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INTRODUCTION

Pollutants transported by storm water
-runoff from non-point sources are major con—
tributors to the degradation of the nation's
rivers. Studies have revealed that at certain
times urban storm water runoff is a more
serious threat to water quality than raw
sewage discharges. During some storm events,
runoff from street surfaces has been found to
contribute significantly more BOD (Bio-
chemical Oxygen Demand) to area waters than
the effluent from sewage treatment plants
(Ref. 1). Urban non-point pollution results
primarily from debris and contaminants on
the streets, contamimants from open land
areas, publicly used chemicals, and dirt and
contaminants washed from vehicles. Water
soluble chemicals and! pollutants have been
found in urban storm water runoff at environ-
mentally significant concentrations (Ref. 2).
Much attention has been given in recent

years to the development of models which can
simelate storn water runoff from watershed
surfaces. Theoretical equations have been
developed to describe shallow flow in open
channels and several adequately approximate
overland flow. These models or simplifications
of them have been used to simulate the
accumulation and removal of insoluble and
partially soluble non-point source pollutants

Refs 3, 4, 5). Although these models have
been tested for their ability to describe
unsteady, free-surface flow, they have not
been adequately tested as chemical transport
models. The purpose of this resezrch was to
develop a transport model for conservative
soluble pollutants on an impervious watershed
and to test it with data from a carefully
controlled experimental watershed.

KINEMATIC WAVE THEORY

One set of equations used to describe
overland flow is based on kinematic wave
theory. First introduced by Lighthill and
Whitham in 1955 (Ref. 6), the theory has been
applied to surface runoff by Henderson and
Vooding (Ref. 7), Wocding (Ref. 8), and
Yoolhiser (Ref. 9).

Derivation of the kinematic ecquations is
based upon the governing eguations for un-—
steady free-surface fleow introduced by DeSazint
v 10). The enuarion for continuity

venant (Ref.
¢ a plan. surface is:

at - ax 4 &

and the simplified momentum equation is:

S0 = Sf (2)
where: h = actual depth of flow,

q = lateral inflow rate,

x = distance from upstream boundary,

u = local average velocity,

t = time,

S = bed slope,

Sg = friction slope.

Substitution of the Darcy-Weisbach equa-
tion or the Chezy equation into Eq. (2) will
produce the following parametric relationship
for depth of flow and velocity:

m~1
u = ch 3
where: a = roughness and slope parameter,
m = flow regime parameter.

The parameter m has a value of approx-
imately 1.5 for turbulent flow. Equation (3)
has been used by researchers as the basic
relationship in numerous watershed models
(Refs 11, 12). Models by Harley et al.

(Ref 13) and Schaake (Ref. 14) have demon—
strated the applicability of the kinematic
wave theory in prediction of runeff hydro-
graphs.

FORMULATION OF THEORETICAL MODEL

The water quality model presented herein
is derived to predict the convective move-
ment of soluble, conservative pollutants in
overland flow. Dispersion is ignored. The
basic prediction model is derived by Brazil
(Ref. 15) from Eq. (3). The water particle
velocities are represented by:

dx
u = (gg)p )
Prior to the time of equilibrium (within
the shaded zone in Fig. 1) the theoretical
depth of the water (h.), is a function of the
intensity of the rainfall (i) and the time
(t) since the start of rainfall input. If
intensity of rainfall is assumed to be cons-
tant and the ter

‘face is initially dry, water
depth at time, t, after rainfall begins is
given by:

3
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h, =it (5

wvhere: h* =
i

theoretical depth,
rainfall intensity.

it

The theoretical depth (h,) will vary from

the actual depth (h) by a factor determined

T

ELAPSED TIME SINCE BEGINNING OF RAINFALL

I° LENGTH OF FLOW PATH

DISTANCE FROM UPSTREAM BOUNDARY

Fig. 1. Characteristic wave and particle
paths in the x-t plane.

from the concentration of objects blocking
flow paths on the flow plane. For most prac-
tical situvations, however, the use of theore-
tical depths causes no problems in model
applications. Substituting Eqs. (4) and (5)
into Eq. (3) yields:

dx . m-1 .
%y = 6
(dt)p a(it) (6)
* Integration and rearranging terms gives:
m(L—xo) 1/m
t,, =| —————s (7N
. m-1
T a(1)m
where: tT = travel time (seconds),
i” = intensity of rainfall (meters/
second),
L = length of plane (meters),
x, 0= distance from top of plane
(meters).

Equation (7) is applicable only on the
rising limb of the hydrograph. After equil-
ibrium is reached on the watershed, the depnth
no longer increases with time and the ficw is
considered to be steady and nonuniform. There-
fore, it is necessary to compare the observed
and predicted ¢t with time to equilibrium
(t ) and with the time at which rainfaii
stops (t) for partial equilibrium hydro-
graphs. Time to equilibrium is dependent upon
the characteristic wave velocities, which can
be determined with an expression derived from
the coutinuity equation and Eq. (6).
Substituting Eg. (3) into Eq. (1) yields:

2h w1 0h
= ¢ gmh o= (&
It [ble 4 )
Solving Eq. (8) and the total differential
of h{>,t) in matrix form yieclds & solution to

the characteristic velocity in the »-t plane: ‘

dx a1 3

(o), = omh ©)
Equation (9) represents the velocity of

the characteristic wave down the plane. The

. dx .
notation (EE)w is used to denote the wave
velocity as opposed to the particle velocity
dx . - .
(EE)p' Note that the wave vzlocity is m

times greater than the particle velocity. The
characteristics paths for both the wave and
particle velocities are shown in Fig. 1.

By substituting Eq. (5) into Eq. (9) and
integrating we obtain an expression for time
to equilibrium, t,-

L 1/
t S s (10)
e (i)

It should be noted that the time to
equilibrium is determined by the kinematic
parameters a and m. A similar expression can
be derived for the time at which recession
begins for a partial equilidrivm hydrograph.

VERIFICATION OF THEORETICAL MODEL

An experimental procedure was designed to
collect data which could test the model's
accuracy in predicting time of travel for
soluble, conservative pollutants. Because
water particle movement was imvestigated using
a fluorescent dye, Rhodamine WI, its travel
time across a watershed could be accurately
recorded using a fluorometer.

Experimental Facility

The Rainfall-Runoff Experimental Facility
at Colorado State University was used as the
model watershed. Having an area of approx—
imately 25,000 square feet and being imper—
vious, the facility simulates a watershed
without infiltration which is an intermediate
size between laboratory mcdels and natural
watersheds. The gemeral arrangement of the
Rainfall-Runoff Facility is shown in Fig. 2.
Characteristics such as surface roughness,
imperviousness, and geometry can be changed
to represent a wide variety of natural
catchments. In addition, simulated rainfall
can be generated at rates of 13, 28, 538, and
108 millimeters per hour. Holland (Ref. 16) :
gives further details of the facility. 4

To simplify the conditions on the water—
shed, one plane section of the surface, two
meters wide by thirty meters long, was
partitioned from the rest of the facility for
use in the experimental runs. Like the plane
section of the facility, the experimental
section was oriented so as to have a five
percent slope. Discharge was measured through
a 0.6 foot HS flume and the concentration of
the fluorescent dye in the water was analyzed
with a continucus flow Turner Model 111 fluo-
rometer.,
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Fig. 2. Experimental Rainfall-Runoff
facility-general arrangement.

txperimental Procedure

All experimental runs were conducted with
the dve injected at a point or line on the
plane surface simultaneous with the start of
rain. Thus, the dye represented a pollutant
already on the surface at the beginning of a
rzinstorm as well as being immediately soluble
in the runoff. During each run, a stopwatch
was used to determine the length of time the
€ye was actually traveling on the exposed
piane. This time was equal to the time inter-
val between tracer injection and peak con-
centration readout minus the time the tracer
vazs puzped and transmitted to the fluorometer,

Variables investigated included surface
roughness, rainfall intensity, rainfall
duration, and the quantity and location of
tracer input. Four surface roughnesses were
included in the tests. These were:

Set A - bare butyl surface which covers
the watershed.

Set B ~ 2 kg/m? of 1~1/2 inch diameter
gravel spread on the surface.

Set € - 10 kg/m? of 1-1/2 inch diameter

. gravel spread on the surface.

Set D - artificial rilled surface (a
smooth surface of a wet sand and
cement mixture was eroded by
simulated rainfall and allowed
to harden for two days).

. All four of the available rainfall inten-
Sities were utilized for each set of rums.
Rainfall was applied for three durations:
zpproximately one-half the time before the
vatershed runoff reaches equilibrium, a time
apﬁfoximately equal to equilibrium time, and
4 time approximately 1.3 to 1.5 greater than
the equilibrium time. Injections were made at
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two locations: distances of six meters and
fifteen meters from the upper boundary. The
four roughnesses, four intensities, three
durations, and two locations wade a total of
ninety-six combinations of travel time runs.

A few experiments were also conducted to
collect data to examine the variables under
conditions different from the normal travel
time runs. One series included tracing the dye
down the plane with the Set D roughness while
the intensity of the rainfall was varied. -
These runs allowed the prediction model to be
tested for rainfall patterns more characteris-—
tic of nature. Another set of runs was made
with the dye injected as a line source across
the flow plane to examine the effects of
nonuniform cross sections. Approximately six
hundred runs were made to test the model under
various conditionms.

RESULTS

Statistical Analysis

A statistical regression analysis was
performed on the travel time data to make
sure it was predictable and could be correla-
ted with the variables in the model. The
variables examined included intensity, initial
tracer location, rainfall duration, time of
concentration, peak time, amount of dye in-
jected, and dye concentration. The analysis
indicated that the most important varizbles
were rainfall intensity and the injection
location and that the correlation coefficient
was 0.90 or greater for combinations of these
two variables alone. The theoretical medel,
Eq. (7),uses both intensity and injection
location as input variables.

Theoretical Analysis

The theoretical znalysis was divided into
three phases. The first phase of the study
used a technique for finding the best estimate
of the kinematic parameters o and m. Next,
the travel time data were compared with the
predicted travel times using the best esti-
mates of o and m in Eq. (7) and finally,
an analysis was also conducted to see how well
the model could predict travel times when
rainfall intensity was varied during a single
run.

All test runs in the first phase were-
initiated with the flow on the watershed at
equilibrium. For this condition the discharge
at any unit width of cross section was only
a function of rainfall intensity and distance
from the top of the plane. The plane was
divided into several reaches and during sub-
sequent runs dye injections were made at a
different section to determine the average
velocity for each section. This information
was used along with equilibrium discharge
quantity for each section to calculate
average depth of flow, the principal variable
in Eq. (3). A theoretical expression for
discharge per unit width, @, can be derived
by substituting h, into Eq. (3} and by
multiplying through by h, . The new equation
18:

(11
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The log form of this cquation plots as a
straight line on log-lecg paper with a depend-
ent variable intercept of log « and a slope
of m, Steady-state data were taken for each
surface roughness and showed that Q was
highly correlated to h,. In every case the
slope of the line, m, was approximately 1.5
indicating that the flow was turbulent. Equa-
tion (7) indicates that travel time is inver-
sely proportional to a and that in general
a rougher surface will have a smaller value
of «. An analysis of the best estimates of «
and m from the steady-state runs showed that
because of the intereorrelation of « and m,
and the fluctuation that can exist in the
actual value of m, the roughest surface will
not always have the smallest value of «.

Best estimates of a and m obtained from
steady-state tracer studies were used in the
model Eq. (7) to predict travel times for the
ninety-six combinations of input variables
for unsteady flow. The mcdel equations and
observed data points were plotted on log-log
paper with travel times as a function of
rainfall intensity and location of injection.
Figure 3 shows a graphical representation of
the runs for Set C. A mean error analysis of
the predicted travel times was determined
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Fig.3. Predicted and observed travel times
versus rainfall intensities for
Set C.

using a sum of the errors square criterion
for the observed data. The mean error for all
four sets was 21 seconds using the best
estimate of a and m from the steady-state
runs. The observed data were generally within
10Z of the predicted times and shorter travel
times had lower deviations so that the per-—
centage difference between the predicted and
observed times was fairly consistent.

A form of the model equation was used to
predict times for the variable intensity runs
on the rilled surface. Substitution of

it=h+1it 2

171 a2
into Eq. (6) gives an expression which can
be used to route the water particles down the
plane. The mean error of the predicted travel
times using the observed data from the
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variable intensity runs was 16 seconds.
Equation (7) was also used to predict tim
with the awerage intensity caleulated fror
total rainfall accumulation used as the i
put. The mean error for these travel time:
was 27 seconds, 1l seconds higher than th«
times using the routing technique. _

Equation (7) was also used to predict:
time for the pollutants injected as a lin
source. The mean error was 13 seconds, inc
ting that the mcdel was even more accurati
for the line source data examined than foi
the point source data.

Estimation Techniques for Kinematic Parami

Several techniques were examined to
estimate the parameters in the kinematic «
tion. Equation (7) was solved with a pair
simultaneous equations to isolate the war
ables ¢ and m.

The equation can be transformed into:

In (L-x1) = ln (L-x3)
{lnt; — Ilnty)
(L-x1)m

mlm
b 8 ltl

m =

a =

Two travel time data points, t; and t
were used as input. The data were from run
having injections of dye made at differen!
distances, xj; and xp from the top of tl
watershed but having equal rainfall inten:
ties. The prediction model with estimated
values of a and m was tested against
from the ninety-six travel time runs. A m
error of 28 seconds was calculated showing
that the pair of parameters could be accur
ately estimated with a small amount of
data.

In an attempt to further simplify the
estimating technique, the parameter m w
held constant and Eq. (14) was solved to |
a. The technique was based on the Chezy
turbulent flow relationship, giving a val:
of 1.5 for m. This method requires only
dye injection and observed travel time to
solve for a. The model equation with m e
to 1.5 and « estimated from the simplif
technique gave predicted travel times witl
mean error of 20 seconds. For the four su
face roughnesses, Sets A, B, C, and D, ang
assuming m = 1.5; the values of ¢ were |
8.62, 4.71, 1.68 and 4.03 respectively. T
method assuming 2 constant m value prow
more accurate for the observed data than
technigue which allowed both parameters t
vary.

Two estimating methods were also test
with m assumed to be 1.67, the value ob
tained from Manning's equation. The model
m = 1.67, had a greater mean exror indica
that the Chezy relationship better repres
ed the data. The one injection parameter
estimation techniques were also used with
variable intensity rainfall. Results were
similar to the runs with constant intensi

A nomograph was prepared to quickly |
estimate « with data from one ohserved
travel time run and is shown in Fig. 4. T




N 700

800

500

400

320

200

OBSERVED TRAVEL TIWME (SEC)

100

X »DISTANCE FROM UPPER
BOUNDARY

LeLENSTH OF WATZRINED

i = RAINFALL INTENSITY

Fig. 4. Yomograph for predictingy a,
assume wm = 1.5.

- graph displays a solution to Eq. (14) with in~
put variables of travel time, length of flow
plane, and rainfall intensity. Because the
model is designed to predict only time for
flows on tha rising 1imb of the hydrograph,

dye injections must be made at the location
within the watershed in order that the kine-
matic wave from the farthest boundary reaches
the bottom of the watershed after the dye
concentration peak arrives. To insure that
this condition is met, the dye must be inject-
ed at a distance greater than

Lé%?) from the top of the plane (Ref. 5).
- For m = 1.5, the injection must be made with-
in the lower two~thirds of the watershed.

Apglicatggps cf the Theoretical Model

Numerous papers have been written on the

| value of kinematic wave theory in synthesizing
h’drobrapps and on methods of calculating the
 kinematic parameters. The parameter estimation
b techniques described herein can be useful for
Selmctiwg parameter values for the hydrograph
¢ cquations as well as for the pollutant travel
time model.

The correlation of pollutant strength and
sediment combined with the simulation of
 Sediment transport in a watershed has been
recently proposed as a methodology for assess—
ing the movement of insoluble and partially
Soluble non-point pollutants (Ref. 5). Curtis
:“ag presented a model that uses the kinematic
- wave formulation and a set of relationships
s describing soil detachment and transport
% Prucesses to simulate the discharge of sedi-
oot from an urban area (Ref. 17). The
“rimental evidence presented herein sug-

L5 ther the kinematic model is appropriate
'llvtant transport as well as runoff
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hydrograph prediction.

One specific application of the model
would be its use in the prediction of sait
transport in urban runoff. Deicing salts,
which are soluble in water, are applied to
roads in the United States during the winter
when snow and ice accumulate. The use of road
salts has been increasing over the past three
decades and has been linked to increases in
chloride content of streams (Ref. 18). The
kinematic wave and chemical transport equa-—
tions in finite difference form may be a
useful tool in further understanding the
processes involved in salt transport.

SUMMARY

A water quality time of travel wodel was
developed based on the theory that soluble
pollutants in overland flow travel at veloci-~
ties consistent with the relationships govern-
ed by the kinematic wave equations. Estimation
techniques were presented for calculating the
parameters in the model. The model equation
was used with estimated parameters to predict
pollutant times and was provenm to be quite
accurate when compared with the observed data.

CONCLUSTONS

This study further verifies the validity
of the kinematic wave equatlons for overland
flow and also shows that the kinematic wave
equations can be used to describe convective
transport of pollutants. Data from the analy-
ses indicate that the kinematic form for
turbulent flow derived using Chezy's relation—
ship is valid and that the presented model
equations can be useful tools in the estimat-—
ion of kinematic parameters as well as to
predict movement of soluble pollutants on
watersheds.
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