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OVERLAND FLOW CHARACTERISTICS USING
KINEMATIC WAVE FORMULATION
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ABSTRACT

The characteristics of overland How resulting from a uniform raintall
intensity on an impervious sloping plane are investipaied. The
characteristic solution of the one dimensional unsteady nonuniform flow
equations with the kinematic wave approximation applied to the
momentum equation is used. The influence of the ditferent overland Now
parametcrs  on the synthesized hydrograph, the peak runoft discharge,
and the tume taken to reach equilibrium is studied for the case of turbulent
flow. The overland flow parameters include the slope and the length of
the plane, the surface resistance, and the uniform rainfall intensity. A
dimensionless peak runoff hydrograph is determined and compared with
both Izzard’s experimental dimensionless hydrograph and the
dimensionless hydrograph determined by the finite difterencc solution of
the full dynamic form of the momentum equation.

INTRODUCTION

The hydrologic response ot watersheds to rainfall has always been
asubject of’ great importance in the sense that the surface runeftin the
torm of overland flow resulting from the rainfall excess tinally flows into

rivers or reservoirs. The unsteady nature of the overland flow over plane
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surfaces and whieh is deseribed by the one-dimensional shallow water
St. Venant equations have been numerically solved using numerous
explicit and implicit finite difference schemes. The kinematic wave
approximation of the shallow water equations with the method of
characteristics as a solution technique has the advantage that it provides a
direct analytical solution to predict the overland flow hydrograph. Two
important features of the outflow hydrograph are of interest, tirst, the
peak runoff and its time of occurrence, second, the effect of the relevant
parameters on the peak runoff and its time of occurrence.

Muzik [8] experimentally investigated the application of the
instantaneous unit hydrograph and the kincmatic wave concepts to
simulate the rainfall-runoff process. Morgali and Linsely [2] introduced
an explicit finite difference scheme to synthesize the overland flow
hydrograph. They used the continuily equation and the full dynamic torm
of the momentuin equation to simulate overland flow. The influence of
the overland flow parameters was investigated and an empirically fitted

equation was developed to evaluate the time to reach equilibrium « as a

function of the different overland flow parameters in the form:

LD.!‘)! nO.ﬂJS

"-=59'6-f_°-"w ................................................................ (1)

in which L, n, i, and §, are iength of the overland flow plane, Manning
coefficient of roughness, uniform rainfall intensity, and slope of 1he
overland flow plane, respectively. Holden and Stephenson {!2] used an
improved four-point finite difference scheme to solve the kinematic
equations for overland flow. Hjelmfelt [11] applied the kinematic wave
approach to study the influence of time distribution of rainfall on peak
discharge and time to reach equilibrium. Ragan and Duru [6] applied the
method of characteristics 1o develop a nomograph based on the kinematic

wave formulation to determine the time to equilibrium for overland flow.
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In the present study, the influence of the different overland flow
parameters on the rising runoff discharge hydrograph is invesugatcd. The
kinematic wave approximation is used to derive the basic difterential
equation representing overland flow and the method of characteristic is
used as the solution procedure. A comparison is made between the
predicted results for thc peak runoff discharge and the time to reach
equilibrium with the corresponding results obtained by Morgali [2] and

Izzard's experimental data [ 1.

THEORETICAL CONSIDERATIONS
For the overland flow on the plane shown tn figure 1, the one-
dimensional flow equations for unsteady nonuniform {ree surface flow

are given by the mass and momentun conservation {3} and [9] in the

form:
RAINFALL INTENSITY, i
VULELVELLED LT
‘\
e S,
L
Figure 1. Definition sketch of the overland flow plane
—Q}i+é‘i e (2}
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where t = time, x = distance along the overland tlow plane, y = depth of

flow, q = rate of flow per unit width, i = rainfall rate, V = average
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velocity, S, = friction slope, S,= slope of the overland flow plane, and g
= pravitational acceleration.

The kinematic wave approximation reduces the momentum equation o
the form:

Sy =8, eeree et ettt e e e (4)
The friction slope §, for unsteady nonuniform flow is assumed 1o be the

same as that for uniform flow having the same depth and averape

velocity. Thus, for uniform turbulent flow, S, can be expressed for wide

channels from Manning equation as:

"zq:
T 2008y

From equation (5), a depth discharpe relationship can be written as:

in which «and m arc constants depending on the resistance equation used
to express the friction slope term. For Manning’s equation (5) a is
1.4868°* /n and m is 5/3.

The dimensional kinematic wave formulation of overland flow comprise
the continuily equation {2) and the momentum equation (6). Substitution

of equation (6) into equation (2) yields:

& i O 7
o e o B vttt i e e r s n vt nrers e inan (7
METHOD OF SOLUTION

The method of characteristies {3], [9], [11], and [12] is used to transtorm
the partial difterential equation (7) into an ordinary differeniial equation
dy/dt = i and which is valid along the characteristic line defined by
dvtedt = amy”™ in the (x-t) plane.

The rising hydrograph of the runoff discharge at the downsiream
boundary, x = L, can be expressed as:

g =a(iny” IR 2= U P 18)
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where ¢, defined by the time to equilibrium, is the time at which the

partial equilibrium hydrograph is reached and is given by:

dem Ifar
‘= [E—J ................................................................... 9)
x

At that time, the runoff discharge reaches its peak value and a partial
equitlibrium (steady state condition} is reached for values of ; <:1sT
where T is the storin duration. Substitution of t in equation (8) equal to ¢,

from equation (9) provides the value of the peak runoff discharge.

ANALYSIS OF THE RESULTS AND COMPARISONS
The effect of the different overland flow parameters, namely, the
length of the overland flow plane L, the slope of the overland flow plane

S, the surface roughness n, and the rainfall intensity i, on the rising

runoff hydrograph is shown in figure 2 a, b, ¢, and d. The effect of the
surface roughness of the overland flow plane on the rising runotf
hydrograph is shown in figure 2a for different values of Manning
coefficient of roughness, n, varying from 0.02 to 0.5. The other overland

flow parameters have constant values of L = 72 ft.,, §,= 0.04, and | =

3.66 in/hr. {2 ]. The figure shows that the roughness of the overland flow
plane has no effect on the peak runoff but it only delays its time of
occurrence as it increases.

The effect of the slope of the overland flow plane on the rising
runoff hydrograph is shown in figure 2b. for different slopes varying
from 0.0l to 0.06. The constant parameters are L =72 ft., n=0.4,and i =
3.6 in‘hr [2]. Similar to the roughness effect, the slope does not have any
influence on the peak runoff but it only decreases its time of occurrence

as it increases.
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Figures 2e shows the effect of varying the rainfall intensity
from 1.89 in/hr. to 4 in/hr.  with the constant values for the other
parameters as L. = 72 ft., n = 0.4, and S, = 0.04 [2]. The increase of the
rainfall intensity increases the peak runoff and decreases the time to
equilibrium.

The effect of the length of the overland flow plane on the unoff
hydrograph is shown in figure 2d. Different lengths of 30 ft., 72 ft., 100
ft., 150 ft., and 200 ft. are used . The constant parameters are i = 3.6
in/hr,, §, = 0.04, and n = 0.4 [2]. The figure shows that the length
variation has no effect on the hydrograph shape but rather increases both

the peak runoff and the time to equilibrium as it increases.
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Figure 2. Effect of the different overland flow parameters
on the rising runoff hydrograph.
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Figure 3 illustrates the variation of the peak runoff with the
different overland flow parameters. Both the kinematic wave
approximation and the finite difference solution of the full dynamic
equation [2] were used to compute the peak runoff and then beth
compared with the variation of each of the overland flow parameters. \

Similar to figure 3, figure 4 is prepared to show the variation of the
time to reach equilibrium with the different overland flow parameters.
Also, both the kinematic wave approximation and the finite difference
solution of the full dynamic equation [2] were used to compute the time
to equilibrium using equation (1) and then both compared with variation
of each of the overland flow parameters. Moreover, remarkable
observations in figures 3 and 4 are evident, the kinematic wave
approximation and the finite difference solution of the full dynamic
equation show different effect of the surface roughness, the slope and
length of the overland flow plane on the peak runoff dischrage while both
show the same increasing effect of the rainfall intensity on the peak
runoff discharge as the rainfall intensity increases. As far as the time of
equilibrium is concerned, both the kinematic wave approximation and the
finite difference solution of the full dynamic equation show the same
effect of the different overland flow parameters on the peak runoff
discharge.

As the time to reach equilibrium s represents the time at which the
peak runoff discharge occurs and the flow conditions reaches its partial
equilibrium state, ie., the flow changes from unsteady nenuniform to
steady uniform, it is then meaningful to study the effect of the kinematic
wave approximation on the predicted values of the time to reach
equilibrium against the respective values using the finite difference
solution of the full dynamic equation. Such effect is shown in figure 5

which shows that the kinematic wave approximation resultcd in
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runoft for the different overland flow parameters.
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a reduction in the estimated value of the time to equilibrium. Also, an
increasing trend in the reduction is observed as the time to equilibrium

increases.
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Figure 5: Effect of the kinematic wave approximation on the time to
equilibrium.

The synthesized hydrograph can be represented in a dimensionless
form by plotting (¢/¢,) against (/¢ ) where ¢ is the runoff in ume «.
Such plot is shown in figure 6. The dimensionless hydrograph based on
the kinematic wave approximation is shown together with the
dimensionless hydrographs based on both the {inite ditlerence solution of
the full dynamic equation and the lzzard's experimental data {1]. The
figure clearly illustrates the underestimation of the runoff based on the
kinematic wave approximation comparable with the other diinensionless

hydrographs.
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Figure 6: Dimensionless hydrographs (4/4,) versus (/).

CONCLUSIONS
From the present study, the following conclusions are drawn:

1- The simulation of overland flow using the kinematic wave approach
resulted in a reduction in the estimated values of the peak runotf
discharge and the time to reach equilibrium.

2- The kinematic wave approach and the finite difference sohuion of the
full dynamic equation show different effects of the surface roughness,
slope and length of the overland flow plane on the peak runoft
discharge.

3- The developed dimensionless hydrograph based on the kinematic wave
approximation showed considerable deviation fromn both dimensionless
hydrographs based on Izzard’s expernimental data and the finite

difference solution of the full dynamic form of the momenwim equation
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4- Further verification to check the validity of the kinematic wave mode!
to simulate overland flow is still needed by conducting a
comprehensive comparisons with the numerous available explicit and
implicit finite difference solutions of the full dynamic form of the

momentum equation.
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The following symbols are used in this paper:

g = gravitational acceleration;

i = rainfall intensity;

L = length of the overland flow plane;

n = Manning coefficient of roughness;

q = runoff discharge per unit widih;

Qo = peak runoff discharge per unit widih;

S = slope of the overland flow plane;

S = friction slope;

T = storm duration;

t =time;

t. = time 10 equilibrium;

\Y = average velocity;

X = distance along the overland flow plane;
y = depth of flow; and

a andm  =constants.
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