted
for practical application.

3¢3+3 Identification of Model Parameters:

| For a particular storm input differential outputs of
each sub-area can be computed by cor-relating it on the unit
hydrogreph. The linear channel is used to give the appropriate

time lag for routing these differential outputs, to the outlet
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of sub basin. As indicated in Fige. 3.3 the upper most

sub area:(marked as sub area-1) will have the largest value
of the time lag and the value would reduce for the subse=-
quent sub areas. The time lag for the sub area adjacent to
outlet is practically zero as the sub area is contributing |
to the putlet directlye. These values of the time lags can
be arrived at by trial and error, considering the observed

record of storm runoff at the outlet of sub basin,.

3e344 Testing of The Model;

The Input function (excess rainfall) arrived at, as
explained in section 3.2. For a observed rainfall runoff
record the model parameters are established, as discussed
in previous section, knowing the rainfall excess and the
ﬁransfer function (unit hydrograph) of sub area, the diffe-
rential responses of each of these sub area can be computed.
These responses are subjected to pure translations as indi-

cated by the linear channel which is assigned to it.

A close agreement between computed and observed direct
runoff gives the best test of Model Parameters. If the two
are not in close agreement, the model parameters need modi-

fications, otherwise the same are adopted.

3.4  ANALYSIS OF INTERMEDIATE SUB~BASIN:

As explained in the previous section, all the five sub-
basins in the catchment are modelled accordingly and the pro-
posed models are tested at the outlets by comparing the com-

puted and observed responsess
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For computing the responses for the‘rest of the
catchment area's it is necessary to adopt suitable input and
transfer functions for the intermediate sub-basins; As
explained in section 3.1, the intemediate sub-basins are
the portions of the catchment between the outlets of sub-
basin and some gauging site down stream. For some storms,
discharge data at down stream gauges are not available,
hence in the present study these Intermediate sub-basins
are further classified into:

1. Gauged Intemediate sub-Basin (Gauged ISB)

2. Ungauged Intermediate Sub-Basin (Ungauged ISB)

In the first case gauge data is available at
downstream site while in the 2nd case the gauge data at

downstream is not available.

As shown in Fige. 3.1 the above mentioned two cata-

gories of the Intermediate sub-basins are detailed below:

TABLE NO.3.1 Intermediate sSub-Basins:

S.NO ¢ Intermediate Sub-Basins(1974+ Stomm)
Gauged ISB Ungauged IGB
ISB No, Name of ISB ISB No,  Name of ISB
Te 1 Choumahla 3 Barkheda
2e 2 Kalekhedi 5 Tumrdi
3. L Nahargarh 6 Gandhi Sagar

Intermediate Sub~-Basins (1977 Stom)

Te 1 Choumahla L Nahargarh
2 2 Kalakhedi 5 Tumri
3. 3 Barkheda 6 Gandhi Sagar
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To work out the inflows at Gandhi Sagar, it is
necessary to compute the contributions of these 1ntermediate
sub basins, and hence 1t is necessary to develop‘some
metnodology for the same. It has been attempted, on
similar lines, to propose the modelling of sub-basins.

The procedure is detailed in the following section;

3et+e1 Conceptual Modelling Of Intermediate Sub-Basinss

Formulation of conceptual model for an intermediate

sub basin depends on the availability of datas

In case of gauged intermediate sub basins the
short term input rainfall data is available along-
with the corresponding runoff data at its outlet.

But in case of ungauged intermediate sub-basin,
only the storm rainfall data is available over
the area and no runoff data is available at the
ou tl et °

¥
ﬁowever the runoff at the outlet consist of two
components. Firstly, is contribution of its area and
secondly, the routed flow concentrations from the hpstreams
sub basins, For this reason the analysis proposed in
section 3.3 for modelling the sub basins cannot be, directly,
extended to the intemmediate sub basins. ,Theréfore,
following procgdure is pfoposed for the computation of

input function and the transfer function.

3eite1 (2) Input Iunction:

The Input Function described in section 3.2 for the
modelling of gauged sub-basins, makeff use of storm rainfall
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record and its corresponding runoff. However the same
procedure cannot be used for intermediate sub-basins as
“the observed runoff for intermediate sub-basinsg are not
available. To compute the input function, a grapnicél
relationship has been attempted between intensity of we-
ighted rainfall, duration of storm and @~index from the
available recorés of gauged basin parts of the catchment,
Thus the ¢-index and subsequently the rainfall excess

for different sub areas of én intermediate sub basin have

worked as discussed in section 3.2.

Jelte1 (b) Transfer Function:

The proposed transfer function for each of the
sub areas of an intemmediate sub basin will be the unit
hydrograph as discussed in the conceptual representation

of the sub basins, as discussed in section 3.3.

The methodology for the formulation of model as
explained.éarlier depends on the availability of observed
runoff data at the outlet of the sub basin. The con-
tribution from intemediate sub basins are not available
separately. Hence to compute the transfer function the
basic requirement is to know the model parameters 'n' &
K, Therefore it is pfoposéd to develop a procedure
for working out the constants C1 & 02 used in equatibn
No.3.9 & 3.10, to compute the parameters in terms of
catchment characteristics such as area of intemediate
sub basin, length of river and over land slope. This

will facilitate in establishing the model parameters 'n!

and 'K' for the sub areas of intermediate sub basinse



49

The above procedure has been attempted by deve-
loping graphical relationships involving catchment cha-

racteristics and 01& C from the gauged sub basins,

2
These correlation curves have been used to develop the
model'barameters for the intemediate gauged and ungauged

sub basins using equation 3.9 & 3.10.

34,2 Computation Of Respongses From Intermediate
Sub-Basins: '

Knowing the rainfall excess and unit hydrographs
the model of these intermmediate sub basins are developed

as discussed in section 3.3.

3e443 Identification Of Model Parameters:

The linear channel is used, to give the appropriate
time lag for routing the responses from sub area, As
indicated in Fig. No.3-3, the upper most sub area will
have the longest time lag and the lower most will have
the time lag, practically 2zero as the sub area contri-
buténg directly to the outlet of intermediate sub-basins;
These values of time lags can be arrived at by trial &

error, considering the observed record at the outlet.

3ettolt Testing of Model:

The ungauged intermediate sub basin model responses
cannot be verified as their runoff data are not available
separately at the outlet, but the gauged intemmediate
sub basin response model can be verified. TFor the pur-
pose the upstream computed runoff routed to the down

stream section through linear channel. The response



of sub areas of intemediate sub basins are super-
imposed to the translated response of the sub basin
to compute the total response at its outlet. A com-
rarison is made between computed and observed direct

runcf f.
3.5 CONCEPTUAL MODEL FOR ROUTING OFH.OW CONCENTRATIONS:

3451 Introduction:

As discussed earlier in section 3.3, all the
five sub basins in the catchment are modelled and the
computed and observed responses at the outlet are com-

pared.

Similarly in the section 3.4, all the six gauged
and un-gauged intemediate sub basins in the catchment
are modelled and the computed and observed responses are

compareg, where possible.

Having formulated the linear distributed parametes
models for eleven sub basins in the catchment, next
step is to route the flow concentrations from the re-
spective outleﬁs,-to the Gandhi Sagar Reservoir. For
the purpose the Unit Response Routing Theory proposed
by Sauer (Sauer, V.B., 1973). In this process follow-

ing steps are involved:

1e Unit Response for the flow concentrations at
the outlets of all the five sub-basins(viz.
Pat, Mahidpur, Nagda, Mandsaur and Chaldu) are
formulated.

2 Unit Response for each flow concentration at
the outlet of the five intemediate sub bagins

1D 9945~
CENTRAL LIBRARY URIVERSHY OF ROORKEP
ROORKEL
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(viz. Choumahla, Kalakhedi, Barkheda, Mahargarh
and Tumri) are formulated.

3. The response of Gandhi Sagar Intemediate Sub-basin
is directly contributing to the reservoir and needs
no routing.

L, The computed responses at the outlets of sub-basins
and intermediate sub basins are routed to the
Gandhi Sagar Reservoir.

e Ssome of the Unit responses at the outlet of sub-
basins have been tested at the outlets of inter-
mediate sub basins. This is achieved by superimpo-
sing the computed responses of the gauged inter-
mediate sub basins, on to the routed flows from
upstream outlet of sub basins, and comparing these
responses with observed flows.

6. The unit response model at the out let of inter-
mediate sub basins can only be tested by the

observed and computed reservoir levels at Gandhi
Sagar Reservoir,

3.9.2. Application Of Unit Responsge:

The Unit Response theory has been discussed in
details in section 2.kk. Different steps involved in the

application of the fheory refer to:

i) the inflow hydrograph - which is to be routed.
'(1ii1) the Unit Response ,
(1ii) the travel time of leading edge

(iv) Routing of Inflow Hydrograph

(v) Testing of Unit Response Parameters.

3e5.2 (1) The Inflow Hydrograph:

The inflow hydrograph is the computed response at

the outlet of, sub basin or intemediate sub basin, as worked
‘ouf in section 3.3 and.3.4 respectively. It can be con-
sidered a series of individual flow elements as shown in

Fige. No.3-k.

3.5.2 (ii) The Unit Response:

The schematic diagram for developing the model
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for unit response is shown in Fig. No.23. The proce-

dure consist of

(a) Formulation of Translation Hydrograph

(b) routing the translation hydrograph to get the
unit response, and :

(¢) converting the instantaneous unit response into
desired routing period unit response,

3502 (ii) (a) Formulation of Translation Hydrograph:

Formulation of Translation Hydrograph require

the calculation of the parameters:

(i) proportionality constant 'K!
(1i) duration 'D!?
(iii). time base 'W!

(iv) exponent (X)

The proportionality constant is the slope of the
starage diSCharge relation measured in hours. The best
estimate of X can be made by the recession curve beyond
inflection point by treating the recession curve is an

exponential relation. The equation used is:

K g Qek3k t .e .e PR 3-12
where r = receission coefficient

At = time interval
The duration 'D' should be adopted such that
it should be long enough to avoid excessive computations
and short enough to define the hydrograph adequately.
The value may be adopted between 0.1K & 0.4 K.



The value of W can usually be adopted equal to
tKt' as the first trial and can be modified its value

~ between 0.3 K to 0.7 K.

'1',"he exponent 'X! is the exponent to fix non linearity
ofi the routing procedure. But in many open channels, the
- linear jngthbd ‘yvield acceptable résult. Dooge and Harley
( \‘567 ) studied the effect of a non linear on the atte-
nuation and concluded that attenuation is almost independent

of linearitye.

Thus knowing all the parameters, translation hydro-
graph may be developed by the following equation.

V = 1 (cusec) * D( Hour ) .. ee 3.13

where V = Volume in cubic feet per sec. hours,

The translation hydrograph can be defined as shown in
F‘ig. 2. 50

3e5.8 (i) (b) Instantaneous Unit Response:

clunw .
The Muskingham method of routing translation

hydrograph 1is used to get the Instantaneous Unit Response.

The ordinates of translation hydrograph at an appropriate
duration of routing, are calculated. The shape of tran-
slation hydrograph has little effect on the final results

because storage routing tends to damp out irregularities.

Knowing the value of 'K' & routing period A t,

the routing constants CO & Ca & 02 niay be worked out by

the equation 2.26, 2,27 & 2.28 respectively. Hence develop

the routing equation as:
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Q2 = CO I1 + C1 12 + C?_ Q1 .o o0 o 31k

In the above equation the subseript I and 2 refer
to values at the beginning and end of routing period A t.
The routing is followed by assuming I1 = 12 and initially
the value of QW is zero. Thus the value of W will

give the instantaneous unit response.

3.9.2.(11) (c) The Unit Responses

The duration of Instantaneous Unit Response is
theoretically infinitesmally small it is not possible to
perform this calculation directly. Therefore, it is to
be transformed into Unit Response of required druaﬁion

as explained in section 2.4.3.

3¢5¢2 (iii) Travel Time Of Leading Edge:

This has been explained in detail in section 2.4%.5.
For the present study the travel time of leading edge of
inflow hydrograph has been found to be insignificant, as
the basin is traversed by monsoon depression and cyclonic
storms in the same general direction as the main river i.e.
in the West-North Westerly direction, hence the flow con-

centration from different areas synchronise at the outlet.

3+5.2 (iv) Routing Of Inflow Hydrograph:

The inflow hydrograph, as shown in Fig.3.4%, has been
routed through the required channel length by using the

unit response and travel time of leading edge of inflow
’-—_—‘.—-—_-"‘n_~ [ T—




55

hydrograph. Each flow element of inflow hydrograph is
multiplied by unit response ordinates to form the flow re-
sponse for that element. These flow responses are then

lagged by a time equal to the travel time of leading edge

e

\\-—_\\__.______.—.--—r'
and summed to form the outflow hydrograph. This con=-
clusion of inflow hydrograph and unit response is shown

in Fige. No.3=5 & 3=6.

3.5.3 Testing Of Unit Response Parameters:

ATesting of Unit Response Parameters is possible
only when the observed runoff daéa at the down stream
(site upto which the flows from upstream are routed), are
available. The routed hydrograph from upstream are added
to the computed response of intermediate sub basin and

are compared with observed flows.

3.5.4 Advantages Of Unit Response Method:

The advantages of the Unit Response lMethod over

some of the more commonly used simplified methods are:

(i) Rapid changes inflow, such as reservoir re-

leases can be routed as easily as gradual cha-
nges.

(1i) The full range of flow can be routed, thus

providing complete routing error into the low
range of flow conditions

(1iii) Flow can be routed through long reaches of
channel without sub dividing the reach into
segments,

The method, however, will not work where variable

back water significantly affects the flow.
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3.5.1 Computation Of Flows At Gandhi gSagar Reservolr:

As explained in section 3,3 and 3.4, the flows at
the outlets of the sub-basin and intermediate sub-basins
are computed. From these outlets, upto the Gandhi Sagar
Reservolr, separate unit responses for all the sub-basins
and intermediate sub-basins have been computed. The
inflow hydrograph is divided into flow elements, having
the same duration as that of the corresponding unit
response., Routed responses of each of the flow elements
have been computed at the Gandhi Sagar Reservoir. The
analysis is extended to all the ten inflow hydrographs,
using their corresponding unit responses, As the travel
timings of leading edges are not significant, the routed
responses are super imposed to compute the inflows to the
Gandhi Sagar Reservoir. To these flows, are added, the
flows from the Gandhisagar intermediate sub-basin, and
also the inputs directly falling on the reservoir to obtain
the total inflows to the Gandhi Sagar. From these total
inflows; the net volume of.inflow at the Gandhi Sagar is
estimated. Using the Area~Capacity relationships, the
stages at the Gandhi Sagar Reservoir are computed at

different times and compared with the observed stagese.

3.642 BEfficiency Of Model At Gandhi gagar Reservoirs
Nash and Sutcliffe (Nash J.E., & Sutcliffe, J.V.1970)
has proposed a relationship to work out the efficiency

of model, This expression is used for comparision of



observed and simulated direct runoff hydrographs. 1In

the expression, the term = ( Q - Qo)a represents the
observed variance and the term = ( Q% = )2 represent

the residual to unexplained variance., The value will always

be less than one,

Coefficient of efficiemcy =

N 2
= Q- 8% . %.(QC-QO)
%(Q-E)Z 3.15
1 o o o0 LN *

Where, QW = Observed runoff
Qc = Computed runoff
= Number of values,

and N
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CHAPTERS=IV

Wt—pe - ——,

APPLICATION OF THE PROPOSHD MODEL ON CHAMBAL HIVER BASTN |
AT GANDHI GAR DAM SITE IN MANDHYA PRADESH

4,1 INTRODUCTION:

As discussed in Chapter-III, the proposed model haé
| been applied to the Gandhi Sagar Reservoir catchment in
Madhya Pradesh. The location of dam site, submergence
area, raingauge stations, river gauge stations and other
features of the catchment are shown in Fig.No.3=1 & 3-2.
As mentioned earlier in section 1.3, the statement 6f the
Problem, the present study is carried out with following

three stages, which are given below:

A - Application of proposed model for the
gauged sub-basins,
B - Application of proposed model for the

gauged and ungauged intermediate sub-basins.

C - Application of the unit response theory to
compute the inflows to Gandhi Sagar
Reservoir,

.2  AVAILABYLITY OF THE DATA:

The data used in the present study have been collected
from the M.P. Irrigation Departmént. For the development
of the proposed model short term storm data are required
the rainfall run off data of the two storms were available

as given below:

storm I 18.8.74 to 22.8,74
Storm II 74877 to 10.8.77

First stormm data is used for the formulation of pro-

posed model and for el$ablishing the model parameters where



61

with respect to catchment area, length of River, overland

sldpe etc. for each gauge and discharge site,

4.3.1. Catchment Area And River Length:

Measured by a planimeter on 1" = 4 miles topogra-
phical map. The measurements for areas are carried out
for all the sub basins of the catchment. The river length

" is measured by a thin thread.

4.3.2 OQOverland Slopes

Due to the nonQavailability of the contour of the
catchment the river slope is considered as overland slope

and measured in parts per 10,000,

The physiographical catchment characteristics are
given in Appendix No.VII.
Golt, THIESSEN POLYGONS

Thiessen Polygons are plotted for the raingange
stations. Thiessen weight factor for sub basins and inter-
mediate sub basins are shown in Appendix No. VII. The

plotting is shown in the Fig. No. 3-2,
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as the second storm data is used for testing the same.

4.2.1.,Rainfall Data:

There are thirteen recording faingauge stations,
evenly distributed over the entire catchment. The rain-
fall from these stations are available at Y4-hours interval

and are given in Appendix No. I & II.

¥,2,2, Runoff Data:

There are twelve gauge and discharge sites in the
catchment, where the runoff data has been collected. These
sites are distributed in the catchment in such a manner,
that, practically, flow of every main tributary of Chembal
River could be measured at two or three places. The river
gauge data is available at 6 Hr. interval during day time
and at 12 Hours interval during night hours (Ref: Appendix
No., III & IV).

L4,2.3 Stages at Gandhi Sagar Reservoir:

Stages at hourly interval during storm period for both

storms are available and are given in Appendix No. V.

L4,2.,4 Area-Capacity Relationship Of Gandhi Sagar Reservoirs:

Area-capacity relationship of Gandhi Sagar 1s available,

at one feet interval and is given in the Appendix No. VI.

4.3 PHYSIOGRAPHICAL CATCHMENT CHARACTERISTICS:

The physiographical catchment characteristics have been

measured from a map of 1"-%§ miles. This includes the data
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with respect to catchment area, length of River, overland

sldpe'etc. for each gauge and discharge site.

4,3,1. Catchment Area And River Length:

Measured by a planimeter on 1" = 4 miles topogra-
phical map. The measurements for areas are carried out
for all the sub basins of the catchment. The river length

" is measured by a thin thread.

4.3.2 OQverland Slope:

Due to the nonéavailability of the contour of the
catchment the river slope is considered as overland slope
and measured in parts per 10,000,

The physiographical catchment characteristics are

given in Appendix No.VII.
Lolts THIESSEN POLYGON:

Thiessen Polygons are plotted for the raingauge
stations. Thiessen weight factor for sub basins and inter-
mediate sub basins are shown in Appendix No. VII. The

plotting is shown in the Fig. No. 3-2,.
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CHAPTER=IV (A

APPLICATION OF PROPOSED MODEL TO THE GAUGED SUB-BASINS
IN THE CATCHMENT

4+ (A).1 INTRODUCTION:

The proposed model include the division of sub-
basin into sub area. For each sub area an instantaneous
unit hydrograph has been developed using the relationship
proposed by Nash(Nash, J.E. 1957, 1960). Corresponding
unit hydrographs for each sub area are computed. Linear
channels are proposed for routing the flows from these

sub areas to the outlet of sub basin.

The parameters of this conceptual model are (1)
'nt, The number of linear reservoirs in series (2) 'K! -
the storage coefficient. In the present section the ana-

lysis is made to the following sub basins.

1. Pat sub-basin

2. Mahidpur-sub-basin includes Ujjain sub-basin
3. Nagda sub-basin includes Badnagar sub-basin
L, Mandsaur sub-basin

5. Chaldu sub-basin

4(A) +2 DEVELOPMENT OF THE MODEL:

In these discussions, application of propbsed model
is discussed in details afor Pat sub-basin. Similar app-
lications are extended to all other sub-basins and their
findings are given in the Appendices, mentioned in sub-

sequent sections.

4 (A).2.1 Ddvision Of Sub-Basin:

Pat sub-basin is covered by three raingauge sta-
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Bach raingauge influence area is shown in Fig.

No. 3-2 by Thiessen Polygons.

question is divided into three sub areas.

Hence the sub basin in

The physiogra=-

phical characteristics of the sub basin has been worked

out and tabulated as below in Table No. 4(A)=1e

TABLE NO. 4(A) -~ 1 Physiographical Characteristics of

Pat Sub-Basins

Name of |Name of Thiessen |Physiographical Characteristici
Su b~ Sub-area  |weight catchment| River. | oOveriand
Basin iegcent— area sq. |length | slope parts
g miles  |miles |per 10,000
1 2 3 % 5 6
pat 100 553 46 9.5
1+Dewas 40 220 16 9.00
2,0jjain 25 140 12 84 50
3.Pat | 35 193 18 9.50

The physiographic details of other sub-basins are
given in Appendix No, VIII,

4(A) 2.2 The Input Runction

Input function for sub-basin and forlits sub areas
have been worked out as explained in the section 3.2, on
the basis of direct run off hydrogrsph and effective rain-
fall hyetographs for the sub basin. The details of the
The

details of the vorking procedure for input to other

working procedure are given in Table No,., W4(4)~2.

sub-basins are given in Appendix No.X(a)to Appendix No.IX(b),
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h ITS SUB-AREAS
Date @b~Area (2) Sub Area (3) bserved Runoff Th.Cu.
pFo0f | RoF Bl | Rainfall] R.F.E.in Dischar-|Base |D.R.H.
1ggjgr éﬁf?{?* of Pat | inch Hr ge flow frdinate
: x 9 inch/Hr
1|12 13 14 15 16 17 18
18.8.7 : 0s50 0,50 O
D43 0,22 0,23 0,12 7,00  1.00 6,00
.23 0.11 0,34 0.16 18,00 1,00 17,00
19.8,7 B i o i ,
D.25  0.16 0431 0.20 26,00 1,00 25.00
D, 41 0,33 0.12 0,10 31;50  1.00 30,50
D34 0,25 0,47 0435 35,75  1.25 34.50
:35° 0,36 0,40 0,30 42,50 1,50 41,00
«29 0,19  0.32 0.20 " 52,50 1,50 51,00
.21 0,12  0.46 0.27 61.25  1.75 59.50
20.8.7 ‘ : o - R
.25 0,18 0,38 0,27 70,00 2,00 68,00
32 0.24 0,51 0.38 81500  2.00 79.00
95.50 2,00 93.50
69.:00 2,00 67,00
63.50. 2.50 61,00
58,40 2,40 56.00
21.8, * ' :
0 50500 2,50 47,50
< &1 ’ 38,50 2,50 36,00
‘9g 26,00 2,50 23.50
' 6:00 3,00 3,00
5,00 3.00 2,00
3,00 3,00 0,00

801
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4 (A).2.3 The Transfer Function:

This has been worked out in following steps:

é
f<“' 1. The model parameters 'n' & 'K!' have been worked
- out by method of moments about origin from the rainfall
. excess hyetograph and direct runoff hydrograph, using the
Cy ‘
=} equation Nos. 3.6, 3.7 & 3.8.
) 2. With these values of 'n!' & 'K' and physiographical
5
-, ~ characteristics of sub basin, the value of C1 & C, have been
> -
calculated using equation No.39 & 3.10.
\-rw
Y A
(;r) 3. With the representative values of C, & C, for
Pat sub basin, the model parameters for the sub areas are
™ .
“established and are shown in Table No. 4(A)-3 below,
TABLE NO.4(A) -3 Model Parsmeters Of Pat Sub-Basin & Its
. Sub-Areass
Sub=basin Model Parameter Catchment Constant
Sub~area ‘ n K C, C,
Pat 13\  ©.68 3.08 2.08
(4) Dewas 3 5.9k 3.08 2.08
(2) Ujjain 3 555 3.08 2.08
(3) pat 3 555 3.08 2.08
\_/

Similarly the model parameters for other sub-basins are

.giyen in Appendix No.,VIII.

L, with the eStablished values of model parameters for each

sub areas the Instantaneous Unit Hydrographs have been worked out
using equation No.3.11. Subsequently, the unit hydrograph for eacl
of the sub areas is computed and are given in Table No.4(A)-kt.
Similarly the unit hydrographs for each sub area of other sub
basins are computed and given in Appendix No. Xe.
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TABLE NO. % (A) =4 Unit Hydrographs For Qub-Area's of
_Pat_sub-Basin

Hours Sub area-1 Sub area-2 Sub area-3
Th.Cusecs Th.Cusecs Th.Cusecs

1 2 3 L
0 0. 0 0
L 1.38 1.0k 1.43
8 4,18 3.0 k.19
12 640k 4,18 5677
16 6.18 4,08 5e62
20 5¢31 3432 4,58
24 %,12 242 3.32
28 - 294 1.65 2.28
32 1.97 1.08 1,49
36 1.28 0.68 0.93
40 0.83 Ok2 0.57
Lk 0.53 0.25 034
%48 0.32 0.15 0.20
52 0.19 0.08 0.32
56 Oe11 0.05 0,07
60 0.07 0,03 0404
6k 0.0k 0.02 0.02
68 0 0 0

4 (A) 2.4 Identification of Model Parameters:

As discussed in section 3.3, knowing the transfer
functions and effective rainfall for each sub area's of Pat
sub-basin, the direct runoff hydrographs are computed.
These are also termed as the differential responses of the

basin. The 1linear channels are assigned to the sub areas.
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The pure translation of the linear channels are worked

out by'{trai and error. This is done in such a manner
S~

“that the super-imposed differential response match agreeably

with the observed response.  The bhasic structure repre-
senting the Pat system is shown in Fig.No. 4(A)-0. A
comparision of computed and observed direct runoff hydro-

graph is shown in Fig.No.4 (A)=-3.

Similarly the analysis is extended to all other
sub basins. The results of the comparisions of computed
and observed hydrographs for storm 1974 are given in Fig.
No.'s & (A)-1, 4 (A)-2 & 4(A)-4 to 4 (A4)=7.

4 (A) o3 IESTING OF MODEL:

For testing of model, the data of storm, Aug.1977,
is used. The procedure adopted for working the input fun-
ction For sub-basin and sub area, is same as explained .o
above in section % (A)-2., Using the same transfer fun-
ctions for each sub-areas, as are formulated, the differen-
tial response for sub areas are computede. With the help
of linear channels the flow is of each sub area is routed
to the outlet in such a manner that the super-~imposed
differential response match agreeably with the observed

response. The comparision is shown in Fig. No.'s 4 (A)-@
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CHAPTER=~-IV (B)

LICATION OF PROPOSED MODEL FOR INTERMEDIATE

SUB-BASINS IN THE CATCHMENT
%(B) .1 _INTRODUCTION:

As discussed in previous section, all the five
sub-basins in the catchment are modelled accordingly
and the proposed models are tested at the outlets by
comparing the computed and observed responses.

Formulation of model for intemediate sub-badn
depends on the avallability of observed data at its
outlet i.e. the self contribution at the outlet of

Aub-agine, owl presently, the avcilable caseaved dala

intermediatgkgt the outlet of some intermediate sub-basin
consists, two components. Firstly, its own contribution,
and secondly the routed flow concentration from the
upstream sub-basin. PFor this reason the proposed
formulation of medel , which includes the derivation of
input function and transfer functions can not be directly
extended to tke intemmediate sub-basin, Gauged Intemediate
sub-basins may be verified at its outlet but ungauged
intermedliate sub-basins can not be verified. Working
of model parameter for transfer function require the
knowledge of catchment constants ¢ G1 & C, in the
relation 3.9 & 3.10, proposed by Nash (J.E.Nash 1960).
Hence an attempt is made to have the input function on
the basis of rainfall and to have the mo@d€l bhe

parameters on the basis of catchment characteristics.



Y% (B).2 INPUT FUNCTION OF THE INTERMEDIATE SUB BASINS:

For computing the rainfall excess of intermediate
sub basins the relationships in the form of curves are
developed between intensity of weighted rainfall, rainfall
excess (percentage) or infiltration index (percentage)
and duration of stomm, from the analysis of the gauged
sub basins, The details of stom characteristics of the

ganged sub basins are given in the Table No. & (B)=1,

TABLE NO. 4 (B)-1 Details of Storm Characteristics of
Gauged Sub-Basinsgs

Sl.| Name of | Storm | Total @-index | Rain~ [Wtd. -index |R.E.of T.W.
No. sub-catd dura- | Wtd. f|inches | fall [R.F. Jof T.W. |RyFe 3%
chments | tion | R.F. excess fin- ReFe % Col .6 X1T0
Hrs. | inches inches [tensity Col.5X |[Col.
Col.4+/ | 100/Col.
Col.3 L
3 L 5 6 7 8 9
e Ujjain Ll 12.16 6.24 5.92 0.276 91.32 48.68
'e Badnagar 36 5.06  2.36 2,68 0,140 46,80 53420
e« Pat Ly 13.16 L, 24 8.92 0.299 32420 67.80
Mahidpur 44 11.84% 4,92 6.92 0.269 414,56 58 .4l
. Nagda 36 5.6k 0.88  4.76 0.157  15.60 gl 10
'e Mandsaur 24 9.12 4+.32 4,80 0.380 47.37 52.63
'e Chaldu 40 9,68 S48 4,20 0.242 56.50 43.40

4 (B).2.1 gurves TFor Input Function:

™wo curves given in Fig. No.4 (B)=1 and 4 (B)=-2 have
been plotted.

Between Rain excess (%) v/s intensity (inch/hr.) and
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duraﬁion (hrs.)
Between,p-index (%) v/s intensity (ineh/hr.) &
duration (hrs.) respectively. The details of these are

given as follows:

4 (B).2.1 (2) Basig of Curves:

The above two curV95have been drawn with the fol-

lowing basis:

(1) The storm duration in hours is written adjacent
to the plotted pointse. '

(ii) Two straight lines in each curve have been
drawn by joining the points indicating 36 hrs.
and 40 hrs. storm duration respectively. These
two lines are found parallel to each other.

4 (B)+2.1 (b) Conclusion Drawn:

From the above concept the following conclusion

may be drawn:

(1) since both the lines are parallel to each other,
hence the lines drawn from other plotted points
would a2lso be parallel to these lines.

(ii) The value of rainfall excess or Z-index on eack
line increases or decreases respectively with
the increase in weighted rainfall.

4 (B).2.1 (c) Procedure for Calculation Of Rainfall
Excess or Z=index:

The procedure for the calculation of rainfall excess

or g-index require knowledge of weighted rainfall on the
catchment and its duration and following procedure used

for the same.

(1) For the known storm duration select the plot of
same storm duration.
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4 (B).3 EVALUATION OF CONSTANTS C

ment constants for the ganged sub basins (worked out in

Chapter-IV(A)), have been used.

(ii) Enter the weighted rainfall intensity from
ordinate to the plot and read the rainfall
excess or @-index on absicca.

1

H
:

\

-

& 02 FOR INTERMEDIATE

SUB-BASINS:

The tested values of model parameters and catch-

lated below in Table No. 4 (B)-2. .

TABLE NO. 4(B)-2 Model Parameters For Gauged Sub-Basins:

The values are tabu-

Length

8.61

' Name of Catch- Length Pver- Value of
Catchment | ment of river | Catch- fLland - ,
area in | in ment slope |'n! K Cc 02
sqemiles miles | area [in pa- 3
rts per E
10,000 S (O 7
1 2 3 b 5 6 7 8 9
Ujjain 775 L0 0.05 16,60 5 4,10 2,03 3¢51
Badnagar 358 38 011 65.36 8 1.93  1.7%  5.63
Pat 553 46 0.08 9.% 3 6.68 3.08 2,08
Mahidpur 1707 76 0.0k 39.65 9 3.1 1.75  5.98
Nagda 1477 72 0.05 37.00 4 4,89 2.75 2.67
Mandsaur )+1l+ )+)+ O¢11 6.15 Ll' 2066 1015 2.75
Chaldu 193 24 0.12 3 830 4,57 2.20




4 (B)«3e1

Two

79

Curves For Value OFf C1=

curves given in Fig.No.4 (B)~3 and 4 (B)-4 have

been plotted.

Between C.A.(Sq.Miles) v/s C1 & QLS

Between River length (Miles) v/s C1 & OLS

respectively. The details of these are given as follows:

4 (B).3 1

The

lines.,

(1)

(ii)

(iid)

(iv)

4 (B)+3.1

The
(i)

(i1)

(iii)

(a)_Concept of Drawing The Curves:

above two curves have been drawn on the following

The value of storage coefficient 'K' is written ad-
Jacent to the plotted points.

Two straight lines in each curve have been drawn
joining the points, having the value 6.68 to 4.89 hr.
and 4.1 hr. to 3.1% hr.

On both the lines in both curves the value of 'K!
decreases with the increase in catchment area or

‘river length.

The average overland slope is marked on the lines,

(b) Conclusion Drawn:

following conclusion may be dfawn:

Both the lines are parallel to each other in both
curves, hence the lines passing from other plotted
points would also be parallel to these lines.

In both the figure the overland slope decreases with

the increase in value of C1.

The value of C1 decreases with the increase in
catchment area or river length.

GTRAL LIBRRT URIVERSITY OF J00RY ‘
ROORXER
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4 (B).3.1 (¢) Procedure For Calculation Of CJ:

The procedure for the calculation of C, require the

1
knowledge of (i) overland slope in parts of 10,000 (i)

catchment area in sq. miles or the river length in miles,

of a ungauged sub basin.

(1) With known overland slope the desired plot is
fixed.

(ii) For known catchment area/river length, compute
the value of 01. '

(iii) Take the average of two values of C1 if both

the plots corresponding to C.A. & river length
are referred to.

L (B).3.2 Curves for Value Of C,3

Similar to C two curves given in Fig. No. 4(B)~5

17
and Fig.No.4(B)-6 have been plotted.

Between OLS v/s C, & L/A (Mile'1)
Between river length (Miles v/s C, & OLsS

respectively. The details of these are given as follows.

4 (B).3.2 (a) Concept Of Drawing The Curves:

The above twe curves have been drawn on the following

concepte

(i) The value of no. of linear reservoir 'm' are
indicated adjacent to the plotted points.

(1i) Two streight lines are drawn passing through the
same 'n' i® through n = 3 & 4.

(1ii) The values of L/A(Mile™ '), varies.from‘0.05. ta.
0411 (avepage 0.08) and 0.08 to 0.12 (average
0.10) on the two lines of Fig.No.4(B)=5. While
in the Fig.No.4(B)=-6 the value of slope increases
with the increase in C2
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4 (B)«.3.2 (b) Conclusion Drawn:
Following conclusions may be drawn:

(1) Beth lines are parallel to each other.
Hence the lines drawn from other plotted
points would also be parallel to these lines.

(ii) value of 92 will increase with the decrease in
L/A (miles'* in Fig. No.+ (B)-5 while 02 in-
creases with the increase in OLS in Figt No.

)‘i" (B) "60

(1ii) The value of 4 decreases with the increase
in OLS & river length (miles).

4 (B) «3.2 (c) Procedure for Calculation of 02:

The procedure for calculation of C2 require the
knowledge of OLS, catchment area (sq. miles), length of

river (mileé). Following procedure adopted.

‘(1) with known values of L/A(mile” "), fix the
plot in Fig. & (B)-95. Similarly known value
of OLS fix the plot in Fig. 4 (B)-6.

(ii) for known values of OLS & river length
compute the values of Cs from Fig. No.k (B)-5
and 6 respectively.

(iii) Average value of 02 is adopted if both curves
are used.

4 (B)-4+ DEVELOPMENT OF MODEL FOR INTERMEDIATE SUB-BASIN:

Formulation of model for intermediate sub basins
has been carried out in accordance with the procedure
proposed in section 4(B)-2 and section 4(B)=-3, for eva-
luating the input function and model parameters respectively.
The rest of the procedure i.e. for computing the differen-

tial responses of sub areas is same, as adopted in the
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modelling of gauged sub basins in Chapter IV(4). The pro-
posed procedure is applicable to both gauged and ungauged,
intermediate sub basins. Availability of gauging data at
the outlet of intermediate sub basin, is helpful only in
the verification of mocdel parameters. This verification
1is carried out by superimposing the routed flow concentra-
tions from the outlet of sub basin, £o the contributions

of the iﬁtermediate sub basin and compared the total com-
puted flows with the observed flows at the Qut-let of inter-
mediate sub basin. But the ungauged intermediate sub basin

cannot be verified.

In the present section the application of proposed
model is discussed in details for Choumahla intermediate
sub=-basin. Similar applications are extended to all the
five other intemediate sub basins given below and the de-
tails of the application, are given in fhe appendices,

mentioned in subsequent sections,

1. Kalakhedi

2. Barkheda

3. Mandsaur

L. Tumri

5. Gandhi gagar
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L (B).4+.1 Division Of Intermediate Sub-Basin:

Chgoumahla Intemediate sub-basin is covered by two
raingauge stations. The influence area of each station
is shown in Fig.lo.3.2 by Thiessen Polygons. Therefore
the basin is divided in two sub-areas. The physiographical
characteristics of the sub basin has been worked out and

tabulated as below in Table No.4 (B)=3.

TABLE NO.4t+ (B)-3 Physiographical Characteristics Of
Choumahla Intermediate Sub-Basin:

Name of | Name of Thiesson Physiographical Characteri-
basin Ssub-area | weight stics
% Catchment | River Overland
Area length in slope in
sq.miles | miles parts/10¢
1 2 3 L 5 6
Choumahla 100 529 32 12.63
(1) Pat 57 300 17 12.63
(2) Choumahla 43 221 15 12.63

The physiographical details of sub areas of other

intermediate sub basins are given in Appendix No. XIII.

4 (B) .4.2 The Input Function For Choumahla Intermediate
Bnb-Basin:
The rainfall excess and @-index for intermediate sub-
basin have been worked out as explained in section 4 (B)-2
using Fib. No.{B)=1 and Fig.No.4(B)-2 and thus the rainfall
excess for sub areas has been calculated as explained in

section 3.2. The detaiis of the working procedure are given
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pate & Luh Sub-System(2)| Observed Runoff at Choumahla
. Rg;c.:h RE;Zéss Discharge | Base flow| D.R.H.
/Hr. |inch/Hr |Th.cu. Th.Cu. ORDINATE
Th.Cue
1 11 12 13 14 15
18.8.7; | 0.50 0.50 o
0,56 O¢4l 5,00 0,50 4,50
-1 oiz1 0.14 18,00 0.50 17.50
19,8471 i ' ' . .
0442 0.30 30,00 1.00 29,00
0.21 0.08 42,00 2,00 40400
] 0.16 0.1l 60,30 2.30 58.00
] 0:20 0:14 84,00 2400 182,00
: 0455 0,42 112,00 2.00 110,00
"1 013 0,60 134,50 2.50 132700
20.8,.74 e N
0419 012 158,00 3,00 155500
0:42 0633 195,00 3,00 192,00
] 0.49 0.31 208,00 3.00 268,00
] 200,00 3,00 197,00
: 150,00 4,00 146400
4 2.82 120,00 4.50 115,50
wae R BRSO 3R
Using 4 19,70 5.70 14,00
with ir 15,00 6400 9,00
11.00 6400 5,00
9,00 6,00 3.00
7.00 7.00 o)
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in Appendix No.XIV (a) to Appendix No.XIV (e).

4 (B) .k.3 The Transfer Functions

This has been worked out in the following steps.

1. Wwith the known values of catchment characteristics,
as given in Table No.4 (B)-1, the value of catchment
constants have been worked out, using Fig. No. 4 (B)-
3 & 4 and Fig. No.'s & (B)-5,6 respectively.

2. With these established value of C, & C, the model
parameters for each sub afea are computed using the
equation Nos. 3.9 & 3.10 and are given in table No.k

(B)-5.

TABLE NO.4 (B)<-5 Model Parameters of Choumahla Intermediate
Sub-Basin & Its Sub-Area's:

Sub Basin Model Parameters Catchment Constant
Sub area n K C1 02
1 2 3 5 5
Choumahla 3 6.06 3.84 255
(a) Pat 3 7'10 3.81'!' 2055
(b) Choumahla 3 6.66 3.84% 2.55

Similarly the model parameters for other intermediate

sub basins are given in Appendix No. XIII.

3. With the established values of model parameters
for each of the sub=-areas, the instantaneous unit
hydrograph have been worked out using equation
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No.3.11, subesequently the unit hydrograph for
each of the sub areas 1s computed and are given
in Table No. 4 (B)-6.

Similarly the unit hydrograph for each sub areas

of other intermediate sub basins are computed and given in

App endix No.XV.

TABLE NO., 4(B) 6 Unit Hydrographs for Sub-Areas Of
Sub-Basin:

Hrs. Unit Hydrograph Ordinate in Th. Cusecs

Sub Area 0 41 8 12 16 |20 | 2% |28 |32 | 36
1 2 3 L 5 6 7 8 9 10 11
sub area (1) 0 1.16 3.96 6.38 7.20 6.85 5.88 4,70 3.99 2.¢
Sub area (2) 0 1.06 3.36 5.17 5.55 5.1 4.28 3.30 2.42 1.7
Hrs. Unit Hydrograph Ordinate in Th. Cusecs
Sub Area Lo U L8 52 56 50 ok 68 72 76

Sub area (1) 1.88 1.26 008“‘ 0 .60 0039 0026 0017 0.08 OQOL" 0
Sub area (2) 118 0.80 0.52 0.34% 0,22 0.14 0.08 0.04 0.02 O

4 (B) .4.4+ Indentification of Model Parameters:

Knowing the rainfall excess and transfer function of
each sub area of Choumahla Intermediate Sub-basin, the differential
responses for each sub area are computed. These differential
responses and the computed flow concentration of Pat sub basin,

are superimposed, by providing the linear channel to Pat flows
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and respense for 1st sub area of Choumahla intermediate
sub basin, in such a manner, so that it can be matched
agreeably with the observed record at the outlet of Chou-
mahla intermediate sub basin. The comparison is given
in Fig. No.4+ (B)-7. Similarly for the responses for the
Kalakhedi and the Nahargarh gauged intermediate sub-basin
have been compared with the observed data and their out-
lets. A comparison are given in Fig.No.4 (B)-8 and Fig.
No.lt (B)-9 respectively close agreement between two gggg%ﬁ.
the model Pomametens, fn gawged (nteamediale Aub-bagig

Their computed direct runoff hydrograph and effective

rainfall hydrographs have been given in Fige. No.4(B) =10
to Fig. No.k (B)-12.

Ungauged intermediate sub basins (viz. Barkheda,
Tumri and Gandhi Sagar) response model cannot be verified.
Thelir direct runoff hydrograph and effective rainfall
hyetograph are swe given in Fig., No.kt (B)-13 to Fig. No.
+ (B)-15.

4 (B)«4.5 Testing Of Model:

For testing the model parameters, the dasaocf the
storm recorded in Aug.1977, is used. In-put function
and model parameters for Transfer Function of Choumahla
Intermediate sub-basin have been computed as discussed

in the previous section 4 (B)=-2 & 4 (B)-3.
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The procedure for comparison of computed and
observed respcnses 1is adopted as explained in section
L (B) =W.b. A comparison of computed responses with ob-
served responses at the outlet of Choumahla gauged
intermediate sub basin is given in Fig. No.4 (B)=-16.
Similarly the comparison in computed and observed re-
sponses, for other gauge intermediate sub basin (viz.
Kalakhedi and Barkheda) are given in Fig. No.4(B)-17 |
and Fig. No. 4 (B)-18. A close &agreement between
two, verify the model parameters of the gaﬁged inter-
mediate sub Dbasin. Their direct runoff hydrographs

are given in Fig. No.4 (B)=-19 to Fig. No. 4(B)=-21.

Ungauged intermediate sub basins (viz. Nahargarh
and Gandhi-sagar) response model cannot be tested. Their
direct runoff hydrograph and effective rainfall hydro-
graphs are given in Fig. No.4 (B)=-22 and Fig. No.t (B)=
23 respectively. Tumri ungauged intermediate sub-basin
for this storm does not contribute any flow of water

hence analysis could not be attempted.
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CHAPTHR IV (C)

APPIICATION OF UNIT RmSPONSE FIOOR ROUTING

4(C).1 LNCRODUCTION:
As explained earlier.in Chapter W4(A), all the five

sub-basins in the catchment are modelled and the computed
and observed responses at the outlet are compared, %o verify
the model parameters.

Similarly the gauged and ungauged intermediate sub-basins
in the catchment are modelled in Crapter 4(B) and the computed
responses of gauged intermediate sub-basins are compared with
the observed; by routing and super imp@siew the responses
at the outlet of sub-basins to verify the model parameters.

Thus whole catchment has been modelled, In all, there
are now eleven computed responses. The response from the
Gandhi Sagar intermediate sub-basin will be super imposed,

On the routed flow concentrations from the different outlets,
to the Gandhi Sagar reservour to get the total flow at

Gandhi Sagar. Flow concentration from the outlets of the
following sub-basins and intermediate sub-basins; are routed

upto Gandhi Sagar Reservoir.,

1. Pat Sub Basin 6. Choumahla intermediate

2. Mahidpur Swb Basin Sub-Basin

3+ Nagda Sub-Basgin 7. Kalakhedi intermediate

L, Mandsaur Sub Basin Sub-Basin

5. Chaldu Sub Basin 8. Barkheda Intermediate
Sub-Basin

9. Mahargarh intermediate Sub.

Basin

10. Tumri Intermediate sub-bas:
L(C) 2 APPLICATION OF UNIT RIGSPONSE

The unit Response theory which has been discussed in

section 2.4 & 3.5, the application of which involve the
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steps:
'i) Analysis of the inflow hydrograph: which is to be
routed.
ii) Computation of the Unit response
iii) The travel time of leading edge
iv) Routing of inflow hydrograph
v ) Testing of unit response parameters.,

In the present Chapter, the application of unit
response theory for Pat Sub-basin is discussed in detail,
Similar applications are extended to all other sub-basins
and intermediate sub-basins and their findings are detailed

in the appendices, mentioned in subsequent sections.

4(C)e2+1 The Inflow Hydrograph

The inflow hydrograph is the computed response at the
outlet of Pat sub-basin, which has been computed in Chapter
4L(A ) and is given in Fig.No. 4(A)-3., The hydrograph is
divided into a series of flow elements as shown in Fig.No.4(c )~
11 The duration of eéch flow element is same as the duration
of Unit Response. Similarly the other inflow hydrographs are
shown in Fig. No. 4(C)=13, 4(C)-15, 4(C)=17, ¥(C)-19 and
Fig. No, 4(C)-21 to Fig. No, 4(C)-25,

4(C).2.2 Formulation Of Unit Response:

Formulation of Unit Response for Pat Sub-Basin is
carried in the following steps:

(a) Formation of Translation hydrogfaph

(b) Routing of translation hydrograph
(¢c) Derivation of Unit Response.

4(C).2.2(a) Translation Hydrograph
Formation of Translation hydrograph requires the

knowledge of storage coefficient 'k! time base W and duration D,

Evaluation of 'k! require the knowledge of recession

coefficient( r) and time interval A t which can be
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from the recession limb of inflow hydrograph at Pat Sub-basin ds
explained in section 3.5. The storage coefficient is calculated

by equation 3.12,

In the present case the value of time base is adopted as
0.5 K. Duration 'D! is adopted 4 Hr,

Knowing all the parameters the translation hydrograph
ordinates at one hour interval are computed. The findings for

Pat Sub-basin are given in Table No. 4(C)-1,

4 N0 C Jm
TRANSIATION HYDROGRAPH AT PAT SUB-BASIN

leme | Value of K(Hrs) g e Vol, Translation hydrograph ordi-
r| Hr Jof
of T t I k TH nate at
Basin ‘ \ 0 Hrl 1 Hr| 2He | 3Hr|4Hr| SHr
1 2 3 L 5 6 7 8 9 10 11 12 13
Pat 0.673 L 10.08 0.5K L 4 -0 0,80 1.60 1.07 0.53 0
5 Hr,

The details of the working procedure of Iranslation hydrograph

for other sub-basin and intermediate sub-basins are given in Appendix
No., XVI,

4(C)2.2(b) Routing Of Translation Hydrographs:

As explained in section 3.5 the translation hydrograph is
routed through a linear reservoir to obtain the instantaneous unit

response, The routing constants ( C  , C, , C,) have been worked
out by equation Nos, 2.26,2.,27 & 2.28 respectively, The values for
Pat are , C = 0,05, C; = 0,05, Cyq = 0,90. Knowing the Routing

constants the routing equation for Pat hydrograph is developed by
equation No, 3e1%.

Q2 = Q.OS I1 + 0.05 I2 + 0090 Q1
Routing period 't' is onec hour. The routing of translation

hydrograph is followed by assuming I1 = 12 = I and initial value
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of Q, is equal to zero. Hence the above equation takes the forn
Q2 = 0.1 + 0090 Q1 X o LI'(C)"1

Similar procedure is adopted for other inflow hydrograpt
for sub-basin and intermediate sub-basin , for working the
routing equation, which are given in Appendix XVI,

Knowing the routing equation, the ordinates of
translation hydrographs are routed to get the instantaneous

unit response. The working procedure is given in Table No,.
4(C)-2.

TABIE NO. 4(CJ= 2

i ! -
Q2 = 0.1 I +O.9 Q-‘

Hours |Input [0.1I 0.96721 Q U.,R, for| U.B. _for 8 Houprs
cusecs 18R 4 hour | W Hr.lag cusecs
cusecs cusecs by L4 Hr.
0 o 0 0] 0 0 0
1 0.0 0.08 0O 0.08 00k
2. 1. 0 01016 ) 0.07 0023 0016 0016
3 1.07 0.11 0.21 0.32 0«27
4 0453 0.05 0.29 O« 3l 0.33 0 0.33
5 0] 0 0.30 - 0.30 0.32 0.04%
6 0627 0,27 029 016 0.45
V4 0.25 0.25 0.26 027
8 0.22 0422 0.24 0633 057
9 0.20 0.20 0«21 0e32
10 0.13 0.18 0.19 0.29 0«48
11 0.16 0.16 0.17 026
12 0.15 0.15 0.15 0.24 0.39
1k 0.12 0.12 O0e¢13 0.19 0432
15 0e11 0.11 Oe.11 0.17
16 0.10 0410 0.10 O.1E 0.25
17 0.09 0.09 0.09 0.1
18 0.08 '0.08 0.08 013 0.21
19 0.07 0.07 0.07 0.11 '
20 0.06 0.06 0.07 0«10 0.17
21 0.06 0.06 0.06 0.09
- 22 0.05 0.05 0.05 0.08 0.13
23 0.0 0.0z 0.0 0.07
2L 0.0 0.0 0.0 0.07 0.11

S{m\\d\\\s e hm{fv\s o} “Laonslabion kydan oam’aw, a Mmade and diven,
n Appendix WMo XVIT @ o Apencix Mo _XVIIX),



4(0)2.2(C),Ihﬁ*uhii_ﬁéﬁanﬁﬂj

The duration of instantaneous unit response
( worked out in previous section) i® theoritically
infinitesmally small, It is not possible to perform
this calculation directiy. Therefore it is to be transe
formed into uﬁit response for required duration as explained

in SGCtion 20)"'0 3.

The unit response worked above is of 4+ hours duration
which is to be transformed into a desired duration of 8 hours
The unit response for Pat sub-basin is given in Table No,

4(C)-2 and Fig. No. W(C)-1.

Similarly the unit responses for 8 hours, have been
‘worked out for other sub-basins and intermediate sub-basins
The working procedure is given in Appendix No. XVII(a) to
Appendix No. XVII (i). The corresponding unit responses
are given in Fig. No. W(C)-2 to Fig. No. 4(C)-10.

4(C)e2.3 Travel Time Of leading Edge:

In the present'study, the travel time of leading edge
of inflow hydrographs have been found to be insignificant'

as the storm have traversed in the direction of flows.

4(CJ.2.4% Routing Of Inflow Hydrograph:

To obtain the responses of each flow element the
ordinates of the unit response for Pat Sub-Pasin are
multiplied with the ratio of input volume to unit flow
element.,

As the leading edge travel time is insignificant, all

the flow responses are summed up as per their respective time

periocd. The working procedure is given in Taple No» 4(C)-3



Hours |4 Total Start- Interme~ |Total |Obseres [Fime Date
I routed| . diate DRH |VedDRH Hrs.
£ DRH - £rom sub-Bas-~ |at at Ch-
& Cols 20HR in DRH  |Choumjoumahla
, 3tol3 . Th.Cu, |ahla |Th.cu.
Th.Cu. ' from
Pat
1 14 15 16 17 18 19 20
0 o 0 0 o 16 18.8.74
4 4,95 0-. 0. - 4,50 20
'8 8:55  4:95 4;95 17.50 24
12 16473 8455 0. 8455 29,00 4
16 2442  16.73 11,95 28,68 40,00 8
20 31444 24.42 37:90 62:32 58,00 12
24 36,56 31:44 58,32 89,76 82:00 16
28 43535 36456 62460 99.16 110,00 20
32 47.58 43,35 70.01 103435 132,00 24
36 60,09 47,58 89.34 136592 155,00 4 20/8
40 67.39 60,09 103.38  163.47 192,00 8
44 72:61 67,39 101:96 169,35 205,00 12
48 74:17 72:61 90,32 162,93 197.00 16
52 67:18 74317 74,29 148,46 146,00 20
56 59447 67.18 57.76  124.94 115,50 24
60 48,30 59,47 43,10  102:57 72,00 4 21/8
64 35.85 48,30 31.21 79.51 39.00 8
68 27.81 35,85 21.98  57-.83 14,00 12
72 17.85  27.81 14.65 42,76 9,00 16
76 13:38  17.55 9,61  27.16 5,00 20
80 7.52 13,38  6.78  20.16 3.00 24
84 B.48  7.52  4.04  11:56 O 4 22/8
88 3.04 5,48  2.76 8,24 8
92 2,08 3.04 1,16 4,80 12
2,08 0 2.08 16
o 20
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The resyltant will be the outflow hydrograph at Gandhi Sagar.
Similarly Routing inflow hydrograph for other basins

and intermediate basins are carried out. The working

procedure is given in Appendix No. XVIII(a) to Appendix

No. XVIII(i)

4(C) 2.5(1) Testing Of Unit Response Parameters:

The Unit Response Parameter of Pat sub-basin is
tested at the outlet of Choumahla intermediate sub-basin.
For the purpose, the Choumahla intermediate flow response
( which has been verified and tested) is added to the
routed direct runoff hydrograph at Choumahla from Pat site,
and compared with the observed inflow hydrograph at Choumahla
( which include the flow upto Choumahla.) Working details
are given in Table No. 4(C)-3 and comparison is given in
Fig. No. 4(c)-12, Close agreement between two verify the

unit response parameters for Pat Sub basin.,

Similarly the unit response parameters for Mahidpur
and Mandsaur have been Ested. The comparison between
computed and observed are shown in Fig. No. 4(C)-16 and
Fig. No, 4(C)-18. Working details are given in appendix
No. XVIII(a) and Appendix No. XVIII(c),

The Unit response parameter for intermediate sub-basin
can not be verified. Their inflow and outflow hydrographs are

ghoen in Fig. No. 4(C)-21 to Fig. No, 4(C)-25.

4L(C) 2.5(b) Testing Of Unit Response Parameters For The
Storm Recorded In August 1977

The inflow hydrographs of gauged sub-basins

(viz. Pat, Mahidpur, Nagda, Mandsaur & Chaldu) as given



in Fig, No, 4(A)-8 to Fig.No. 4(A)-12 are converted into
series of flow elements which are given in Fig., MNos.
4(C)-26, 4(C)-28, 4(C)-30, 4(C)-32 and Fig. No., 4(C)-3k

respectively.

Similarly the computed Inflow hydrographs for
intermediate sub-basins as given in Fig. Nos. 4(B)-19
to Fig. Nos. 4(B)-23 are divided into series of flow
elements, which are given in Fig. Nos. 4(C)-35 to
Fig. No. 4(C)-38.

Using the ordinate of unit responses given in
one
Fig. No. 4(C)-1 to 4(C)-10, ene multiplied with the
ratio of input volume to the unit flow element ﬁo obtain

the responses of each flow element.

Unit response parameters of Pat, Mahidpur and
Nagda are verified and tested as it has been done for
First storm. The comparison is shown in Fig. 4(C)-27,

4(CJ)=29 and 4(C)-31.

The outflow hydrographs for intermediate sub-
basins are shown in Fig. No. 4(C)-35 to Fig. No. 4(C)-38.
There is no contributicn from Tumri intermediate

sub-basin.
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PLATE NO-27
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L(C). 3 GCOMPUTATION OF FIOWS AT GANDHI SAGAR RASERVOUR

As explained in section 3.5.3, the outflow responses
from all the sub-basins and intermediate sub-basins have
been computed, separately and routed at the Gandni Sagar
reservoir. As the travel timings of leading edges are
not significant, the routed responses are super imposed
to compute the inflows to the Gandhi Sagar reservoir.

To these flows are added, the flows frow. the Gandhi Sagar
intermediate sub-basin, and also the inputs directly
falling on the reservoir, to obtain the total inflows

at Gandhi Sagar. The working procedure for both the
storms are given in Table No. 4W(C)-k and No. 4(C)-5

respectively,

From these total inflows, the net volume of inflow
at the Gandhi Sagar has been worked out. Using the area
capacity relationships, the stages at the Gandhi Sagar
Reservoir are computed at different times and compared
with the observed stages. Working procedure for both
storms are given in Table No, 4(C)-k & 4(C)~5., The
comparision awe for both storms are given in Fig. Mo,

4(C)=39 and Fig., No. 4(C)=kLo,

4(C).3.1 Efficiency Of Model At Gandhi Sagar Reservoir:
Efficiency of the model for both the storms have

been worked using equation No. 3.15. The working

procedure are given in Table No., 4(C)-6. The efficiency

of the model are:

i

89%
815%

Efficiency of model for 1974+ storm
Efficiency of model for 1977 storm
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CHAPTER-=-Y

SUMMARY OF PROPOSALS, RESULTS, DISQUSSION OF RESULTS AND
PROPOSAL FOR FUTURE WORK

5.1 SUMMARY OF PROPOGSALS:

The present study is aimed at simulating the direct
ruhoff hydrograph for the Chambal Rlver Basin at Gandhi‘
Sagar site, using a linear distributed parameter model. The
assumption of linearity ensures application of the principle
of homogénity and also the principlgtsuperimposition. In
a hydrologic system the simulation of the catchment action is
better taken into account, when the input is considered as
distributed. In the proposed model it has been attempted
by splitting the vast catchment, (having the drainage area
of about 8800 square miles), dinto its different sub-basins
and intermmediate sub-basins. This is attempted, keeping in
view the drainage character of the basin, Further, the
non-uniformity of rainfall is taken care of by dividing them
into sub-areas. These sub-areas are arrived at, keeping
in view the meteorclogical homogénity. Thus simulation of
the direct run off hydrograph for the catchment of Gandhi
Sagar Reservoir, has been performed in the following steps.

(1) To develop suitable input function

(i1) Formulation of linear distributed parameter model
for the sub-~-basins.

(iii) simulation of linear distributed parameter model
for the intemediate sub-basins,

(iv) Routing of flow concentrations from the outlets of
sub-basins and intermediate sub-basins to the
Gandhi Sagar site.
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5.1.1 Development of suitable Input Function:

Input to the system is considered as distributed
function. This has been possible by considering different
rate of abstraction for different sub basins. The rate of
abstractions are considered by adopting a suitable f-index.
The variation in @-index with in a sub basin are not con-
sidered, however aprocedure is suggested to compute the
weighted effective rainfall excess for each sub area from

the available rainfall excess of the sub basin.
Delel Formulation Of Model For the gub-Basin:

Using the conceptual model proposed by Nash (Nash
J.Bse 1957), the instantaneous unit hydrograph and subsequen-
tly unit hydrographs for each sub area is computed, which ia
thé desired transfer function. The differential responses
from each sub area are subjected to pure translation by
introducing the linear channels at the outlets of each sub-
area to the gauge. The 1linear channels account for the
time lags of the differential responses from the outlets
of the sub areas to the gauge. These values of the time
lags are arrived at by trial and error, considering the
observed record of storm runoff at the outlet of sub-~basin.
The comparision of computed response with the observed stomrm
runoff at the outlet of sub basin establishes the model
parameters. The model has been tested by taking the other

ed
recordlsbonm data.
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Summarisingly the catchment action of each sub-
area is characterised by at@ﬁﬁe parameter model. The
Parameters being 'n'- no. of linear reservoir,!X!- the
storage coefficient and the pure translation of the linear

channels,

The above procedure has been extended to all the

five gauged sub basins in the catchment.

5.1+3 Formulation Of Model for the Intermediate Sub Basins:

Intermediate sub basins are the catchmént areas betw-
een the out let of a sub basin and a gauged and dischar-
ge site down stream. Separate analysis is proposed for
the inpu§ function of Intermediate sub basins. To come
pute thezfﬁgctions a graphical relationship has been arrived
between intensity of weighted gross rainfall, duration of
storm and @-indkces from the available records of gauged
sub basin in the catchment. Knowing the meteorological
characteristics of the storm the input function for Inter-

mediate sub-basin and its sub areas are computed.

The transfer function, characterising the catchment
action, is the same as for sub basin. But the parameters
'n' &'K' can not be obtained from the analysis of effective
rainfall hyetograph and Direct Runoff Hydrograph, as the
same are not available. These have been obtained from

catchment characteristics (equation N0.3.90 & 3.10) .
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Graphical relationships have been proposed between C1 & 02
and catchment characteristics to compute the catchment con-
stanté for intermediate sub basinse. These relationships
have been developed from the available records of gauged
basins parts of the catchment. Thus the model parameters
for the each sub areas of intermediate sub basins are derived

and the transfer function i.e. the Unit Hydrographs developed.

of
The differential responses for sub breas/intermediate sub

basins can be computed from computed rainfall excess. To
these routed responses from up stream gauge are added to com-

pute total flows at the out let of the intermediate sub basins.

The same procedure has been extended to all the six

intermediate sub basins in the catchment.

Se1.4+ Routing Of Flow Concentration To The Gandhi Sagar Site:
' d .

Having formulated the linear distributed parameter models
for all the five gauged sub basins and six intermediate sub
basins, next step ¥s. to route each flow concentration from
their respective outlets to the Gandhi Sagar Site. For the
purpose '"The Unite Response Theory gf Open Channel Flow Routing!
is adopted.

Seperate unit responses for all the five sub basins and
five intermediate sub basins have been computed. The inflow
hydrograph is divided into flow elements, having the same
duration as that of the corresponding unit response. Routed

responses of each of the flow elements have been computed at
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the Gandhi Sagar Reservoir. The analysis is extended to all
the inflow hydrographs, using their corresponding unit re-
sponses. As the travel time of leading edge are not signi-
ficant, the routed responses are superimposed to compute

the inflows to the Gandhi Sagar Reservoir. To these flows,
ehe added, the flows from the Gandhi Sagar intemmediate sub-
basin, and also the inputs directly falling on the reservoir
to obtain the total inflows to the Gandhi Sagar from these
total inflows, the net volume of inflow at the Gandhi Sagar
is'estimated. Using the area capacity relationships, the
stages at the Gandhi Sagar Reservoir are computed at diffe-
rent times and compared with the observed stages. The

procedure is repeated with the other storm data,
5.2 RESULTS, DISCUSSION OF RESULTS:

In the present section the discussion is carried out
in accordance with the main tributary of river Chambal,
which are - Chotti Kalisindh River, ghipra River, Shivana
River and Retum River. These river basins have been mode=

lled and compared at their outlets.
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TABLE NO:5%1 Statement of Results
Name of River Modelled Testing of Model Reference
River at = is made at - Figure No.
1 2 3 i
1. Chambal R (a) Nagda Site Nagda Site 4(A) =5 &
L(A)-12
(b) Barkheda Site Barkheda Site 4(B)-18
(Intermediate {(include Nagda
sub-basin) Flow)
2+ Shipra R (a) Mahidpur site Mahidpur Site L(A)~4 &
L(a)~11
(b) Kalkhedi Site Kalzkhedi Site 4(B) -8 &
(I.S.B.) (include Mahidpur 4(B)-17
Flow)
3« Chhotikali(a) Pat Site Pat site L(A) -3 &
4(A)-10
sindh R (b) Choumahla &ite Choumahla Site L(B)-7 &
(IOSDB‘) (inc.lu.de Pat mOW) L"(B)-‘]é
Shiwema R (a) Mandsaur Site Mandsaur Site L(A)~6 &
L(A) -8
(b) Nahargarh Site Nahargarh Site 4+(B) -9
(I.5.B.) {(include Mandsaur
Flow)
5. Retum R (a) Chaldu Site Chaldu site L(A)~7

(b) Tumri Site

(I.S.B.)

Tumri Site

(include Chaldu
Flow)
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5e2e1 Discussion Of Formulation Of Model For gub-Basins &
sSsBe

Has considerably made the approach simpler, at the same
time, the results shown above were found to be appreaciably
satisfactory. Conclusions and discussions of the results

are as follows:

(1) ®ssumption of linearity is valid.

(i1) The concepts used for computation of rainfall
excess have produced satisfactory results.

(iii) The conceptual model proposed by Nash (Nash J.E.
1957) has been used to define, two parameters
'nt & 'K!' of the different sub areas of the
sub basins. When the Nash (Nash J.E. 1957)
model as such applied to the sub basins con-
sidering the model to be lumped, in most cases,
computed peak occured earlier than the observed
one. This discrepency was eliminated to a
great extent by considering the model to be
distributed and by the application of linear
channels.

(iv) For each sub area the transformation process of
the hydrologic system is thus taken care of by
a unit hydrographs in combination with a linear
channel s. The limitation of the unit hydro-
graph theory are not effecting the results, as
the sub areas are comparatively much smaller
(of the order of 70 sq. miles to 700 sq. miles).

(v) The unit hydrographs as defined in the present
analysis represent the catchment action in
combination with a linear channel, therefore
they may not be identical to the unit hydrographs
computed from the conventional approaches.
However, this can only be verified when the rain-
fall and discharges for a sub area are available.
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(vi) The rainfall excess has been computed by con-
sidering a constant rate of @-index for the
entire sub basins where as, the rainfall excess
of each sub area at different time unit is
computed by using a weight factor. The weight
factor represent the linear relation between
excess rainfall and the gross mean rainfall for
different time units. The assumption thus
made have given satisfactory results.

(vii) For the input function for entire ungauged
sub basins a representative relationships have
been attempted between:
(a) Rainfall excess and Intensity of rainfall
and its duration.,. :

(b) @g-index and Intensity of rainfall and its
duration. Knowing the storm characteristics
of the ungauged sub basins the @-index or
rainfall excess thus directly be computed.
The input function thus arrived at, has
glven satisfactory results.

(viii) For determination of transfer function of un-
gauged catchments, the model parameters 'n'& 'K!
have been computed from the relationships deve-
loped between these parameters and the catchment
physiographic characteristics for the entire
sub basin and found the satisfactior results,
which shows the usefulness of the theory developed

for ungauged catchment areas.,

5.2.2 Discussion of Results of Unit Responsge Theory:

The unit response theory for flood routing has been
used to route the flow concentrations frbm the outlets of
the sub basins and Intemediate sub basins upto Gandhi Sagar

Reservolir. And the responses from sub basins out let have
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been tested at the outlets of intermediate sub basins

and found the satisfactory results. The results are

shown as follows:

The results are:

At Choumahla out let
At Kalakhedi out let
At Barkheda out let
At Nahangarh out let
At Tumri out let

Flg.No.!s 4k(C)=-12 & ¥(C)-27
Fig.No.'s ®¥LC)-16 & 4(C) =29
Fig. No. 4(C)=31
Flg.No.'s 4(C)-18 & 4(C)=-33
Flg. No. 4(C)=-20

Discussions and conclusions made ares-

(1)

(1i)

(1i1)

The travel time of leading edge of inflow
hydrographs have been found to be indghificant
which may be due to the fact that the monsoon .-
depression and cyclonic storms are traversed

in the same direction as that of main river i.e.
the West-North Westerly direction.

The unit responses are computed by routing a
translation hydrograph to a linear reservoir,
it was seen in the analysis that the shape of
the unit response is not materially effected
even when the time base of translation hydro-
graph was changed from 'K! units of time to
0,75 K', and further to '0.5K' (where K is
the delay time for the area obtained by dis-
charges in the model proposed by Clark (C.0.
Clark, 1945) .

The assumptions of the hypothetical channel
are seldom true; however, in many open
channels, the linear method yield acceptable
results. Dooge and Harley (Dooge, J.Cel. &
Harley, B.M.,1967) studied the effects of a
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non-linear channel on the attenuation

and concluded that attenuation is almost in-
dependent of linearity. They suspect that
it might be possible to simulate the non-
linear action of a channel by two sub systems,
one of which would subject to inflow to a
non-linear translation, or lag and the other
which would subject the translated inflow Q
to a linear attenuation. The unit response
method also includes a type of non linear
attenuation.

The unit response theory and formulation of model
for entire catchment has been tested at Gandhi Sagar
Reservoir, by comparing the computed and observed reservoir
levels. The comparision can be observed in Fig. No,.'s
4(C)=39 & +(C)=40 for both stormms recorded in Aug.1974 &
Aug. 1977 respectively, and found a quite close agreement

between two.

The efficiency of the model for the catchment
have been worked out and found as 89% and 81% for the

two storms respectively.
5¢3 PROPOSAL FOR FUTURE WORK:
In the light of the above discussion the following

proposals have been suggested for future work on the

subject.

(1) To make the theory of input function for
ungauged areas more realistic by studying
more storms of varied intensities and dura-
tions and by including some more parameters



(11)

(iii)

(iv)

(v)

(vi)

(vii)

(viii)

179
such as Anticipated Precipitation Index(API)
etc.

To make the theory of transfer function for
ungauged areas more realistic by adopting
overland siope instead of river slope. This
study will require the topographical maps
scaled 1 inch to a mile,

A study is to be perfomed in the similar
manner by including the upétream gauge and
discharge sites which have not been included
in the present study due to non-availability
of the data.

Refinement in the study may be done by taking
the number of linear reservoir in fraection in
the Gamma function of the proposed model.

Refinement in the application of input fun-
ction for sub areas in the model, may be done,
using the infiltration capacity curve for soil
if available.

Study regarding the validity of insignificancy
in the travel time of leading edge of inflow-
hydrographs in the catchment is strongly sug-
gested.

Improvement of the value of recession coeffi-
cient (r), by taking the average for several
storm data, which has been worked out in the
present study by considering the discharges
by direelaraits the discharges of the rece-
ssion limb beyond inflection point for only
single storm. Thus improvement in storage
coefficient will take place.

Last suggestion but not least in importance
is that the entire simulation process start-
ing from the rainfall to the prediction of
reservoir levels at the Gandhi Sagar is
computerised as the entire work is based on
linear theory, which would be worth to
attempt.
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APPENDIX NO, XVII (a)
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ROUTING OF TRANSLATION HYDROGRAPH FOR MAHIDPUR SUB BASIN

Q = 0412 I +0.88 Q,

Input 10,11 3049 Q4 | Qo [V.R, for (U.R.for 8 Hours
Hours | nygecs|cusecs [Cusecs |custon |cisBE8* |ux for | UR for
4 hr, 8 hours
llag by
4 hr,
Cugecs | Cusecs
1 2 3 4 5 6 T 8
0 0 o 0 0 0 0 0
1 1 0,12 0 0.12 0.06
2 2 0.24 0.1 0.35 0.24 0.24
3 1 0,12 031 0.43 0.39
4, 0 0 0.38 0.38 0.41 0 0.41
6 0.29 0.29 031 0.24 0.55
1 0,26 0.26 0.28 0439
8 0.23 0.23 0.25 0.41 0.66
9 0.20 0.20 0.22 0436
11 0,16 0.16 0.17 0.28
12 0.14 0,14 0.15 0.25 0.40
13 0,12 0.12 0.13 - 0,22
15 0,09 0,09 0.10 0.17
16 0,08 0,038 0.09 0.15 0.24
17 0.07 0.07 0.08 0.13
18 0.06 0,06 0.07 0.12 0.19
19 0.06 0,06 0.06 0.10
20 04,05 0.05 0406 0.09 0415
21 0,04 0,04 0,05 0,08
22 0,04 0,04 0.04 0,07 0.11
23 0,03 0,03 0.04 0,06
24 0.03 0,03 0.03 0,06 0,09




APPENDLX NO, XVII (b)

RQUIING OF TRANSLATION HYDROGRAPH FOR NAGDA SUB BASIN

Q = 0.11I +0.89 Q

\tnput | 0,11 1) 0.89 @, | @y |U.R.for| U.R for 8 Hours

Hours IUR 4 Hours| g p sor U.R, for
4 Hrs, .8 Hrs.

cusecs| cusecg| cusecs cusecs |cusecs lagnby Cusecs
| A Wre
7

1 2 3 4 5 6 8

0 0 0 0 ¢) ¢ 0

2 2 0.22 0.,10. 0.32 0.22 0,22
3 1 O.11 0.29 Q.40 0.36

4 0 0 0.36 0.36 0.38 4] 0.38
5 0632 0.32 0.34 0.06

6 0.29 0.29 0431 0,22 0.53
1 0.25 0.25 0.27 0,36

8 0.23 0.23 0.24 - 0,38 0,52
9 0.2 0.20 0.21 0.34

10 0.18 0.18 0.19 0.31 0.50
11 0.16 0.16 0.17 0.27

12 0.14 0.14 0.15 0.24 0.39
13 0.13 0.13 0.13 0.21

14 O.11 0.1 0.12 0.19 0,31
15 0.10 0,10 O.11 0,17

17 0,08 0.08 0.09 0.13

18 0.07 0,07 0.07 0.12 0.19
19 0.06 0,06 0.06 0.11

20 0.06 0,06 0.06 0410 0,16
21 0.05 0,05 0,06 0,09

22 0.04 0.04 0.04 0.07 O.11
23 0.04 0.04 0.04 0,06

24 0.03 0.03 0.04 0,06 0.10
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APPENDIX NO, XVII (c)

ROUTING OF TRANSLATION HYDROGRAPH FOR MANDSAUR SUB_ BASIN
Q2 = 0016 J 0.84‘ Q1

Input | 0,16 I | 0.84 Q Q, U.R.for | U.R.for 8 Hours
Hours 1 1
IUR|4Hrse |U.R,for| U.R,for
Cusecs |Cusecs Cusecs Cusecs|Cusecs |# Hrs. | 8 Hrs,
lag by | Cusecs
4 Hrs.
1 2 3 4 5 6 T 8
0 0 0 0 0 0 0
1 1 «16 0 0.16 0.08
2 2 0.32 0.14 0.46 0431 0.31
3 1 0.16 0439 0.55 0,51
4 0 0 0.46 0.46 0.91 0 0.51
6 0.33 0.33 04,36 0e31 0,77
T 0.27 0.27 0.30 0.51
8 0.23 0.23 0.25 0451 0.76
9 0.19 - 0.19 0.21 0.43
10 0.16 0,16 0.18 0.36 0.54
11 0.14 0.14 0.15 0430
12 0.11 O.11 0.13 0.25 0.38
13 0.10 0.10 O.11 0.21
14 0.08 0,08 0.09 0.18 0.27
15 0.07 0.07 0.08 0.15
16 0.06 0.06 0.07 0.13 0.20
17 ' 0.05 0.05 0.06 0.11
18 0.04 0.04 0.04 0,09 0.13
19 0.03 003 0.04 0.08
20 , 0.03 0.03 0.03 0.07 0.,10
21 0602 0.02 0.02 0.06
22 0.02 . 06,02 0.02 0.04 0.08
23 0.02 0.02 0.02 0.04

24 0.01 0.01 0.02 0,03 0.05




APPENDIX NO, XVII (d)

ROUTING OF TRANSLATION HYDROGRAPH CHALDU SUB BASIN

Q2 =015 1 + 0085 Q.‘

Input | 0,151 |0.85 Q Q2 U.R., for U.R, for 8 Hours
Hours 1 i
I UR |4 Hrs. U.R.efor | U.R, for
4 Hr,lag| 8 Hrs.
by 4 Hr.
Cusecﬁ Cusecs |Cusecs Cugsecs| Cusecs Cusecs
1 2 3 4 5 6 7 8
0 0 0 0 0 0 0
1 1 0615 0 0.15 0.08
2 2 0.30 0.13 0.43 0.29 0.29
3 1 0.15 0.37 0452 0.43
4 0 0 0.44 0.44 0.48 0 0.48
5 0.38 0038 0041 0008 -
6 0.32 0632 0.35 0.29 0.64
T 0.27 0.27 0430 0.48
8 0,23 0.23 0.2% 0.48 0.73
9 0.20 0.20 0,22 0.41
10 0.17 0,17 0.19 0¢35 0.54
11 0.14 0.14 0.16 0.30
12 0.12 0.12 0.13 0.25 0.38
13 0.10 0,10 0. 11 0,22
14 0.09 0.09 0.10 0.19 0.29
15 0.07 0.07 0.08 0.16
16 0.06 0.06 0.07 0.13 0.20
17 0.05 0,052 0.06 0.1
18 0.05 0.05 0,05 0.10 0.15
19 0.04 0.04 0.05 0.08
20 0.03 0.03 0,04 0.07 0.11
21 0.03 0,03 0.03 0.06 .
22 0.02 0,02 0,03 0.05 0.08
23 0.02 0.02 0.02 0.05
24 0.02 0.02 0.02 0.04 0.06




APPENDIX NO, XVII (e)
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ROUTING OF TRANSLATION HYDROGRAPH FOR CHAUMAHLA INTERMEDIATE
SUBBASIN

Q = 0.1I+Q9Qq,

Inflow| 0.10 I | 0,90 Q1 Q, |U.R.for | U.R,for 8 Hours

Hours IUﬁ 4 Hrs. U.R.for| U.R.for
4 Hrs. 8 Hrs.
1a§ by
4 Hr,

Cusecs |(Cusecs Cusecs Cuseesl Cusecs Cusecs Cusecs

1 2 3 4 5 6 T 8

0 0 0 0 0 0 0

1 1 0.10 0 0.10 0.05

2 2 0.2 0.09 0.29 0.20 0.20

3 1 0.10 0.26 0.36 0.33%

4 0 0 0.33 0.33 0.35 0 0.35

5 0.29 0.29 0.31 0.05

6 0.26 0,26 0.28 0.20 0.48

T 0.24 0.24 0.25 0.33

8 0.21 0.21 0.25 0.35 0.58

9 0.19 0.19 0.2 0.31

10 0.17 0.17 0.18 0.28 0.46

1 0.16 0.16 0.17 0.25

12 0.14 0.14 0.15 0.23 0.38

13 0.13 0,13 0.14 0.20

14 0.11 0.11 0.12 0.18 0.30

15 0.10 0.10 O.11 0.17

16 0.09 0,09 0.10 0.15 0.25

17 0.08 0.08 0.09 0.14

18 0,08 0.08 0,08 0.12 0.20

19 0.07 0.07 0.08 O.11

20 0.06 0,06 0,07 0.10 0,17

21 0.06 0,06 0.06 0.09

22 0.05 0.05 0.06 0.08 0.14

23 0.04 0.04 0.05 0.08

24 0.04 0.04 0.04 0.07 0.11




APPENDIX NO, &
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ROUTING OF TRANSLATION HYDROGRAPH FOR KALAKHEDI INTERMEDIATE
SUB BASIN

Q, =0.18 I +0.82 Q,

Inpug 0.181 |0.82 Q Q |U.Rfor ‘ U.R, for 8 Hrs,
Hours 1
IUR 4 Hrs. U.R.for |U.R,for
4 Hrs,. 8 Hrse.
lag by
4 Hrs,
Cugecs | Cusecs |Cusecs Cusecs |Cusecs Cusecs
1 2 3 4 5 6 1 8
0 0 0 0 0 0 0
1 1 0.18 0o 0.18 0.09
2 2 0.36 0.15 0.51 0.35 0.35
3 1 0.18 0.42 0,60 0.56
4 0] 0 0.49 0.49 0.55 0 0.55
5 0.40 0.,40 0.45 0.09
6 0433 0433 0.37T = 0.35 0.72
T 0.27 0,27 0430 0.56
8 0.22 0,22 0.25 0.55 0.80
9 0.18 0.18 0.20 0.45
10 0415 0.15 0.17 0.5% 0.54
11 0.12 0.12 0+13 0.30
12 0.10 0.10 O.11 0.25 0.36
13 0.08 0.08 0.09 0.20
14 0.07 0,07 0.08 0.17 0.25
15 0.06 0.06 0.07 0.13
16 0.05 0,05 0.06 0.11 0.17
17 0.84 0.04 0.05 0.09
18 0.03 0.03 0.03 0.08 O
19 0.03 0.03 0.03 0.07
20 0.02 0,02 0,02 0,06 0.08
21 0.02 0.02 0.02 0.05
22 0.01 0.01 0.02 0.03 0.05
23 0,01 0.01 0,01 0.03
24 0.01 0.01 0.01 0.,02 0.03




APPENDIX NO, XVII (g)

160

ROUTING OF TRANSLATION HYDROGRAPH FOR BARKHEDA (INTERMEDIATE)

SUB_BASIN

Q2 = (0,08 I+ 0092 Q1

Input 0.08 I 0.92 Q1 Q2 Uo R. for
Hours g |+ Hrse
Cusecs Cusecs Cusecs Cusecs |Cusecs

1 2 3 4 5 6

0 0 0 0 0 0 0

1 0.80 0.06 0 0.06 0.03

2 1.60 0.13 0.06 0.19 0.13 0.13
3 1.07 0.09 0.18 0,27 0.23

4 0.53 0.04 0.25 0,29 0.28 0 0.28
5 000 o 0.27 0027 0028 0003

6 0.25 0.25 0.26 0.13 0.39
7 0,23 0.23 0.24 0.23

8 0,21 0.21 0.22 0.28 0,50
9 0,17 0.19 0.20 0.28

10 0.18 0.18 0.19 0.26 0.45
11 0.16 0.16 0.07 0.24

12 0.15 0.15 0.16 0.22 0.38
13 0.14 0.14 0.19 0.20

14 0.13 0.13 0.14 0.19 0.33
15 0.12 0.12 0.13 0.07

16 0.1 0.11 0.12 0.16 0.28
17 0.10 0.10 0.11 0.19

18 0,09 0.10 0,10 0.14 0.24
19 0.08 0,08 0.09 0.13
20 0.08 0.08 0.08 0.12 0.20
21 0.07 0.07 0.08 0.11
22 0.06 0,06 0.07 0.10 0.17
23 0.06 0.06 0.06 0.09
24 0.06 0,06 0.06 0.09 0.14




APPENDIX NO, XVII (h

ROUTING OF TRANSLALION HYDROGRAPH FOR NAHARGAR-(INTERMEDIATE)

161

SUB BASIN
Q2 = 0009 I« 0091 Q1

Input] 0,09 I | 0.91 Q Q2 U.R.for | U.R,for 8 Hrs,
Hours 1 | 1oR 4 Hrs. “R, for| U. R, £«
4 Hour | 8 Hrs.
lag by
1 4 Hour
Cusecs | Cusecs | Cusecs [Cusecs Cusecs Cusecs | Cusec
1 2 3 4 5 6 T 8
0 0 0 0 0 0 0
QOQ? 0.63 0006 0.06 0006 0003
2 1633 0.12 0.96 0.18 0.12 0.12
3 1.00 0,09 0.16 0.25 0.22
4 - 0.67 0406 0e23 0.29 0.27 0 0.27
5 0433 0.03 026 0.29 0.29 0.03
6 0 0 0.26 0.26 0.18 0.12 0.40
Vi 0.24 0.24 0.25 0,22
8 0,22 0.22 0.23 0.27 0.50
9 0.20 0.20 0.21 0.29
10 0.18 0.18 0.19 0.28 0.47
11 0.16 0.16 0.17 0.25
12 0.15 0.15 0.16 - 0423 0.39
13 0.14 0.14 0.15 0.21
14 0,12 0.12 0.13 0.19 0,32
15 0.11 0.11 0.12 0.17
16 0.10 0.10 0.11 0.16 0.217
17 0.09 0.09 0,10 0.15
18 0,09 0,09 0.09 0.13 0,22
19 0.08 0.08 0.09 0,12
20 0.07 0.07 0.08 0,11 0.19
21 0.06 0.06 0,07 0.10
22 0.06 0.06 0.06 0,09 0,15
23 0.05 0.05 0.06 0.09
24 0.05 0.05 0.05 0.08 0.13




JPPENDIX NO. XVII (i)

ROUTING OF TRANSLATION HYDROGRAPH FOR TUMRI (INTERMEDIATE)

Q2 = 0007 I + 0093 Q.‘

SUB_BASIN

1682

Input 0.07 I 10.93 Q Q, |U.R for U.R. for 8 Hrs,
Hours IUR 4 Hours | U.R.for |U.R.fox
4 Hr.lag|8 Hours
by 4 Hrs
Cugecs | Cusecs |Cusecs Cugecs| Cusecs | Cusecs |Cusecs
1 2 3 4 ) 6 T 8
0 0 0 0 ¢) 0 0
1 0.80 0.06 0 0,06 0.03
2 1460 0.11 0.06 0.17 0.12 0.12
3 1.07 0.08 0.16 0.24 0.21
4 0.53 0.04 0.22 0.26 0.25 0 0.25
5 0 0 0.25 0.25 0.26 0.03 0
6 0.23 0.23 0.24 0.12 0.36
7 0.21 0.21 0.22 0.21
8 0.20 0,20 0.21 0.25 0.46
9 0.18 0.18 0.19 0.26
10 0,17 017 0.18 0.24 0.42
11 0.16 0.16 0.17 0.22
12 0.15 0.15 0.16 0.21 0.37
13 0.14 0.14 0.15 0.19
14 0.13 0.13 0.14 0.18 0.32
15 0.12 0.12 0.13 0.17
16 0.11 0.11 0.12 0.16 0.28
17 0.10 0.10 0,11 0.15
18 0.10 0.10 0.10 0.14 0.24
19 0.09 0.09 0.10 0.13
20 0.08 0,08 0.09 0.12 0.21
21 0.08 0.08 0.08 0.11
22 0.07 0.07 0.08 0.30 0.18
23 0.0% 0.07 0,07 0.10
24 0.06 0.06 0,07 0.09 0.16
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