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ABSTRACT

The solution of equations of continuity and motion for overland
flow, whether analytical or numerical, requires specification of
initial and boundary conditions. A laboratory experiment was carriled
out to evaluate the Influence of upstream boundary conditions on
overland flow, under rainfall. The experiments were conducted in an
impermeable plane surface using a rainfall simulator. Results of this
study show the importance of considering, for gentle slopes, other
upstream boundary conditions rather than the most frequently used
h(0,t)=0 for t» 0, where h(x,t) is the flow depth as function of
position % and time t,

The method of characteristics is used to solve the kinematic
wave equations for overland flow on an impermeable plane under time
dependent upper boundary conditions. An application 1s worked out for
a cascade of two planes. Typical characteristic contour plots and
hydrographs of discharge and depth of flow are presented.

NOTATION

The following symbols are used in this report:

Cc = constant {m/s)
Cq = parameter {m)
Ca = parameter ()
Ca = parameter {m)
Cy4 = parameter {s/m)
D = backwater distance {m)
Dy = domain i1 of characteristic map ()

£ = Darcy-Weisbach friction factor (-)
h(x,t) = flow depth function of x and t (m)

L = lenght measured azlong the plane (m)
L* = horizontal length of application of rainfall (m)
n = parameter for the type of flow (-)

P = rainfall per unit area of the plane (més)
q = volumetric water flux per unit plane width (m</3)
Q = discharge (1/s)
Qo = discharge at x=0 (1/s)
QL = discharge at x=L (1/s)
R = gffective rainfall rate (n/s)
5 = slope gradient (=)

t = time (s)

T = water temperature (°C)
Tp =~ duration of effective rainfall (s8)
U = mean overland flow velocity (m/s)
X = distance along the plane (x=0 is defined as the

upslope limit of the applied vertical rainfall) (m)
=~ hydraulic coefficient (=)
surface tension contact angle (degrees)
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1. INTRODUCTION

The solution of equations of continuity and motion for overland
flow, whether analytical or numerical, require specification of
initial and boundary conditions.

The upstream boundary condition most frequently used in overland
flow modelling is h(0,t) = O fotlt > 0 (Fig. la), where h(x,t) is the
flow depth as function of position x and time t. For wvertical
rainfall and for steep slopes and watersheds this condition is wvalid,
but for moderate .to gentle slopes 1its wvalidity 1s questicnable
{(Singh, 1978). Mathematical tractability is perhaps one reason for
its use,.

Robertson et al, 1966, Kilinc & Richardson, 1973, and many other
researchers, assumed an overland flow profile as presented in Fig.
la. Shen and Li, 1973, carried out experiments on overland flow over
smooth surfaces caused by a constant base flow and constant rainfall
rate. They studied the effect of different boundary conditions (one
is shown in Fig. 1b, for a fully supercritical regime). They also
concluded that the flow regime may change from supercritical to
suberitical and vice versa under the influence of rainfall. Lima,
1989, studied the effect of oblique rainfall on the overland flow
process and verified that the impact of inclined raindrops and the
shear stress caused by wind (blowing up-slope) at the water surface
may create a discharge at the upstream boundary of the plane
(depending strongly on slope, rainfall intensity and wind speed}.
This 1implies the existence of a non-zerc water depth at x~0 (Fig,
1c). :

A laboratory experiment, described in Chapter 2, was carried out
to evaluate the influence of upstream boundary conditions on the
overland flow process for vertical rainfall. Case d (Fig. 1) was
chosen for the laboratory set-up. It tries to represent saturation
overland flow (Dunne & Leopold, 1978) where excess rainfall only
begins at a certain distance from the top of the slope. The
experiments were carrled out on an Jimpermeable plane under the
conditions described in detail in Chapter 2. In fact 1d 1is a
patrticular case of 1b (Shen and Li, 1973) with zero inflow discharge,
Qo, at x=0,

Case d (Fig. 1) is rather difficult to model because: (1)
resistance coefficients for steady uniform turbulent flow are not
applicable; at x=0 Q, may be zero, but there exists a non-zero water
depth; (2) surface tension phenomena are not negligible on small
slope gradients (as observed in the laboratory experiments described
in Chapter 2); (3) the Initial flow is not uni-directional as water
will also flow wupslope at x=0; (4) rainfall is space dependent
(upstream of x=0 rainfall intensity is zero); (5) raindrop impacts on
the overland flow sheet further complicates the analysis. An
empirical relation 1is suggested in Chapter 2.

In Chapter 3 the method of the characteristics is used to solve
the kinematic wave equations for overland flow on an impermeable
plane under time dependent upper boundary conditions. This
application of the kinematic wave theory is best illustrated for a
cascade of planes (Kibler and Woolhiser, 1970, 1972), where the
discharge leaving the downstream boundary of one plane establishes
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the upstream boundary for the next plane. An application is worked
out for a cascade of two planes. Typical characteristic contour plots
and hydrographs of discharge and depth of flow are presented.

x=L QL

Flg. 1 - Upper boundary conditions commonly used for overland flow.

2, LABORATORY EXPERIMENT ON IMPERVIOUS SURFACE UNDER CONDITIONS OF
SIMULATED RAINFALL

2.1, INTRODUCTION

' Under field conditions, overland flow is extremely complex and
is not readily amenable to analytical treatment or description. In
order to evaluate the Influence of upstream boundatry conditions a
laboratory experiment was undertaken. In this study the following
simplifications were introduced:

1. The applied rainfall was vertical, uniformly distributed, of
constant intensity, and limited to a horizontal length L* (along the
‘inclined plane from x=0 to x=L; see Fig. 2).

2. Sufficient time had elapsed for the establishment of
equilibrium conditions.

3. The surface was an impervious plane with uniform width and
slope.



2.2. LABORATORY SET-UP

The laboratory experiment was carried out in the Hydraulic
Laboratory of the Department of Hydraulics & Catchment Hydrology of
the Agricultural University Wageningen.

The laboratory set-up (Fig. 2) is mainly composed of two units:

1. A channel, with an uniform rectangular cross gection of 1,02
m width. The slope of the channel can be adjusted with the aid of a
jack. The impermeable surface was smooth concrete.

2. The rainfall simulator consisted of circular plates with
conveyors to the edges of the plates where the drops are formed. It
penerates a uniformly distributed and time invariant geometrical
rainfall pattern. Drop shape differed significantly from the
equilibrium raindrop shape at terminal velocity due to oscillations
after release from the drop formers and small £fall height. The
equivalent diameter of the drops (defined as the diameter of a
spherical drop with the same mass) was rather large at the drop
formers (up to 8 mm). However, most simulated drops broke wup in
falling.

flowmeter rainfall simulator

i L* i vertical upstream
o - splash barrier

Fig. 2 - Layout of the experiment.

The rainfall intensity was measured with a flowmeter. At steady
state the rainfall Intensity was checked against a volumetric

discharge measurement {i.e. a weighing drum and a stopwatch), At
steady state, the water depth at L (hyp) and the backwater distance
measured upwards from x=0 (D) were measured (Fig. 2). The

experiment was repeated for different combinations of lengths (L*=
3.27 and 4.72 m), slopes (§ =0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1 and
4%), and rainfall intensities (ranging from 0.0207 to 0.1528 mm/s).
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2.3. RESULTS

Primary data collected at steady state for each simulation run
(defined as the experiment conducted with fixed length, slope and
ralnfall intensity) were (Table 1): length (L), slope (8), rainfall
intensity (P), water temperature (T), mean depth of flow at flume
outlet (hy), and backwater distance measured upwards from x=0 (D).
The measurements were taken after a time 1long enough to reach
equilibrium (steady state).

The overland flow sheet observed during the experimental runs,
both with and without upstream splash barrier, could be divided into
the following sections (Fig. 3a and 3b):

(1) Highly disturbed, downslope overland flow with direct impact
of raindrops and of raindrop splash droplets. Injections of dye both
in the raindrops and in the overland water sheet were rapidly
dispersed.

(2a) Disturbed, mainly radial flow with small circular wave
formation due to drop impact in section (1).

(2b) Disturbed, mainly radial flow with small circular wave
formation due to drop impact in section (1). Direct Impact of
raindroplets also existed.

(3) Stagnant water (horizontal water surface). After injection
of dye, no water movement observed (except gradual dye diffusion).

(4) Adhesive water. Surface tensions in the solid (bottom of the
flume)-liquid Interface with a certain contact angle B.

(5a) Wetted flume bottom (pre-wetted with a moisted cloth).
(5b) Wetted flume bottom with scattered water bubbles.
{6) Air dry flume bottom.

Rainfall intensity (P) plotted against distance D for a fixed
slope (S) is strongly subjected to hysteresis due to surface tension
effects on the flume bottom (Fig. 4). The measuring procedure was as
followsa: (1) start Initial rainfall on dry surface; (2) walt until
equilibrium (steady state) was reached; (3) measure primary data; (4)
increase or decrease discharge and repeat steps (2) to (4).
Hysteresis effect was observed to decrease with increasing slope
gradient. The importance of surface tension and surface wettability
characteristics with respect to the feasability of scale modelling of
the rainfall - surface runoff process, on impermeable planes, was
investigated by Graveto, 1970.



Taeble 1 - Primary data collected
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Table 1 - Primary data collected (cont.)

splash run T

No. date Dbarrier type (water) L* 5 Q hs, D
oc ] - 1/s mm cm

45 6/4/88 Y IN 15.8 4.72 0.001 0.20 5 99
46 6/4/88 Y IN 15.8 4,72 0.001 0.30 6 238
47 6/4/88 Y IN 15.8 4.72 0.001 0.4 7 325
48 6/4/88 Y IN 15.8 4.72 0.001 0,51 8 426
49 6/4/88 Y DE 15,8 4.72 0,001 0.3 7.5 424
50 6/4/88 Y DE 15.8 4,72 0.001 0.1 5 424
51 7/4/88 N IN 16.0 4,72 0,002 0.1 4 11
52 7/4/88 N IN 16.0 4.72 0.002 0.2 5 18
53 7/4/88 N IN 16.0 4.72 0.002 0.3 6 54
54 7/4/88 N IN 16,0 4.72 0,002 0.4 6.5 66
55 7/4/88 N IN l6.0 4.72 0.002 0.5 7 71
56 7/4/88 N DE 16.0 4.72 0.002 0.3 6 70
57 7/4/88 N DE 16.0 4.72 0.002 0.1 4.5 68
58 7/4/88 Y IN l6.1 3.27 0.002 0.1 4 13
59 7/4/88 Y IN 16.1 3.27 0.002 0.2 4.5 45
60 7/4/88 Y N 16.1 3.27 0.002 0.3 5 70
61 7/4/88 Y IN 16.1 3.27 0.002 0.4 & 98
62 7/4/88 Y IN l6.1 3.27 0.002 0.51 6.5 144
63 7/4/88 Y DE 16,1 3.27 0.002 0.3 5 138
64 7/4/88 Y DE 16.1 3.27 0.002 0.1 4.5 126
65 B/4/88 Y IN 16.1 3.27 0.002 0.3 5 80

Remarks:

Ne. = experimental run number

Date = day/month/year

Splash barrier:

Y = gplash barrier installed at x=0

N = no splash barrier installed

Run type:

IN =~ run executed for increasing rainfall intensity

DE = run executed for decreasing rainfall intensity

(See also Notation for list of symbols)




wall drops due to accumulated splash droplets

rqlndrops\_d vertical upstream splash barrier

drop formation in the splash barrier

splash
N / droplels

_— flume bottom
v

25 . 3 4 5b. 6 . _Isections)

Fig. 3 - Observed sections: a) with splash barrier; b) without
splash barrier.
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Fig. 4 - Hysteresis effect in the P-D relationship.
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In Fig. 5 the effect of the splash barrier is I1llustrated.
Removal of the splash barrier increased D.

In Fig. 6a, D was plotted against slope (5) in linear scales for
different rainfall intensities (P). For a horizontal surface (S=0), D
tends to infinity at steady state. In Fig. 6b, 1In(D) 1is plotted
against 1/S, for the same rainfall intensities. Linear relations have
been fitted with high regression coefficients. Thus, for a certain
rainfall Intensity, the backwater effect (D) can be estimated as a
functien of S, by:

Co/8
D=GCj e (2.1)

where G1 (m) and C9 are parameters. Cj can be considered independent
of slope (5) and rainfall intensity (P) because of the approximately
parallel lines in Fig. 6b. Values of C) and Cy are presented in the
Table of Fig. &.

4
P
{mm/sg)
0104 with F:4 r without
splash H splash
barrier 7 i barrier i
s /X
SO $:0.2%
ya L=472m
;‘// o :
oot S/
w f increasing rain.
H H fall intensity
. H J i decreasing rain.
fall intensity
0 Y T T , o

i

0 0.25 0.50 Q75 .
1.00 D{m)

Fig. 5 - Effect of the splash barrier in the P-D relationship.
The plot of 1n{(Gy) against the rainfall intemsity (P) results in
a straight-line relationship, defined by the equation (Fig. 7):
CyuP
Ci =~Cye (2.2)

where C3 (m) and C4 (m/s) are parameters.




D Fy
(m}
®
+ curve | symbol|Q{l/s | P(mm/s) equation r
000444
®| - >
40 0.51]| 0.106 |D=00548¢e 0.990
000487
@ x 0.40| 0.083 D=0.0333 ¢ s 0.994
@ 000480
@ * 0.30[ 0062 |0-=00213¢ ° 0994
: 0.00441
@ | o |o2|002 |p=0o1z7e > | oge7
304
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2 4
] -
2.0 04
-1 4
-2
-3 4
-4 - T T T T T »
200 400 600 800 1000 1/S
10{®
L=472m
@ {with splash barrier)

0001 0002 0003 Q004 0005 0007 aof 5

Fig. 6 - Relationship between D and S, for different rainfall
intensities and with splash barrier: a) 1linear scales; b) 1In(D)
against 1/8.
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Substictuting eq. (2.2) into eq. (2.1) yields an expression for D
(m) as a function of 8§ and P (m/s):

(C4P + Cp/8)
D==C3e (2.3)

The parameters Cy, C3 and C4 can be calculated by regression
techniques applied to laboratory data for each type of surface. In
these experiments, for the smooth concrete surface, we have:

Cp = 0.00458; G3 = 0.00502 m; Cp = 22704.7 s/m (2.4)

In Fig. 8, the Darcy-Weisbach friction factor (f) was plotted
against D, for measurements with increasing rainfall intensities (P).
The following expression was used to calculate the Darcy-Weisbach
friction factor (See Notatlon for list of symbols and units):

2
£=8ghS /U (2.5)

A strong reduction of the friction factor (f) is observed for
higher walues of D, which is in accordance with an increase of the
average water depth along the flume. In logarithmic scale the
relation 1is approximately a straight line (Fig. 9 ). A scattered
picture was found when plotting f against Reynolds number, Re.

} ) P
025x 107 05x10 4 0.75x10"% I.lelo'l‘ (m/s)

_I -
-2 4
227047 P
. Cy=0.00502e
{n=4; r=0.999)
-4 4
-5
Ln{Cy)
v

Fig. 7 - Relationship between In(Cy) and P.
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2.5 .
o with splesh barrier

L5 <> without splash barrier

8.5

D {m)

Fig. 8 - The relationship between f and D.

g - = with splash barrier

=%
8,5 M < without splagh barrier
) L‘n—%\

-1 -1 8 ' 1
log (D))

Fig. 9 - The relationship between f and D using logarithmic scales.

12



3. KINEMATIC MODELLING OF OVERLAND FLOW USING THE METHOD OF
CHARACTERISTICS

3.1 INTRODUCTION

The kinematic wave theory can be applied whenever the inflow,
free surface slope and inertia terms are all negligible in
comparison with those of bottom slope and friction. The friction
slope is assumed to be equal to the bed slope. In the 1laboratory
experiment described in Chapter 2, a region of horizontal water
surface is created, upstream of x=0, producing therefore a region of
invalidity in the solution given by the kinematic wave approximation.

However, the kinematic equations are adequate for general
application to overland flow studies. The method of characteristics
solution of kinematic wave problems is well known. Although
application of this solution is subjected to the computational
difficulty known as kinematic shock (Kibler & Woolhiser, 1972), the
method has the advantage of glving an analytical solution. A
kinematic analytical solution for overland flow under assumed time
dependent upper boundary conditions is presented for constant
rainfall rates. An example in given for a simple case of a cascade of
two planes.

3.2 THEORY

3.2.1. BASIC EQUATIONS
The equation of continuity for shallow water flow may be written
as (see Notatlon for list of symbols and units):

dh/8t + 3q/9x = R (3.1)

By assuming that the bed slope equals the frictifon slope
(kinematic wave assumption) and by using existing open-channel flow
friction equations we can express the discharge at any point and time
as a function of the water depth only, as follows:

n
q= ah (3.2)

By wusing the method of characteristics one can show that along
the characteristics (Eagleson, 1970), where

m-1
dx/dt = gmh (3.3)

13



we have;:

dq/dx

dh/dt

dq/dt

dh/dx

R/(x mh )

(3.4)

(3.5)

(3.6)

(3.7

To solve overland flow on a sloping plane subject to a uniform
effective rainfall rate, under time dependent wupper  boundary
conditions, the following boundary conditions are assumed (Fig. 10):

h{(0,t) = C ¢t (variable) 0 £ tgt*x

{ (3.8)
h{0,t) = C t* (constant) t* Lt T
h(x,0) =0 0 £xgL (3.9

where C, t¥, and Tp are constants.

tol3)

toi3)
£
// D,
7~ -
tol2lf Wl
-~
4
’
/
- +— Y >

h{0.,¢) Ct™ x=0 Xo x=L R R(t}
Fig. 10 - Characteristic map for time dependent upper boundary

conditions and rainfall of infinite duration.
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3.2.2. CASE I - RAINFALL OF INFINITE DURATION (Tgp-» <« )

The characteristics in the solution domain are shown in Fig. 10.
The solution domain can be partitioned into 3 domains: Dy, D2, and
D3. The solutions for these three domains, obtained by integration of
equations 3.3 to 3.7 under the boundary conditions 3.8 and 3.9, ' are
summarized here:

I.1 Domain D

Domain Dj is bounded by t=0, =x=L and the characteristic issuing
from the origin: t=t(x,0). The solution is given by:

R 1/m
h = {E(X'XO)] (3.10)

{(1-m)/m x-%p 1/m
t =R p1;-] (3.11)

where x, 1s a parameter representing the intersection of a
characteristic with the x-axls (dotted line in Fig. 10).

Therefore, along such a characteristic:

h = Rt (3.12)
1.2 Domain Dy

Domain Dg is bounded by x=0, =x-L, the characteristic issuing
from the origin: t=t(x,0), and the characteristic 1issuing from time
t¥*: t=t(x,t*)., The solution is given by:

. m 1l/m
h = [xR/a + (Ctg) ] (3.13)

m 1/m
[ xR/ a + (Ctg) ] - (C-R)tg
t - (3.14)
R

where tp(2) 1s a parameter representing the intersection of a
characteristic with the t-axis (dotted line in Fig. 10).

Therefore, along such a characteristic:

h = Rt + (C-R)tg (3.15)

15



I.3 Domain Da

Domain D3 is bounded by x=0, x=L, and the characteristic issuing
from t*: t=t(x,t*). The solutiomn is given by:

xR m l/m
h - [*;"* (Ct*) ] (3.16)
m 1l/m
{ xR/ a+ (Ct¥) } - (Ct¥*)
t = + tg (3.17)
R

Therefore, along such a characteristic:

h = R(t-tg) + Ct* (3.18)

i s
¥ -

- T
* < =
hiot) Cct x=0 Xg x=L R RIY

Fig. 11 - Characteristic map for time dependent upper boundary
conditions and rainfall of finite duration (TR). :

3.2.3. CASE IT - RAINFALL OF FINITE DURATION (Tp)

Depending upon the relative disposition of the boundary
characteristic, t=t(x,0), the characteristic issuing from tp=t* ,
t=t{x,t%), and the line t=Tp, many cases can be distinguished. Let us
consider as an example the case where t=Tp does not intercept the two
mentioned characteristics separating the three domains. The
characteristics iIn the solution domain for this case are shown in
Fig. 11. The solution domain can be partitioned into 5 sections: D,
Dy,..., Dsg. The solution for domains Dj, D, and D3 is the same as

16



described in case I. For domains D, and Dy, the following solutions
are obtained:

II.4 Domain Dy

Domain D4y is bounded by xu~L, t-Tp and the characteristic issuing
from tg=TR: t=t(x,Tp}. The solution is given by:

m 1/m
h = [xp4R/ o + (Ct*) ] (3.19)
(x-x04) m (l-m)/m
t = ——— { xo4R/0 + (Ct¥*) ) + Tg (3.20)

om
where =xp4 1is a parameter representing the Iintersection of a
characteristic t=t(x,xg4) with the line t=Tp.

I.5 Domain Dy

Domain D5 is bounded by x=0, x=L and the characteristic issuing
from Tg: t=t(x,Tg). The solution is given by:

h = Ct* {(3.21)
and
X 1-m
t = — (Ct*) + tp (3.22)
om

3.3. APPLICATION - CASCADE OF TWQ PLANES
Consider the following cascade of two planes (Fig. 12):

Ry =-2.73 mm/min

LI

R 2= 167 mm/min

Fig. 12 - Cascade of two planes,.
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Plane 1: m = 1.5 Plane 2: m = 1.5

01 = 5958 mml/2/min ty = 9486.8 mml/2/min
L] =5lm Ly = 200 m (3.26)
R1 = 2.73 mm/min Rg = 1.67 mm/min

The planes are assumed with unit widths; the rainfall stops at time
TR.

The following domains have to be taken into account: Dj1, Djyg,
D13 for plane 1, and D93, D32,..., D95 for plane 2 (Fig. 13). The
solution for plane 1 is given by equations 3.10 to 3.20 making C-=0.
For plane 2 the same equations are wvalid, assuming that, at x)=Lj and
x9=0, the following relations are true:

1/m
hy = (n1/a2) M (3.27)

and .i)m
G = (a1/62) Ry {C=2 mm/min in this example) (3.28)

However for domain D95 equations 3.21 and 3.22 are mnot wvalid
because beslides the ceasing of the rainfall we have to consider the
recession limb of plane 1 (Figures 13, 14 and 15).

For plane 1 the solution for domain Dyq is given by:

1/m
hy = (x012R1/ 1) (3.29)
(x1-x012) [(1-m)/m]
t = ——— { x012R1/%1)} + Tp (3.30)

U.lm

where =xp12 is a parameter representing the intersection of a
characteristic t=t(x,xg12) with the line t=Tp.

The parameter =xp12 may be eliminated to give an explicit
expression for hj as a function of x7 and t.

X1 l-m hy
t=—h; - —+Tg (3.31)
opm Rqm

Equation 3,30 at x1=Lj in combination with equation 3.27, gives
the wvalues of hy for any time tp at x3=0 for plane 2., Being hjp
constant along a characteristic, in domain D35 the solution is given
by:
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X2 1-m
t =— ho + to2
azm

(3.32)

Figure 13 shows the characteristic curves for the two slopes in
the x-t plane. In this example no shock-wave formation occurs (Kibler
and Woolhiser, 1970, 1972). Fipgure 14 and 15 sketch the depth of
water and discharge hydrographs for various values of x.

t{min
f { } 7/ ) y ‘t

| 7
TR= 10-y~—

X'; m
x4=5im %9=50m xp=100m x9=150m  x9=200m
X4=0m

o~ plane | —wie plane 2 »

¥1=0m

Fig. 13 - Characteristic map for a cascade of two planes and rainfall
of finite duration (TR).
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[mm} 1 ~--- plane |
plane 2

101

12 time (min)

Fig. 14 - System of hydrographs of depth of overland flow at various
values of x, for the cascade of two planes.

- discharge
(m2min)  §
05 . -——— plane | x2=200m
plane 2
0 ] x2=150m

o) // x2 = 100m
// xg = 50m

. — N

12 time (min)

Fig. 15 - System of hydrographs of discharge of overland flow at
various values of x, for the cascade of two planes.
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4. CONCLUSIONS

1) In the laboratory work, under vertical rainfall, it was found that
a body of nearly stagnant water upstream of x=0 was created for
gentle slopes (less than 1%). That body of water led to the
existence of a non-zero water depth at x=0, which consequently,
radically changes the overland flow process over the slope. The form
of the f-Re and £-D relations, which are of fundamental importance to
the mathematical modelling of overland flow, are affected. So, for
gently sloping impermeable plane surfaces under vertical rainfall,
care should be take in using h(0,t)=0 for t20 as a upper boundary
condition for overland flow. For oblique rainfall under wind blowing
up-slope there also exists a non-zerc water depth at x=0, depending
strongly on slope, rainfall intensity and wind speed (Lima, 1989).
Also 1in this case the condition h(0,t)=0 for t320 is no longer
applicable.

2) "As explained in the Introduction, the experiments undertaken in
Chapter 2 are difficult to simulate with a conceptual model. 8So, an
empirical formula relating the backwater effect (D) with the slope
(5) and the rainfall intensity {(P) was suggested (Eq. 2.3).

3) The role of surface tension, particularly for shallow flows
shortly after the start of the rainfall requires more experimental
attention, The hysteresis effect observed is caused by these surface
tension forces. Additional research could be the study of the effects
of roughness and surface wettability characteristics (using different
surface materials or adding to the surface a wetting agent).

4) The method presented here using characteristics is of easy
utilization and may serve as a test for finite difference schemes
designed to solve more difficult problems. Furthermore, the method is
free of any constraints on the space and time step used.

Acknowledgement

The author wishes to thank Prof., W.H. +wvan der Molen (Department of
Land and Water Use) and Dr. P.J.J.F. Torfs (Department of
Hydraulies and Catchment Hydrelogy) for their helpful suggestions and
"Comissdo Permanente INVOTAN" for financial support. The author is
very grateful to the University of Coimbra (Pertugal) for the
permission and partial support of his stay at the Agricultural
University Wageningen.

21



S : s e
- -
. s - [
- 1
-
. = i
= - N

IS 4 -
. , .
- —- .
A"

o i .

-
- ; 4 . -

- .
. s -
-
. s
- . -




REFERENCES

Abbott, M.B., 1966. An introduction to the method of characteristics,
Thames & Hudson, London, 243 p.

Dunne, T. & L.B. Leopold, 1978. Water in the envircenment planning.
Freeman, San Francisco, 818 p.

Graveto, V.M, do N,, 1970. Scale effects in the physical modeling of
surface runoff, Ph.D. thesis, Depart., Civil Eng., Massachusetts
Institute of Technology, 328 p.

Eagleson, P.S., 1970. Dynamic hydrology. McGraw-Hill,

Kibler, D.F. and Woolhiser, D.A., 1970. The kinematic cascade as a
hydrologic model. Hydrology paper No. 39, Colorado State
University, Fort Collins, Colorado, 30 p.

Kibler, D.¥. and Woolhiser, D.A., 1972. Mathematical properties of
the kinematic cascade. J., Hydr., Vol 15, 131-147,

Kilink, M. & E.V. Richardson, 1973.Mechanism of soil erosion from
overland flow generated by simulated rainfall. Hydrology Papers
No. 63, Colorado State University, Fort Collins, Colorado, 54 p.

Langford, KX.J., 1975. Overland flow. In: Prediction In catchment
hydrology, Edited by T.G. Chapman and F.X. Dunin, Australian
Academy of Science, 127-147.

Lima, J.L.M.P. de, 1988. The influence of the angle of incidence of
the rainfall on the overland flow process. (In preparation for
IAHS Third Scientific Assembly, Baltimore, May 10-19, 1989)

Robertson, A.F,, A.K. Turner, F.R. Crow and W.0. Ree, 1966. Runoff
from impervious surfaces under conditions of simulated rainfall,
Trans. ASAE, 9(3), 343-351.

Singh, V.P., 1978. Mathematical modelling of watershed runoff, Int.
Conf. Water Res. Eng., Bangkok, 703-726.

Singh, V.P., 1983, A mathematical study of erosion from upland areas.
Technical Report WRR1l, Dep. Civil Eng., Loulsiana State Unilv.,
199 p.

Shen, H.W. and R.W. Li, 1973. Rainfall effect on sheet flow over

smooth surfaces. J. Hyd. Div. Amer. Soc. Civ. Eng., 99(5), 771-
792.

22




-

-
Py

LR}

o

N

AR

ca
- -
-

sl



ANNEX - Example of derivation of the equations of Chapter 3.

Domain Dj (case I.2) was chosen as an example of derivation of
the equations for the different domains. The reader can easilly
‘obtaln the solution for the other domains by proceeding in a similar
way,

Domain D9 is bounded by x=0, x=L, the characteristic Issuing
from the origin: t=t(x,0), and the characteristic 1ssuing from time
t¥; t=t(x,t*). Integrating equation 3.5, gives:

t
h=[ Rdt + K=R(t - tg) +K (A1)
to
where the constant of  integration K follows from the -boundary

conditions: =x=0, t=tg and h(0,tp) = Ctp (equation 3.8). The value of
K is:

K = Ctg (A2)

Substituting equation A2 in Al, equation 3.15 is obtained:

h = Rt + (C-R)tp (A3=3.15)
Integration of equation 3.3, yields:

t m-1
[ o wmh

X
dt = [ dx (A4)
tg 0

Subsituting equation A3 in A4 and solving the integral, gives:

m .m
£ { [Rt + (C-RY)tg] - (Ctg) )} = x ‘(AS)
R

and rearranging equation A5, equation 3.14 is obtained:

m 1/m
[ xR/a + (Ctg) ) - {C-R)tp
t = {A6=3.14)
R

Substituting equation A3 into equation A5, t can be eliminated
to give equation 3.13:

m 1/m
h =~ [xR/a + (Cty) ) (a7-3.13)
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