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ON THE CHARACTERISTICS OF SURFACE RUNOFF
IN THE FLAT LAND

By Mbp. Sayeedul Islam Kuan*, Fusetsu TAKAGIH*
and Shohei ApacHr**

1. INTRODUCTION

In many parts of the world surface drainage
after a heavy rainfall poses a great problem.
Problem of drainage is more acute on flat land
because of less outflow and more surface deten-
tion. On these problems numecrous research
works have been made by mcans of the lumped-
system models. For instance, the rice field
regions andjor the main channel reaches have
often been treated as simple hydraulic reservoirs
or tanks®., The assumptions are, however, con-
ceptual and have not been discussed in details
based on the hydraulic behaviour of water {low
in the region. That is, the so-called discharge-
storage relationship is assumed as simple func-
tions in many cases and on this basis the discharge
hydrograph has been simulated. However, the
coefficients involved in the discharge-storage
relation must be estimated by using the numerous
observed hydrologic data in the watershed con-
cerned. Although the method is very practical
for the brief treatment of runoff phenomena,
there are some difficulties in applying it to the
watershed with no observed data and also to the
drainage plannings in such a region where the
values of several hydrologic characteristics will
vary due to the construction of new artificial
drainage systems. Moreover, the problems as
to whether any region may be treated as a lumped
model or must be described by the distributed
model have not been clarified in connection with
the physical features of phenomena within the
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region.

On the other hand, the kinematic wave meth-
od!:*0 has also been proposed for the runoft
analysis in the flat Jand. However, the basic
conception of applying this method can not be
clearly explained with respect to the problem of
whether the kincmatic wave method for the
uni-directional flow system may be applied to
the water behaviour in the flat land. Moreover,
the main parameter, so called equivalent rough-
ness coefficient, must be estimated by the observ-
ed field data.

With this situation, the authors have attempt-
ed to discuss the hydraulic behaviours of water
flow by solving the fundamental equations as
the distributed system and then to clarify the
criteria of lumping the distributed system into
a lumped system. For this purpose, the funda-
mental equations for the overland and channel
flows are rewritten into the non-dimensional
forms with respect to the spatially or gradually
varied flow problems. The numerical solutions
of these equations with two characteristic param-
eters are obtained to examine the discharge-
storage relationship in general terms. There-
after, the applicability of the storage-discharge
relation is also discussed.

2. FUNDAMENTAL EQUATIONS

The elemental watershed for the runoff process
may be generally expressed by the model as shown
in Fig. 1. The model consists of runoff picture of
overland field and channcl reach and for the
brief treatment of the phenomena the rectangular
overland region and the channel of constant
width are considered here. The physical processes
of flow in the model are treated mathematically
as one-dimensional flow with lateral inflow to
both overland and channel flow systems. There-
fore, the fundamental cquations®:® for both the
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Fig. 1 Model picture of overland and channel
runofis.

systems are expressed in the following forms of
continuity and momentum equations.

o
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where /: time, x: distance along flow plane, Z:
flow depth, #: flow velocity, »: lateral inflow, g:
acceleration due to gravity, ¢: bed slope and ir:
friction slope. In the above equation (2), the
momentum carried into the main flow by the
lateral inflow is very small and is neglected®.
From Manning's relation iy is evaluated as

N
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Here, the following boundary conditions are

adopted for the above set of fundamental equa-
tions. For the upstream and down-stream ends
it is, respectively, considered that

at 2=0,)
u=vgh at x=L . ;
It is also considercd that there is no flow before
the occurrence of rainfall and as such
h=0 at t=0. voeerrererirns (5)
Now, in order to convert Eqs. (1) and (2) to
non-dimensional form™ the normalizing opera-
tors® x*, h* and ¢* are chosen respectively for z,
h and ¢. Then the quantities of distance, depth,
time, velocity and slope are expressed as

u=0

u=0 and

r=x*-X, h=h*H, =T,
x* . h*
v U =l +(6)

i n2x*2 UZ
W= e
where X, H, T, U and [ are the corresponding
non-dimensional quantities.
Let #* be the normalizing operator for con-
verting the lateral inflow to non-dimensional

quantities, then we have
PmE R, et (7)

where R: non-dimensional lateral inflow and
corresponds to the rainfall excess intensity R’
for the overland field and the lateral inflow rate
from the overland field Q1 for the channel. Now,
from the above expressions, the fundamental
equations (1) and (2) take the following non-
dimensional forms.
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Equations (8) and (9) show that the flow behaviour
is characterized by three non-dimensional co-
efficients ¢, 8 and A. While of the four normaliz-
ing operators x*, h*, t* and #*, which formulate
the three non-dimensional coefficients, two may
be chosen independently, since these operators
involve only two fundamental dimensions
“length” and “time”. Moreover, the mutual
relationships among the four operators are con-
strained by Eq. (10). Therefore, in the mathe-
matical meaning, we may choose the appropriate
set of values of the four operators so that any
two among the non-dimensional coefficients e,
0 and A become equal to unity.

In the present paper, as the attention is focused
to the physical process of the flow, it is con-
venient to choose the operators x* and ¢* in
connection with the basin scale and the input
characteristics as

in which the suffices 7=1, 2 denote the quantities
for the overland and channel flow systems, re-
spectively. 7 for the overland denotes the mean
rainfall excess. As the width of flow between the
overland and channel differes, #; for the channel
is written in terms of the mean rainfall excess
71 and a new operator f as

where f is the ratio of the overland flow length
L. to the channel width b,, that is,
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B=Lafby wevesrreeereessiisna s (14)
And thus, for the set of the values of
O=1, A=1, oo (15)

the other operators 4%, 1* and ¢ are defined as

BH = (UL A, e (16)
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With the help of these relationships (15)-
(18), finally the equations (8) and (9) may be
rewritten as
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in which the suffices =1, 2 indicate the quantities
for the overland flow and the channel flow, re-

spectively. The quantity 7; in the third term
of Eq. (20) is given by
ST /4
Jom BEI @
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In terms of the non-dimensional parameters
introduced above, the boundary and initial con-
ditions expressed by Eqs. (4) and (3) take the
following forms.

U;=0 at X;=0 1
Ujs= vesH; at Xy=1 , e (22)
Uj=0, H;=0 at 7T;=0 I

The equations (19) and (20) and the boundary
and initial conditions expressed by Eq. (22)
govern the flow processes of overland flow system
(j=1) and the channel flow system (j=2). From
these equations it is clearly understood that
the characteristics of the flow processes in the
elemental watershed depend on the two non-
dimensional parameters ¢ and /. By calculat-
ing various hydraulic quantities for several sets
of values of € and I, discharge hydrographs,
water profile, storage-discharge relation etc.
are obtained. The general features of the runoff
process in the overland and channel systems are
then discussed to generalize this study for any
basin having similar basin characteristics.

3. NUMERICAL SOLUTIONS

(1) Lax-Wendroff Scheme
The 2-step Lax-Wendroff method® is used for

the solution of both overland and channel flow
equations. The 2-step Lax-Wendroff method is
a method of central finite difference, but the time
increment AT is advanced in two steps. In this
way, the technique considers accuracy up to
second order in Taylor’s expansion series?, and
this minimizes the error and increases the stability
of the solution. The calculations are done with
the help of a high speed digital computer.

(2) Flow parameters and conditions

There are only two parameters ¢ and I in the

non-dimensional equations (19) and (20) for
overland and channel flow systems. These two
parameters contain the roughness factor =,

gravitational acceleration g, flow length L, bed
slope i, mean rainfall excess 71 and f. The term
£ is considered only in the casc of channel flow,
and =100 is considered throughout the calcula-
tion herein.

a) Paramcter ¢

The characteristics of parameter ¢ may be
explained in relation to Froude number. From
Eq. (10) it is scen that e is equal to the inverse
of the square of TFroude number. Fig. 2 shows
the graphical representation of e in Eq. (18) in
combination with 7., % and #. This graph is
for the overland system and for the usual over-
land flow the magnitudes of e lie between 10°~
108. Similar graph may also be prepared for the
channel system and the value of e for the chan-
nel system ranges between 10°~10%

/
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Fig. 2 Graphical representation of ¢ in com-
bination with L, # and 7.

b) Parameter I
From Eq. (6) it is found that the parameter
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Fig. 3 Graphical representation of I in
combination with ¢, L and #.

1 is the ratio of bed slope ¢ to some characteristic
slope 4% (=h*/x*). Fig. 3 shows the graphical
representation of I in Eq. (21) in combination
with 4, I and ». This graph is for both overland
and channel flow systems and usually the magni-
tudes of I lie between 1073~1.0.

c) Rainfall condition

Three types of rainfall as shown in Fig. 4
are used in the calculation and the varicus rain-
fall duration Tr is applied. Any magnitude of
71 is good for this solution.

20—

27(7
Txo R'= CONSTANT R= U cos Ly

R= 241-4)

Flg. 4 Ramfall patterns.

Magnitudes of the parameters corresponding
to several runs are shown in Tables 1 and 2 for
the overland and channel systems, respectively.

d) Boundary condition

In Japan free fall condition at the outlet is
not generally found. But due to different topo-
graphic and hydrologic conditions, for instance
in Bangladesh the outlet condition is generally
considered as free fall. In this study, free fall
and as such critical condition of flow is con-
sidered at the outlet of both overland and chan-
nel. However, the method of solution adopted
in this study may also be extended to other types

Table 1 Overland flow.

Run| ¢ 1 I R Tr 1 Remarks

1 108 0 1.0 0.03, 0.06, Four Sub-

0.09, 0.12 runs
2 108 0| (1~cos2zT/Tr)| 0.25

3 108 0 20-T/Tw> 0.25

4 107 0 1.0 0.02, 0.04, Four Sub-
0.06, 0.072 runs

5 107 0 |(l—cos2rT/Tr) | 0.036, 0.072, | Three Sub-
0.144 runs

6 107 0 2(01-T/Tr) 0.036, 0.072, | Three Sub-
0.144 runs

7 107 | 10-2 1.0 12

8 107 | 10-1 1.0 03

9 107 1.0 1.0 027

14
055
027

10 107 | 10-2 | (1 —cos 22T/ Tr)
11 107 | 10-! | (1—cos2r T/ Tr)
12 107 | 1.0 |(1—cos2xT/Tr)

SR - - =R ==
=

13 107 | 10-2 201—-T/Tw) 14
14 107 | 10-t 200=-T/Tr) 055
15 107 1.0 200—-T/Tr) 027
16 108 0 1.0 Four Sub-

1, 0.02,
0.03, 0.04 runs
17 108 0| (1—cos2xT/Tr)| 0.09

18 108 0 200—-T/Tw) 0.09
Table 2 Channel flow.
Run ‘ e l Ia i R Tr Remarks
1 102 0 1.0 3.0, 6.0, Four Sub-
9.0, 12.0 runs
2 102 0 [(I~cos2zT/Tr)| 25.0
3 102 0 20-T/Tr) 25.0
4 103 0 1.0 2.0, 4.0, Four Sub-
6.0, 7.2 runs
5 103 0 |(—~cus2xT/Tr)| 3.6, 7.2, Three Sub-
14.4 runs
6 103 0 200-T/Tr) 3.6, 7.2, Three Sub-
14.4 runs
7 103 | 10-2 1.0 12.0
8 103 | 10-t 1.0 3.0
9 03] 1.0 1.0 2.7
10 103 | 10-2 { (1~cos2rT/Tr) | 14.0
11 103 | 101 | (1—cos2zT/TR) | 5.5
12 103 | 1.0 {(I1—cos2xT/Tr)| 2.7
13 103 | 10-2 200-T/Tp> 14.0
1 103 | 10-! 2(0-T/Tr) 5.5
15 103 1.0 201-T/Tw> 2.7
16 104 0 1.0 1.0, 2.0, Four Sub-
3.0, 4.0 runs
17 104 0| U~cos2zT/Tr)| 9.0
18 104 0 200~T/Tw) 9.0

of outlet condition.

(3) Stability of solution
Sufficient conditions for the numerical stability
of non-linear finite difference equations are not
known. In this study, the stability of the solu-
tion is checked by the following condition®
suggested by Von-Neumann.®
pllul+0) <1,

where g is AtjAx, and c= vgk is called celerity.
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The above Eq. (23) when transformed to non-
dimensional quantities takes the following general
form.

Equation (24) is used to check the stability of
the solution of both overland and channel flow
systems.

The solution is found stable for different magni-
tudes of AT and AX. But here, 4X=0.04 is
kept constant throughout the calculation and
AT is varied within the range of 0.0000045 to
0.0045 depending on the magnitudes of ¢j. The
accuracy is checked on the basis of inflow and
outflow and a variation of +29 is accepted.

(4) Water profile and hydrographs

a) Water profile

Fig. 5 shows the non-dimensional water profile
of overland flow over horizontal bed under con-
stant rainfall corresponding to several values of
e1. The water profiles correspond to equilibrium
condition and are almost horizontal for most of
the flow length, but bend sharply near the out-
fall because of assumed free fall condition at the
outlet. Fig. 6 shows the equilibrium water profile
of overland flow under constant rainfall for
several values of slope parameter I, corresponding
to 61=10". For channel, under identical condi-
tions, the water profiles are found to be similar

R’= CONSTANT 14=00
0.061~
T I~ E.]:]OG
0-04F =
Hy - gr=107

0-02F- eﬁ
o —
o =10 \
! |

o]¢] 1 L 1
00 02 0-4 0.6 0.8 1.0

X1 —

Fig. 5 Water profile of overland flow under
equilibrium condition.

R'=CONSTANT EF10

0 0-2 0-4 06 0.8 1.0

Fig. 6 Equilibrium water profile of over-
land flow for several values of 7;.

to those for overland. The differences among the
water profiles for various slope paramecters affect
the hydrograph and the storage-discharge rela-
tionships as will be discussed later.

b) Discharge hydrographs

Figs. 7, 8 and 9 show the dimensionless dis-
charge hydrographs at the overland outfall for
horizontal bed corresponding to rainfall of
constant intensity, cosine variation and triangular
variation, respectively. Figs. 10, 11 and 12 show
the same at the channel outlet under identical
conditions. It is noticed that in the case of non-
dimensional discharge hydrographs time to peak
decreases with increasing value of e. Figs. 13,
14 and 15 show the overland discharge hydro-
graphs for sloped beds corresponding to the three
types of rainfall patterns mentioned earlier. In
this case a constant value of e1=107 and several

7
1.0 E!:ms £1:=10 Ew=|06

1,=0.0
0.8

A
| 0.6
G

0.4

0.2

Fig. 7 Discharge hydrographs for constant
rainfall (overland).

08 10 Az ¢ 16
h—

Fig. 8 Discharge hydrographs for rainfall
of cosine variation (overland).
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Fig. 9 Discharge hydrographs for rainfall
of triangular variation (overland).
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Fig. 10 Discharge hydrographs for constant
rainfall (channel).
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Fig. 11 Discharge hydrographs for rainfall
of cosine variation (channel).
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Fig. 12 Discharge hydrographs for rainfall
of triangular variation (channel).
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Fig. 13 Overland discharge hydrographs for
several values of I, {constant rainfall).
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Fig. 14 Overland discharge hydrographs for
several values of I: (cosine rainfall).
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Fig. 15 Overland discharge hydrograph for
several values of /1 (triangular rainfall).

values of I, are considered. As expected, the
rising and recession stages of hydrographs be-
come steeper with increasing value of Ii. For
channel with sloped beds and under identical
conditions similar hydrographs are obtained.

All the discharge hydrographs are drawn here
corresponding to the cquilibrium state of flow.
Except in Fig. 13, it is further considered that
recession starts immediately after equilibrium
state is reached. As such, rainfall duration Tz
is different for different magnitudes of e;.

(5) Storage-discharge curves

a) Horizontal system (/=0)

The non-dimensional storage and discharge
may be expressed, respectively, by the expres-
sions Sj:&hdx/h*x* and Qi=uhfushsl, . It

J

may be noted that all the curves in this paper
are based on the non-dimensional analysis and the
actual shape of the curves in the dimensional
form depends on the normalizing operators.
Fig. 16 shows the logarithmic plot of nondimen-
sional storage-discharge relation for overland
and channel flows for constant rainfall over
horizontal beds. The round points in this figure
indicate different rainfall durations. It is seen
that each storage-discharge relation follows
the same rising and recession curves for different
durations of rainfall. In overland storage-dis-
charge relation the rising and recession limbs
do not differ much. As such, each storage-dis-
charge curve may be replaced by an averagc
dashed line curve. These dashed line curves are

0sF 5
ES10
CHANNEL
1, =0 € s’
4
£,510
0.1+ / |
0.051 b
Sj
0.01F
0-002 i L L
005 0l 05 10

o

Fig. 16 Logarithmic storage-discharge rela-
tion for overland and channel under con-
stant rainfall.

sl €,=10%
GHANNEL

12= EZ=‘IO3
1,2
0.1 /
1,2

52=10L

\

.05}~ // €1=10°

L2 7
E1=10

I | overLanD

5 11=0 gy=10°

01 2 Z
2

008 ! 1. COSINE RAINFALL
Z 2. TRIANGULAR

-002 | L J
01 05 1 2

GJ' —
Fig. 17 Logarithmic storage-discharge rela-
tion for overland and channel under vari-
able rainfall.

found to be parallel to one another for different
values of ei. Also in Fig. 16, the rising and
recession limbs of storage-discharge curves for
channel are found to be identical and are re-
presented by straight lines which are parallel for
different values of €.

Fig. 17 shows both overland and channel
storage-discharge relations on log-log graph
paper under variable rainfalls over horizontal
bed. For overland, it is seen that for both the
cases of variable rainfall the rising and recession
limbs are quite close and may bec replaced by
average straight line curves. In the case of
channel flow, the rising and recession limbs are
found to be identical and follow the same straight
line curve for both the types of variable rainfall.
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Fig. 18 Logarithmic storage-discharge rela-
tion for overland and channel under vari-
able rainfall of different durations.

Fig. 18 shows an example of overland and
channel storage-discharge relation for the vari-
able rainfall of different durations. In the case of
overland flow the rising limb differs a little with
different rainfall durations and the rising limb
approaches the recession limb with increasing
rainfall duration. The recession limb is, how-
ever, not affected by the duration of rainfall.
The error involved due to the variation corres-
ponding to different rainfall durations is found
to be inappreciable. In the case of channel flow
under similar conditions, the rising and reces-
sion limbs of storage-discharge curves are found
to coincide and follow the same straight line for
all durations of rainfall up to the equilibrium
stage. As such, channel storage-discharge rela-
tion is independent of the duration of rainfall.

Now, it is found that the average storage-dis-
charge curves in Figs. 16, 17 and 18 are all
parallel to one another for both overland and
channel flows. When different storage-discharge
curves are approximated to be straight lines,
the following general non-dimensional equation
is derived for the overland and channel with
horizontal bed.

. VQ;
Sj=C B S (25)
where S;: non-dimensional storage, @j: non-

dimensional  discharge, C: non-dimensional
storage-discharge coefficient, and m: exponent
of €5, From this analysis the magnitudes of C
and m recommended are C=1.0 and m=0.233
for all cases of both overland and channel flows.
b) For sloped bed (I0)
Figs. 19 and 20 show the storage-discharge

&=107 0.,
R’= CONSTANT " =10
-1
0.01- 1, =10
I.oos— 1,10
51
0.001 | |

o

Al 1.0

Qy——

Fig. 19 Iogarithmic storage-discharge rela-
tion for overland for several values of Ii.

0.3— CHANNEL {2=100_2
- & 2=
T CONSTANT __7* 22101
01+
S2 / I=1.0
0.05
a €2 =103
B € =107
0-01 | [ !
0.1 05 10
Q; —

Fig. 20 Logarithmic storage-discharge rela-
tion for channel for severl values of 7..

relations respectively for the overland and
channel flows for constant rainfall over sloped
beds. There is an interesting phenomenon in the
shape of the curves for the overland flow. For
slope parameter Ii=1~10"!, at the same dis-
charge, there is more storage during the rising
period than in the recession period. TFor slope
parameter I1=10"%, at the same discharge, the
storage is almost the same for both rising and
recession periods. But for I1=0 the position of
the rising and recession limbs are reversed and at
the same discharge there is more storage in reces-
sion than in rising. But in the case of channel
flow it is seen that the rising and recession limbs
are overlapped and are represented by the same
line for the slope parameter I,=0, 10~ and 10~
But for I:=1.0, the rising and recession limbs are
found to separate and at the same discharge the
storage volume is larger in rising than in reces-
sion. Fig. 21 shows the overland and channel
storage-discharge relation for Ii=1/,=10" under
the constant rainfall corresponding to several
values of e and . For each case of overland
and channel flows, the average storage-discharge
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Fig. 21 ILogarithmic storage-discharge rela-
tion for overland and channel having Ii==
I3==10"2.

curves approximated to be straight lines are
found to be parallel to one another. It is found
that for slope parameters Ii=1I:=10"%, the stor-
age-discharge relation may be expressed by
Eq. (25). For the channel, the same values of C=
1.0 and m=0.233 as for the horizontal bed are
obtained, but for the overland C=1.0 and m—=
0.245 are obtained.

4. DISCUSSIONS

(1) Storage-discharge relationships

The derived approximated values of C=1.0,
m=0.233 with respect to Eq. (25) gives an error
of 59 to 109%, at very low discharge for the over-
land storage-discharge relation in Fig. 16. But,
as the discharge increases, the error diminishes
and becomes negligible. The channel storage-
discharge relations in Fig. 16 may also be ex-
pressed by Eq. (25) with negligible error.

If the rising and recession limbs of overland
storage-discharge relation as shown in Fig. 17
are approximated to be straight lines, the error
in the case of rainfall of cosine variation is found
to be comparatively larger than that for tri-
angular variation. Even then, the maximum
error in the case of rainfall of cosine variation at
very low discharge is in between 59, to 109%,. But
this error decreases with increasing discharge
and becomes negligible.

Fig. 18 shows an example of variation in the
storage-discharge relation for the rainfall of co-
sine variation of different durations. For over-

land, it is seen that for the rainfall of small
duration the difference between the rising and
recession limbs is comparatively wider than that
for rainfall of longer durations. But the difference
is so small that it can be neglected without any
serious error. The channel storage-discharge
relation is, of course, found to be independent
of the duration of rainfall. As such, Eq. (25) may
be applied to both overland and channel under
variable rainfall of any duration.

Fig. 21 shows the storage-discharge relation for
overland and channel for slope parameters 1=
I:=10"2. It is seen that the rising and recession
limbs follow the samec straight line curves and
these may also be represented by Eq. (25).

Although the parameter # has been obtained
as m=0.245 for overland with I;=1072, however,
even if we use the same value of m=0.233 as
that for 7;—0, then the resulting difference in the
discharge hydrographs for the two cases of m=
0.233 and 0.245 is found to be small and may be
neglected. Hence, for practical conveniences it is
recommended that the values of C=1 and m=
0.233 may be used for both overland and channel
systems having the slope parameter from I=0 to
I=10"2

As described above, the storage-discharge
relation is identified into a single functional form
with specified coefficient C and exponent
however, for the basin with sloped bed having
large value of I, the considerable difference
between the rising and recession stages is
pointed out. The fact has already been ob-
served empirically for the real watershed and
has been explained conceptually as depending
on the difference in the water surface gradients
between the rising and recession stages. Com-
paring the water profiles with the hydrographs,
it may be explained as follows. For the larger
value of I, the water may flow faster in the rising
stage and the water surface profile in an average
meaning may become much more steeper than
that in the recession stage. On the other hand,
for smaller value of I less flow may occur and
differences in water surface gradient between
the rising and recession stages may becmoe
smaller resulting less difference in the two limbs
in the $-Q relation.

Even in an actual specified watershed various
kinds of s-g relation have been observed due to
the various rainfall occurrences. Also. in the
present paper, even in a specified basin the dimen-
sional s—¢ relation may be affected slightly by dif-
ferent rainfall intensities in various cases through
the normalizing operator #*. But, it should
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be emphasized here that, since the operator #*
is included in the parameter ¢, the non-dimen-
sional S-0 relation may be identified for the basin.

(2) Limitation of the applicability

The storage-discharge relation as expressed by
Eqg. (25) is expected to be applicable for any
pattern of rainfall, for any normal roughness
condition of the basin and for any practical flow
length. But the applicability of Eq. (25) is
limited by the slope parameter. Equation (25)
is expected to hold good for any value of slope
parameter varying from =0 to I=10"% But for
higher values of slope parameter, the difference
between the rising and recession limbs in the
storage-discharge curves is wider. If for such
cases the storage-discharge curves are approxi-
mated to be straight lines and Eq. (25) is applied,
then the resulting error may be so large that the
relation given by Eq. (25) is of no practical
significance. As such, it is recommended that
Eq. (25) may be applied to overland and channel
systems having slope parameter from I=0
(horizontal) to /=102

(3) Hydrograph estimation as a lumped system

If the rainfall pattern and the characteristics
of a basin are known, time-discharge relation and
consequently discharge hydrographs may be
obtained with the help of Eq. (25) and the basic
continuity equation,

das

G =RTQ (26)

Yor the overland flow under constant rain-
fall the non-dimensional lateral inflow R=R"==1
for the rising period of hydrograph and R'=0
for the recession period. Then solving Eqgs. (25)
and (26) the following results are obtained. For
the rising limb of hydrograph

Rt
Q_{ o } .................................... (27)
and for the recession limb
—.——_————~1 cesemsmrrsresreveremanrnaas
Q= (1+(T—Tr)}? ~(28)

where k=¢™/C. Now € may be calculated by
Eq. (18) and non-dimensional discharge hydro-
graphs may be drawn from Egs. (27) and (28).

In case of rainfall of cosine and triangular
variation, the non-dimensional rainfall R’ varies
with time. Then solving Egs. (25) and (26) for
the variable rainfall the following solution is ob-
tained.

QT +AT)=QT)+2x VQ(R' - QAT

L(KR=Q) o AR
——4K2Q(R’—Q)}AT2 T (29)

From Eq. (29) discharge hydrographs for vari-
able rainfall may be obtained. Expressions may
similarly be deduced for channel flow and channel
hydrographs may be obtained.

The overland discharge hydrographs for the
horizontal bed obtained by equations (27), (28)
and (29) which represent a lumped system is
checked by the computer solution considering
a distributed system.

The comparative results are shown in Figs. 22,
23 and 24 for the rainfall of constant intensity,

- g,=107
R=CONST.
To.e“ 4=0
[el} -
A
0 ~ DISTRIBUTED SYSTEM
o LUMPED SYSTEM
0 ] l [ |
0 04 08 12
Tt—>

Fig. 22 Overland discharge hydrographs
compared under constant rainfall.

2.0F
2 COSINE RAIN
B €1=107
1.6 11=0
T 121
Qy r
— DISTRIBUTED SYSTEM
0.8~ o LUMPED SYSTEM
04—
0 i ! I 1 !

0 04 08 12 6
T —
Fig. 23 Overland -discharge hydrographs
compared under rainfall of cosine varia-
tion.
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cosine variation and triangular variation re-
spectively. Fig. 25 shows the overland discharge
hydrograph obtained by computer solution for
I1=10"?% under rainfall of constant intensity and
that by Eqsl (27) and (28) with C=1.0 and m=
0.233. The calculations by the two systems are
found to agree extremely well, for all the above
cases.

(4) Practical use

In case of conventional storage-discharge rela-
tion of S=kQ>, the magnitudes of & and p are
generally determined from the data of direct
field observations. A large number of observed
data become necessary with the variation of
rainfall pattern and basin characteristics. In this
context, the results obtained by this study are
of great practical significance. The work involv-
ing laborious and time consuming detailed

16
Q. 7/
B R'=TRIANGULAR
€4=107
120 1720

Q|-

0-4=|  _ DISTRIBUTED SYSTEM

o LUMPED SYSTEM

0 [ | ! 1 |
0 04 08 12
T

Fig. 24 Overland discharge hydrographs
compared under rainfall of triangular

variation.
1.0 g,=107
B R=CONST.
T 08 1421077
G4 I
0.4
— DISTRIBUTED SYSTEM
o LUMPED SYSTEM
0 L i I T
0 04 08 a2
Ty~

Fig. 25 Overland discharge
compared for I=10"2

hydrographs

calculations and direct field observations to
specify the parameters may be greatly reduced.
Of course, the actual runoff process includes
many complicated factors, but it should be noted
here that the essential form of the non-dimen-
sional S-Q relation is expressed in terms of the
hydraulic and geographical characteristics. 1f
the rainfall records and basin characteristics
are known, the magnitudes of the coefficient and
the exponent in storage-discharge relation obtain-
ed by the numerical solution of this study may
be put to immediate practical use. Overland
discharge hydrographs may be prepared with
the help of Eqgs. (27), (28), and (29). For channel,
similar equations may be deduced and applied.
The above equations cover a wider range of
values for different rainfall patterns and basin
characteristics. The only restriction is in the
case of slope parameter. The results of this
study may be applied with great accuracy to all
basins having overland and channel slope param-
eters varying from I=0to I=10"% To solve the
runoff problems in Bangladesh which is pre-
dominantly flat and other flat basins around the
world this study provides a brief, convenient and
direct method which may be put to practical use
without difficulties.

The non-dimensional discharge hydrographs
obtained with the help of Egs. (27), (28) and (29)
may be converted to dimensional forms by
multiplying Q and T by their normalizing opera-
tors ¢* and #*. Other hydraulic characteristics
e.g. water profile etc. may similarly be converted
to dimensional quantities.

5. CONCLUSIONS

The following conclusions may be drawn as
a result of this study.

1) For overland and channel flow systems
over horizontal beds, the parameters ¢, #, L and
#* may be combined together and replaced by
a single non-dimensional parameter ¢ as expressed
by Eq. (18). For sloped beds, however, there is
an additional parameter I as expressed by Eq.
(21).

2) Discharge hydrographs, water profiles,
storage-discharge relations etc. for overland and
channel basins may be obtained by using an
appropriate mathematical model and numerical
methods.

3) For the overland and channel having slope
parameter varying from /=0 to 1072, the non-
dimensional storage-discharge relation is ex-
pressed by
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The values of the parameters m and C are estimat-
ed as m=0.233 and C=1.0 for the general use.

4) For the overland and channel having slope
parameter from I==0 to 1072, it is possible to
lump the distributed system into a lumped system.
It is possible to construct the discharge hydro-
graph directly from rainfall data and basin
characteristics. Other hydraulic behaviours in
the flat land may also be analyzed with the help
of the non-dimensional expressions for the gen-
eral cases.
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