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PREFACE

.
The work described in this report was performed under contract

DOT-FH-11-7806, entitled "Urban Storm Runoff Inlet Hydrograph Study"
between the Federal Highway Administration and Utah State University.
This research contract aimed at the development of an accurate design
method for computing inlet hydrographs of surface, runoff under intense
rainstorms on urban highways. One of the major tasks in this research
project was the development of the most accurate mathematical model for
computing the runoff inlet hydrograph. All flood routing methods were
extensively reviewed and the most efficient and accurate technique was
adopted for the formulation of a computer model including all the rainfall
runoff processes on a highway watershed. Accuracy of the computer model
was then checked by comparing the computed inlet hydrographs with field
data obtained in the field phase of the research. The work reported
herein is part of the analytical _phase of the project.

The research was conducted under the general di-rection and super
vision of Dr. Cheng-lung Chen, Professor of Civil and Environmental
Engineering at Utah State University. During this study, Min-shoung Chu,
Graduate Research Assistant, and Dr. George C. Shih, Research Engineer,
at the Utah Water Research Laboratory, helped formulate the surface runoff
computer model. The original computer program was written by Mr. Chu as
part of his dissertation entitled "Hydrodynamics of'Runoff from Road
Surfaces under Moving Rainstorms," submitted in 1973 in partial fulfill
ment of the requirements for the degree of Doctor of Philosophy in Civil
and Environmental Engineering, Utah State University, Logan, Utah. Sub
sequent modifications were made by Dr. Shih and mainly by the author in
an attempt to correct inaccuracies found in the original program. The
computer program was greatly expanded by the author to include the com
putation of the inlet hydrographs resulting from heavy storms under var
ious drainage conditions in highway watersheds. Gratitude is due Dr.
Shih for his assistance in the formulation of the drainage-area correc
tion factor CEq. 67) used in .the computation of surface runoff on the
curved roadway.

The contract was monitored by Dr. D. C. Woo, Contract Manager,
Environmental Design and Control Division, Federal Highway Administra
tion. The author is indebted to him for his idea to initiate this study
and overall research plan, detailed discussions of research conduct of
all phases, and critical reviews and comments of the results during the
course of the work.
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INTRODUCTION

Because of the difficulty in accurately predicting the inflow at
the highway drainage inlet under a given design rainstorm pattern, urban
storm drainage systems today are sci!l largely designed on the basis of
the' empirical rational formula using rainfall intensity modified by a
coefficient of runoff. Despite the efficiency in the engineering
application of the rational method to the urban highway hydrologic
design, the method permits only the calculation of peak discharge for a
uniform rainfall of chosen intensity. Furthermore, the determination of
values of the coefficient in the rational formula is very difficult
because this coefficient must represent many variables including hydro
meteorological and physiographical factors of an urban highway watershed
under investigation. Therefore, a more accurate method based on a
physically sound concept is needed.

Many attempts have been made by previous investigators to improve
the rational method. For instance, Gregory and Arnold (1932) developed
a modification of the rational formula to recognize such factors as
watershed shape and slope, stream pattern, and the elements of channel
flow. Bernard (1938) developed similar modifications more clearly repre
senting the many variables of runoff, with charts and nomographs to
facilitate use of the' more complex formulas. Application of these
modifications, however, generally has been limited to areas larger than
those encountered in most urban highway drainage projects.

Development of Urban Runoff Models

Among the first to consider applying hydrograph techniques to the
design of storm sewers were Horner and Flynt (1936), who measured the
temporal variation in rainfall and runoff on three very small (less than
5 acres) heavily urbanized areas in St; , Louis, Mo., and Horner and Jens
(1942), who applied modern hydrologic concepts to the determination of
runoff from a single city residential block and suggested application of
their techniques to larger areas. Hicks (1944) was the first to suggest
the possibility of synthesizing urban runoff hydrographs. He developed
a method of computing urban runoffs for the Los Angeles area based on
experimental work for the determination of the principal abstractions
from rainfall and actual gagings of local drainage areas in the metro
politan region. The Hicks methodology has been in use for more than 25
years in the city of Los Angeles and its satellite communities, but has
not found wide use among designers in other cities. Extensive studies
of a hydrograph method have been made by the city of Chicago. A detailed
explanation of the hydrograph type of analysis used there is presented
by Tholin and Keifer (1960), and of the synthetic storm pattern by Keifer
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and Chu (1957). Both a summary of the method and a comparison of mea
sured and computed runoffs are given by Jens and McPherson (1964).

An inlet method which is essentially the same as the hydrograph
method was studied at the Johns Hopkins University (1955 to 1963;
Viessman and Geyer, 1962; Schaake, Geyer, and Knapp, 1964; Schaake, 1965)
and New Mexico State University (Viessman and Abdel-Razaq, 1964;
Viessman, 1966 and 1968). Based on rainfall measurements and inlet and
sewer gagings in urban areas at Baltimore, Md. (Knapp, Schaake, and
Viessman, 1963), and other municipalities (McPherson, 1958), the inlet
method determines the flow to each inlet; attenuates the peak flow from
each subarea (group of inlets) as it moves down the storm drain; and
sums the attenuated peaks to determine the total peak at the design point.
The inlet method is summarized by Jens and McPherson (1964) and also by
Kaltenbach (1963).

Anuther approach, the unit hydrograph method (Eagleson, 1962),
depends on the correlation of characteristics of measured sewer outflow
hydrographs from urban areas of varying types, to permit construction of
synthetic unit hydrographs for areas under design. Outflow hydro graphs
developed by the unit hydro graph method have particular application to
the sizing of impounding basins and drainage pumping stations, for which
the rational method provides no sound basis for design.

In recent years there has been increasing research activity in the
field of urban hydrology. Several mathematical models yielding various
degrees of accuracy in the prediction of the runoff hydro graph have been
developed by many investigators. A qualitative review of several of
these models is given by Linsley (1971). Worth further investigation
are some of such urban models developed by the British Road Research
Laboratory (Watkins, 1962; Terstriep and Stall, 1969), the Environmental
Protection Agency (EPA) (l1etcalf and Eddy, Inc. et al., 1969 and 1971;
Chen and Shubinski, 1971), and the University of Cincinnati (Papadakis
and Preul, 1972; Preul and Papadakis, 1970 and 1972). Papadakis and
Preul (1973) compared the computer results obtained from the University
of Cincinnati (UC) model, EPA Storm Water Management (SWM) model, Chicago
hydrograph method (Tholin and Keifer, 1960), and Road Research Laboratory
(RRL) model. Heeps and Mein (1974) also applied the RRL model, SWM
model, and UC model to several storms on two urban watersheds in Australia,
but their results did not support the Papadakis and Preul's finding that
the UC model performed better than the RRL model and SWM model. Singh
(1973) suggested more exact and complex methods of process simulation
than the preceding three models after making his criticism and comparison
of model simulation procedures used in the three models. A brief descrip
tion of the differences in the three simulation procedures before storm
water enters the inlet will be helpful to the present study in which a
more detailed and comprehensive mathematical model will be developed to
simulate the rainfall-runoff process on an urban highway watershed.

The most unusual and controversial features of the RRL model are
that the areas contributing to storm runoff are taken to be only the
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impervious areas directly connected to ~he sewer system. and that these
impervious areas have a runoff coefficient of 100 percent. Overland flow
on these contributing areas is simulated by combining the rainfall
hyetograph and an assumed linear time versus contributing area diagram
(time-area routing) for each inlet. The assumed constant time of entry
at an inlet is the time required for all the directly. connected impervious
area tributary to the inlet to contribute to runoff. No allowance is
made for surface storage.

Overland flow in the S~f model is simulated by storage routing using
Manning's equation and the equation of continuity, assuming that the
hydraulic radius is equal to the depth of flow. The depth of flow is
assumed constant along the length of the overland flow plane during any
given time intervaL Depression storage is treated in such a way that
overland flow does not begin until the depression storage is full. How
ever, 25 percent (arbitrary) of the impervious area is assigned zero
depression storage to simulate immediate runoff. Infiltration on the
pervious areas is represented by Horton's equation and may be satisfied
by the rainfall during a time step, the depth of detention storage from
the previous time step, or the water in depression storage.

The DC model in general considers the same catchment processes as
the S~ model, but differs in simulation techniques. The DC model accepts
only catchments which are wholly pervious or wholly impervious. In other
words, any subcatchment has to be represented by two equivalent sub
catchments-~ne pervious, the other impervious. Overland flow is considered
by an analytical method based on an empirical relationship between outflow
depth, detention storage, and detention storage at equilibrium. This
empirical relation, together with Manning's equation and the equation of
continuity, provide a solution for overland flow. Depression storage is
simulated by an exponential relationship which assumes that the rate of
filling is proportional to the unfilled volume. Infiltration on the
pervious sub catchments is simulated by subtracting Horton's infiltration
capacity curve from the rainfall time distribution, the infiltration
curve being time-offset if the initial rainfall intensity is less than
the initial potential infiltration rate.

In another approach similar to the aforementioned, more-frequently·
referred, three models, Offner (1973) divided the runoff surface into a
grid of square coordinates with size appropriate to the degree of surface
irregularity and then on each square element assigned four parameter
values describing the mass balance of outflow and inflow to the element.
Overland flow is simulated by using Izzard's equation (1944, 1946) in
the case of laminar flow. and if his limit for laminar flow is exceeded,
using the equation for turbulent flow (Horton. 1935).

Another type of urban runoff model proposed by Anderson (1970) and
Chien and Saigal (1974) is also similar to the above three models, but
in a much simplified (practical) fashion. Anderson (1970) assumed a
triangular shape for a basic hydrograph so that the total hydrograph for
a given location was obtained by adding together several triangular
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hydrographs. Chien and Saigal (1974) on the other hand proposed the
linearized subhydrographs method in which runoff coefficient is used to
compute the peak rates of runoff; linear variation,of the rising limb and
the receding limb of the subhydrograph for a small basin is assumed and
superimposed; and kinematic wave time to equilibrilli~ is used as a factor
for the determination of subhydrographs.

There are equivalent simplifications (or complexities) in the simula
tion of gutter flow among the existing urban runoff models, but most of
them were developed based on uniform flow storage routing using Manning's
formula. Most sewer flow was also simulated in the same way as gutter
flow through storage routing using the equation of continuity and Manning's
equat~on. It is noted that a sound procedure to route storm water through
a storm sewer by using a digital computer was already developed elsewhere
(Yevjevich and Barnes, 1970; Pinkayan, 1972). Since in the present study
only storm water before its entry to the drainage inlet is considered,
further analysis of sewer flow is beyond the scope of the present study.
The most comprehensive mathematical model including all physical processes
of runoff is thus developed herein for routing storm water through the
drainage inlet. Formulation of a new method to accurately simulate urban
highway runoff will be useful to attack storm drainage and associated
problems in urban highway areas.

Objectives and Scope of the Present Study

The main objective of this study is to develop~ by using a flood
routing technique, a general computer model which can predict runoff
from an urban highway watershed under time- and space-varying rainstorms.
The three specific objectives are: (1) to formulate a rigorous one
dimensional surface flow model in the curvilinear orthogonal coordinate
system, or a simiplified form thereof, which simulates the flow on the
curved crown around a curved path on the straight or curved road surface;
(2) to examine the validity and accuracy of the computer model using
available existing data and field data collected from two typical urban
highway watersheds in the Salt Lake City area; and (3) to study the effects
of rainstorm and watershed parameters, such as the direction and magnitude
of movement of the storm, the roughness, slope, curvature, length, and
width of the roadway and shoulder, the gutter slope, infiltration charac
teristics of sideslope with various soils and plant covers, etc., on the
inlet hydrograph.

Highways are built with crown or cross slopes to provide lateral or
oblique drainage flow to the sides of the pavement, and in the case of
curves, lateral or oblique flow due to superelevation of the pavement
and shoulders. In urban areas, the recommended practice, if erosion is
not a problem, is to allow the drain water to flow from the pavement,
across the shoulder, and down the sideslopes to side ditches. However,
in places of limited space, it is necessary to provide a curb along the
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outer edge of the pavement to conduct thA flow to catch basins or other
collecting devices, from which it is removed through a storm sewer system.
In a broad sense, a highway watershed includes those areas within two
adjacent highway drainage inlets (spaced from 400 to 1.000 ft) and the
right-of~way (spaced from 200 to 400 ft) made from paved road surface
(roadway). paved shoulder, sideslope or back slope (paved or grassed),
median, gutter (paved or grassed), side ditch, and natural drainage area.
To study the runoff process from such a small urban highway watershed
r'equ.lre.a a knowledge of flow lines and watershed divides, because within
the r Lght vo f-way there are few such sub-watersheds on which storm water
is routed independently of each other. For example. one of the highway
sub-watersheds is made of a roadway and a curb-type gutter only. This
sub=watershed is bounded by a fixed highway watershed divide which is a
line connecting the vertices of the cross profiles of the roadway, two
flow lines which pass two adjacent highway drainage inlets, and the curb.

Physically, runoff from a roadway under a lnoving or stationary
rainstorm is a special case of 'the general watershed flow (Chen and Chow,
1968 and 1971). The runoff process on a roadway conceptually consists
of two parts: (1) overland flow on the crown of the road surface; and
(2) channel (or gutter) flow in the gutter, The water moving as overland
flow meets with that in the gutter. most of which f l.ows into the highway
drainage inlet with part of it to be carried over. In the mathematical
simulation of such flows, theoretically speaking, three-dimensional flow
equations may be formulated (Chen and Chow, 1968 and 1971), but for
simplicity overland flow and gutter flow each may be threated as the one
dimensional flow in space with time taken as another independent variable.

A mathematical model which consists of a set of one~dimensional flow
equations, initial conditions. and boundary conditions, can be formulated
for combined overland flow and gutter flow. The one-dimensional, spatial
ly varied unsteady flow equations, commonly used in open channel, can be
developed for such flow and then solved numerically on a digital computer,
subject to specified initial and boundary conditions.

One of the hardest boundary conditions to cope with is at the juncQ

tion or interface between the downstream end of the overland flow and any
point of the gutter flow. This interface between overland flow and gutter
flow may be referred to as an '<internal" boundary which may move with
space and time. Conditions at this internal boundary (Chen and Chow, 1968
and 197'1) must satisfy the flow variables of both types of flow at that
point.

The. bou.ndary at the crown of the roadway is a fixed watershed divide
where it may be assumed to have a zero flow velocity. The condition
at the drainage inlet is an over-Eal L condition which mayor may not be
utilized for solution. depending on whether the flow at the i.nlet is sub
critical or supercritical. Both boundary conditions at the highway water
shed divide and the drainage inlet may be referred to as "external"
boundary conditions, in contrast'ilith the movable internal boundary
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conditions prescribed at the interface between overland flow and gutter
fLow.

Different types of drainage inlets, such as grate inlets and curb
opening inlets, with or without gutter depression, have been proposed to
withdraw storrowater from the gutter. Because none of,the existing inlets
can function with 100 percent efficiency, part of the stormwater in the
gutterwnich cannot enter an inlet will automatically become an input
(i.e. carry-over) to the subsequent gutter flow at the upstream end of
the gutter. The rate of carry-over flow depends on the approaching depth
and velocity at the inlet as well as the type of-the inlet installed.
The inlet characteristic curves or relationships developed by Horner
(1919), Tapley (1943), Larson (1948 and 1949), Izzard 9(1950), Li et ale
(1951 and 1954), and Knapp et al. (1963) may be used as downstream
boundary conditions at the inlet. However, none of these relationships
developed has been proved to be satisfactory in application. Therefore,
for simplicity, efficiency at the inlet will be assumed 100 percent and
no carry-ove~ flow will be imposed at the inlet.

The initial conditions on a dry surface of zero depth and velocity
are of a singularity type requiring judicious assumptions of small depth
and velocity in order to be able to start the computation numerically.

The flow equations (i.e., the Saint-Venant equations) will be ex
pressed in the form of a set of quasi-linear partial differential equa
tions. As will be reviewed in the following section, many numerical
techniques have been developed to solve such a set of hyperbolic partial
differential equations. Because the problem under study is only concerned
with a relatively small basin area and a short-duration thunderstorm, use
of an explicit finite-difference scheme with specified rectangular grid
intervals based on the method of characteristics is believed to be more
suitable than other methods in the numerical solution.

Although it has long been recognized that the flow equations for
spatially varied unsteady flow in open channel can have discontinuous
solutions (Dressler, 1949), a special technique by use of a pair of shock
equations (i.e., rapidly varied flow equations) coupled with character
istic equations must be developed for tracing a bore or a train of such
bores for which the method of characteristics fails to hold because
characteristic in the same class cross each other. A u~eful application
of this technique is in the computation of the wavefront which outraces
the front of a moving rainstorm.

The advancing wavefront of the surface flow may outrace, or move at
least with the same velocity, as the front of a rainstorm. In case the
front of the flow outraces that of the rainstorm, the flow problem under
study is similar to the dam-breaking problem (Stoker, 1957) and the
method used in analyzing such a problem may be applied. However, a
simplifying assumption must be introduced to overcome the singularity
problem that is inherent at the leading edge of a wavefront moving on a
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dry surface. If the front of the flow adv2uces with that of the rain
storm, the front of. the flow may be assumed as a point in the continuous
flow so that it can readily be computed by simply using the character
istic equations without resorting to the shock equations.

Following the review of literature on the flood routing techniques
and assqciated numerical schemes, the mathematical model of surface runoff
from an urban highway watershed under a moving or stationary rainstorm
will be formulated and then solved on a digital computer. Computer
solutions will be obtained for a variety of actual or design storms and
drainage conditions commonly encountered on the urban highway. Signifi
cant dimensionless parameters which control the runoff process on the
highway watershed will be identified and evaluated through sensitivity
analysis. Comparison of computed inlet hydrographs with field data will
also be performed for verification of the computer model.

Because of the difficulty in arranging what needed to be reported
in one volume, some of the results will be presented without elaborating
their detailed derivations and implications as far as no confusion and
misunderstanding will arise. Those portions skipped from detailed
analysis and presented in other volumes of the final report under
separate subtitles are: Vol. 2. Laboratory studies of the resistance
coefficient for sheet flows over natural turf surfaces; Vol. 3
Hydrologic data for two urban highway watersheds in the Salt Lake City
area, Utah; Vol. 4. .Synthe t.Lc storms for design of urban highway
drainage facilities; Vol. 5. Soil-cover-moisture complex: Analysis of
parametric infiltration models for sideslopes.
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LITERATURE REVIEW OF RUNOFF MODELING AND

ROUTING TECHNIQUES

The surface runoff from a watershed due to a rainstorm varies with
the hydrometeorologic characteristics of the rainstorm and physiographic
properties of the watershed. In literature many studies deal with the
effects of the physiographic properties of watersheds o~ the runoff
hydrograph, but only few studies are concerned with the influences of the
movement of rainstorms on rainfall-runoff relationship (Amorocho and
Orlob, 1961; Maskimov, 1964; Marcus, 1968; Yen and Chow, 1968 and 1969;
Hill, 1969; Wei and Larson, 1971). A study of the combined effects of
such hydrometeorologic factors of moving rainstorms and physiog~aphic

factors on the runoff process is even more meager (Iwagaki and Takasao,
1956). It is the intrinsic complexity of flow phenomenon under such
combined effects that has prevented us from analyzing it in a more funda
mentally sound fashion. Nevertheless, advent of an electronic computer
and its ability to implement existing" numerical methods have stimulated
great interest in seeking the solution of such a complicated problem.

Surface Runoff Models

The flow on a runoff surface under a moving rainstorm is not diffi
cult to describe mathematically by using the concepts of fluid mechanics.
Rigorously speaking, the mathematical model of the surface flow to be
developed consists of a set of three-dimensional instantaneous unsteady
flow equations (i.e., the three-dimensional instantaneous equations of
continuity and motion-the Navier-Stokes equations-for unsteady free-surface
flow) with adequately prescribed three-dimensional instantaneous initial
and boundary conditions. However, to obtain a solution by using a
modern high-speed electronic computer from such a three-dimensional
instantaneous model, a numerical method, if it ever exists, could result
in an extremely lengthy computer program that is likely to be either
uneconomical or beyond the capacity of the computer presently available,
or both. A three-dimensional model may be simplified to a two-dimensional
plane-flow model, application of which however is limited to a laboratory
watershed flow (Chow and Ben-Zvi, 1973). In practice, the best way to
circumvent this difficulty is to treat the surface flow in a watershed
as a combined system of "hydraulic" (or one-dimensional) flows (Chen
and Chow, 1968 and 1971) which are hydrodynamically distinguishable from
each other. For example, the water on the crown of the roadway moves as
overland flow, while the water in the gutter moves as channel flow. Both
can be treated as one-dimensional flows. A combination of overland flow
and channel flow with internally coupling boundary conditions between
them can adequately describe the shallow water movement on the roadway
with curb. When one-dimensional flow is nonuniform and unsteady, as is
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always the case in the runoff process, it may be called spatially varied
unsteady flow.

Spatially varied unsteady flow consists of both gradually varied
unsteady flow and rapidly varied unsteady flow. The equations of one
dimensional gradually varied unsteady flow can be derived from the three
dimensional flow equations by means of the time and space averaging
process (Chen and Chow, 1968 and 1971; Strelkoff, 1969; and Yen, 1972 and
1973). The equations of one-dimensional rapidly varied unsteady flow,
can be formulated from volume-integrated one-dimensional equations of
continuity and momentum or energy (Stoker, 1957; Chen and Chow, 1968;
Terzidis and Strelkoff, 1970; Yen, 1973). The relationships between
dependent variables (i.e., the depth and velocity of flow) for gradually
varied unsteady flow can be expressed in the form of a set of quasi
linear partial differential equations while those for rapidly varied
unsteady flow, if isolated, may be formulated in the form of algebraic
relationships between conjugate depths and velocities at the point of dis
continuity and propagation velocity of discontinuity. Both relationships
are needed in the computation of surface flow on the roadway as well as
in the gutter, specifically at the po~nts of discontinuity, such as the
places where overland flow meets gutter flow, moving hydraulic jumps and
rolling waves occur, and the leading edge of the wavefront moves on the
dry surface.

Numerical Techniques

Many techniques have been developed to solve numerically the
gradually varied unsteady flow equations with appropriately prescribed
initial and boundary conditions. Among those techniques reported (e.g.,
Richtmyer, 1962; Yevjevich, 1964; Dronkers, 1964 and 1969; Liggett and
Woolhiser, 1967; Strelkoff, '1970; Gunaratnam and Perkins, 1970), the
method of characteristics (Courant and Friedricks, 1948; Stoker, 1957;
Courant and Hilbert, 1962; Garabedian, 1964), because of its advantages
such as suitability, accuracy, and efficiency in computation over other
methods (Liggett and Woolhiser, 1967), has been used widely for computing
the propagation of floods, tides, wind waves, e.tc , , in rivers and
homogeneous estuaries and on beaches. Studies conducted by Isaacson,
Stoker, and Troesch (1958), ~~itham (1958), Freeman and Le Mehaute (1964),
Lai (1965), Amorocho and Strelkoff (1965), Strelkoff and Amorocho (1965),
Ami en (1966). Fletcher and Hamilton (1967), Baltzer and Lai (1968),
Liggett (1968), Chen and Chow (1968), Mozayeny and Song (1969), Ellis
(1970). Wylie (1970), and Yevjevich ffild Barnes (1970), Pinkayan (1972),
among many others are good examples of its application.

The major disadvantage of the characteristic model results from the
necessity to store those computed for later interpolation and tedious
computer programming to obtain the water surface and velocity profiles
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at a desired time level from the calculated coordinates and the correspond
ing depths and velocities of flow at such courdinates. This drawback,
nevertheless, can be overcome by adoption of a rectangular grid network
in the x, t-plane incorporated with the characteristic equations (Stoker,
1957; Amorocho and Strelkoff, 1965; Strelkoff and Amorocho, 1965) or both
the characteristic curves and the characteristic equations (Lai, 1965;
Streeter and Wylie, 1967; Baltzer and Lai, , 1968; Chen and Chow, 1968;
Wylie, 1970). The latter is an alternative technique which combines the
accuracy of the method of characteristics with the convenience of a
rectangular net.

Both explicit and implicit schemes can be used in the formulation of
character-Lst.Lc difference equations. However, there are some advantages
in the computation by using an explicit scheme. For example, solving the
characteristic difference equations formulated in an implicit sCheme
requires the simultaneous solution of a set of the nonlinear equations,
but not for those equations in an explicit sCheme. Even though expressed
in an explicit scheme, the characteristic diff~rence equations formulated
at the point of intersection of the forward (C ) and backward (C-)
characteristics originating from the known time level can be nonlinear
in unknowns at that point. The simultaneous solutions of such a pair of
nonlinear equations are difficult, but can be obtained by using an
iterative procedure suggested by Liggett and Woolhiser (1967). If the
forward and backward character~stic equations are linear in unknowns,
such as formulated by Stoker (1957), Lai (1965), Amorocho and Strelkoff
(1965), Strelkoff and Amorocho (1965), Streeter and Wylie (1967), Baltzer
and Lai (1968), Chen and Chow (1968), and Wylie (1970), they can readily
be solved for one grid point at a time. A computation procedure for
solving such linear characteristic difference equations may be classified
into the explicit scheme based on characteristic equations (Strelkoff,
1970).

Stoker's (1957) explicit scheme is only valid for flows at Froude
numbers less than unity (i.e., sub critical flow), because the x-partial
derivatives associated with the forward characteristic equation involve
space increment to the upstremll of the section in question while those
associated with the backward, characteristic equation involve the one to
the downstream. The preceding expression of the x-partial derivatives
associated with the backward characteristic equation is obviously invalid
for supercritical flow, in which the backward characteristic curve lies
to the upstream of the section in question instead. The explicit sCheme
based on characteristic equations can be made to be applied to both sub
critical and supercritical flows if the orientation of the backward
characteristic curve is also taken into account. The scheme used by
Streeter and Wylie (1967), Chen and Chow (1968), and Wylie (1970) belongs
to this category. The latter scheme is adopted in the present study.

Explicit schemes are stable only if the time interval used in the
computation is sufficiently small. The criterion which sets the maximum
size of this interval is referred to as the Courant criterion or condition
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(Courant and Friedricks, 1948; Courant and Hilbert, 1962). For stability
of explicit schemes, the Courant criterion must be satisfied; however,
the explicit scheme would probably give the most accurate results if the
time interval used is close to its limiting value (Strelkoff, 1970).

One of the most difficult computations of unsteady free-surface flow
is the one with a moving hydraulic jump (i.e., sometimes called a shock,
su~ge, or discontinuity), or a train thereof. Various techniques (see,
e.g., Terzidis and Strelkoff, 1970) have been developed for computing grad
ually varied unsteady flow with a bore or a train of such bores. There
are the method of characteristics (Faure and Nahas, 1961; Freeman and
Le Mehaute, 1964; Chen and Chow, 1968), von Neumann-Richtmyer method
(1950), Lax method (Lax, 1954; Keller, Levine, and Whitham, 1960), Lax
Wendroff method (1960), and Lax-Wendroff-Richtmyer method (Terzidis and
Strelkoff, 1970). Of all, the method of characteristics combining a
pair of the algebraic shock relationships with the characterist~c

difference equations along characteristic curves appears the most suitable
to the explicit scheme based on the characteristic equations. All the
methods listed above, with the exception of Chen and Chow (1968), seemingly
assume that the initial state contain,a bore and in their present forms
of computation procedures are not capable of treating problems in which
bores develop.
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MATHEMATICAL FORMULATION OF SURFACE RUNOFF

The basic laws governing the movement of water on the runoff surface
are the principles of conservation of mass and momentum. Based on these
law.s, t.he flow equations (Le., the equations of continuity and momentum)
can be formulated. In the derivation of the flow equations, the flow on
the runoff surface is considered as a single stream-tube bounded by two
stream surfaces: the free water surface and the 'ground, surface. For
convenience, the flow on the roadway may be divided into two regions:
overland (or road surface) flow and channel (or gutter) flow. The outflow
from the downstream end of the overland-flow part is considered as the
lateral inflow to the channel flow. The location of the internal boundary
between the overland flow and channel flow depends on the depths and
velocities of both flows at the point of intersection which must satisfy
the internal boundary conditions.

Although the roadway is usually ~onstructed with a parabolic trans
verse profile, the formulation of the flow equations for overland flow and
channel flow will be generalized so that the flow equations developed
can be applied to both overland and channel flows. The coupling of
channel flow to overland flow is accomplished by specifying internal
boundary conditions a~ong a line which separates the two types of flow.

In the formulation of the flow equations, raindrops falling on the
road surface will be treated as a continuous medium of water. The flow
equations will be derived first for nonprismatic channels and later sim
plified to those for prismatic channels.

Flow Equations

The equation of continuity

For one-dimensional free-surface flow with lateral inflow, the
equation of continuity may be derived by considering an elementary
control volume of water bounded by two cross-sections of average top
width T which are an infinitesimal distance, ds, apart (Figure 1), the
water surface, and the boundary of the channel. The water flowing out
of minus the water flowing into the control volume in ds during
infinitesimal time, dt, is (dQ/dS) ds dt and this must equal the change
in channel storage (3A/dt) ds dt plus the volume due to rainfall and
infiltration (r - i) T ds dt cose and due to lateral inflow qL ds dt.
Hence, for incompressible fluid, the principle of conservation of mass
requires that
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~ ds dt + oA ds dtos ot (r - i) T ds dt cos e + qL ds dt

or
(1 )

~ + oA = (r - i) T e + -os < ot cos qL (2)

in which A is the cross-sectional area of the channel normal to the
direction of flow; r and 1 are the average rainfall intensity and
infiltration rate, respectively, measured in the direction of gravity
over the elementary volume in dt; e is the average angle of inclination
that channel bed makes with the horizontal plane; and qL is the rate of
the lateral inflow from the downstream end of the overland flow to
channel flow per unit length of channel f Low , Equation 2 is the general
continuity equation for one-dimensional free-surface flow with lateral
inflows in a channel.

The equation of momentum

(3)dsF
P

According to the principle of conservation of momentum, the total
rate of momentum change in an elementary volume of water equals the net
force acting on it. fhe forces acting on the elementary volume include
the pressures on the two flow cross-sections, the weight of water, the
friction and the forces due to raindrop impact. By assuming that the
pressure distribution is hydrostatic, the total pressure on a flow cross
sectional area, A, is equal to wA fi cos2e, where w is the specific weight
of water, and fi is the distance from water surface to the centroid of
A measured in the direction of gravity. Considering all forces acting
on the control volume in the direction of s axis, the total resultant
pressure force, F, is

P

= 3(wAh cos2
e )

os

The force due to the weight of water, F , is
g

F = wA sine ds
g (4)

The friction force, Ff , is

in which Sf is the friction slope. An additional pressure caused by
the raindrop impact may be distributed uniformly over the flow cross
sectional area (Chen and Chow, 1968). This additional pressure may be
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(6)

referred to as overpressure. The total overpressure can be expressed
by wA h*, where h* is the overpressure head and is expressed by Chen
and Chow (1968) as:

h* =: £ r A co s G cos (6H)
g

in which g is the acceleration of gravity, r is rainfall intensity, A
is 'the mean terminal velocity of raindrops, and ~ is the angle of in
clination that the mean terminal velocity of raindrops makes with the
vertical line (Figure 1), and c is the concentration of raindrops and
is defined as

1 n 1 2
c = - L: -4 n0l.'

,tI,B i=1
(7a)

The concentration of raindrops is the percent of the area for 'en"~

number of raindrops of size, ai' for i=1, 2, ••.• n. occupying a unit
area, ,tI,B, in unit time, dt, assuming that no point within L1B is hit
by more than one raindrop during dt.' Furthermore, if the average dia
meter of raindrops, 0, is assumed and the number of raindrops, n, is
computed by dividing the total volume of raindrops occupying ,tI,B during
dt (seconds), (r/60 x 60) ,tI,B dt, by the volume of a raindrop, n03 / 6 ,
then Eq. 7a reduces to

c
1. 5r dt

60 x 60o
(7b)

(8)dsF
P

which is expressed in terms of r, 0, and dt. Incorporating the over
pressure head with the total resultant pressure force, Fp , yields

2 *a[wA(h cos e + h )]
as

The momentum, Mt • of the elementary volume of water at time, t, is

M
t

= pAV ds (9)

where p is the mass density of water, and V is the velocity of flow.
The momentum Mt + dt at time (t + dt) is

Mt+dt =: p(A + dA)(V + dV)(ds + dds) (10)
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where dA is the change in area, A, in time interval, dt; dV is the
change in velocity, V, in time interval, dt; and dds is the change in
length, ds, in time interval, dt. Since

dA = ~~ aA dasus + 'at t

av avdV = .;;.-:-us + - dt8s at

(V aA + aA)dt
. as· at

(V av + aV)dt
. as at

(11)

(12)

dds = av· ds dt
8s (13)

in which ds/dt is taken as V. Substituting Eqs. 11, 12, and 13 into Eq.
10 and neglecting differentials of higher order gives

P [AV + (A:. av + V aA + V2 8A + 2AV av ) dtJ ds
8t at 8s as

(14a)

or

[
AV + {8(AV)

P at + } dtJ ds (14b)

During the time interval, dt, there is also a momentum influx, dMr,
from rainfall in the s-direction. which can be expressed as

dM = prTcA sin (8 + ~), ds
r

(15)

There is also a momentum influx, ~. due to lat;ral inflow, which
has a velocity component in the s -d Lrect'Ion equal to u sin 1jJ, where ii
is the approaching average velocity of overland flow, and 1jJ is the
angle between the direction of overland flow and that which is perpendi
cular to the channel flow, as shown in Figure 2. This momentum influx
can be expressed as

(16)
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Thus, applying the principle of conser vat.Lon of momentum to the
control volume by using Eqs. 4, 5, 8, 9, 14b, 15, and 16 and assuming
that the momentum efflux due to infiltration is negligible yields

M - Mt+dt t
- dM -cll\ F - F - F=dt r g p f

or

a (AV) + a (AV2)
- rTcA sin (8 + <1J) - sinlj;at as uq

L

= gA sin8 - gAS -
a

[A(h 2 *
f gas cos 8 + h )]

(17a)

(17b)

The left-hand side of Eq. 17b represents the rate of the change in the
momentum across the surface of the elementary volume. Since the velocity
distribution of the channel flow and lateral inflow are not uniform, a
momentum correction factor must be introduced to each of these two terms.
Thus, Eq. 17b becomes

a(AV)
at + rTcA sin (6 + <1J) - $L uqL sinlj;

a - 2 *gA sine - gAS
f

- ~ [A(h cos e + h )] (17c)

in which $ is the momentum correction factor for the velocity distribu
tion of the channel flow, and has a theoretical value of 1.2 for laminar
flow and 1 + O.7812f for turbulent flow, where f is the friction co
efficient [see Iwasa (1954) and also Appendix 1 for the derivation of the
theoretical S value]; and SL is the momentum correction factor for the
velocity distribution of lateral inflow. Thus, Eq. 17c is the general
form of the equation of momentum for channel flow.

From computer results obtained for several different rainstorm
conditions, it was found that within the range of input data the effect
of the S value on the outflow hydrograph was insignificant. Therefore,
for simplicity the S value was assumed to be unity in the present study.
Despite this assumption regarding the S value, the $ and SL will be
retained in the following equation of motion, as expressed in Eq. 17c,
throughout this investigation unless stated otherwise.

The general equations of continuity and motion, Eqs. 2 and 17c
developed for channel flow can be applied to overland flow because over
land flow is actually a wide open-channel flow, in which q~ = a and flow
variables such as Q and A must be e.xpressed per unit w~dth.
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As far as'the derivation of Eqs. 2 and 17c is concerned, no
assumption regarding the cross-sectional shape, curvature, and alignment
of the channel has been imposed. Both equations are applicable to flow
in nonprismatic channels as well as on the cross profile of the roadway
which in the case of concrete is a parabola with its vertex at the crown.

Eva;luation of the friction slope

In one-dimensional flow, the friction slope
the Darcy-Weisbach formula,

-tJ::Sf - 8gR

Sf can be expressed by

(18)

in which f is the Darcy-Weisbach friction coefficient, and R ,is the
hydraulic radius. To compute Sf by using Eq. 18 requires a knowl-
edge of the value of f, which has yet to be determined for overland flow
with shallow depth in the order of the roughness size. No theoretical
formula has been developed for sheet flow except for the following special
cases, which can be found elsewhere (e.g., Rouse, 1965; Chow, 1959):

For turbulent flow on the rough surface,

~ = 2log10 2:, + 1.74 ( 19)

in which k is the roughness size of texture of the runoff surface.

For turbulent flow on the smooth surface,

~ = 2 log10 R If + 0.404

in which R = VR/v is the Reynolds number.

For laminar flow,

Cf=R

(20)

(21)

in which C is a constant that depends on the cross-sectional shape of
the channel (Chow, 1959) and in the case of sheet flow on the rainfall
intensity and channel slope (Wenzel, 1970; Yoon, 1970; Yoon and Wenzel,
1971; Woo and Brater, 1961 and 1962). The value of C for sheet flows
over natural turf surfaces was experimentally determined and reported
in the laboratory phase of this study (Chen, 1975a).

For flow in the transition region, an empirical formula for the
computation 0f f is available, but is not reliable enough to be used in
this study because of the technical difficulty in adaptation to complete
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description of f by Eqs. 19, 20, and 2',. Equations 19, 20, and 21, as
shown in Figure 3, are computed with the Reynolds number, R, as a con
trolling parameter for the selection of the equations and hence the deter
mination of the f value.

Initial Conditions

If the ground surface is initially (t = 0) dry, then

v = ° (22)

h ° (23)

in which h is the depth of flow. As h 0, the cross-sectional area
of flow, A, top width, T, hydraulic depth, D, and hydraulic radius, R,
all become zero. The initial conditions specified by Eqs. 22 and 23
are singularity conditions, which would result in an immediate problem
to obtain the solutions to the flow equations. Some judicious assump
tions have to be made to overcome this singularity problem. Details of
the assumptions will be discussed later.

Boundary Conditions

As mentioned previously, the boundary condition at the inlet changes
as the flow changes from sub critical to supercritical and vice versa. The
Froude number can be used to describe such changes in the state of flow.
It will be shown later in this study that the Froude number, F, under the
effect of raindrop impact must be defined somewhat differently from a
conventional way (Chow, 1959); that is, with the overpressure head, h*,
(Chen and Chow, 1968 and 1971)

V
F =

Ig(D case + h*)/S
(24)

This definition also includes the correction factors for channel slope,
8 . and momentum correction factor, S. If the Froude number defined in
Eq. 24 is less than, equal to, or greater than unity, the flow is
referred to as sub critical , critical, or supercritical.

The external and internal boundary conditions will be described
separately as follows.
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External boundary conditions

Upstream boundary condition. The upstream boundary condition is

Q = AV (25)
u

in which Qu is the discharge at the upstream end. For overland flow,
Qu can be assumed equal to zero, whereas for gutter flow, it is equal to
the carryover flow rate from the upstream adjacent gutter. If the inlet
is assumed to be operated at 100 percent, Qu is again set equal to zero.

Downstream boundary condition. The boundary condition at the inlet
of a highway watershed is an overfall condition which depends on the flow
characteristics. The flow before reaching the outlet can be either sub
critical or supercritical. If it is subcritical, the overfall condition
prescribed at the outlet is

F
v

Ig(D cose + h*)/$
(26)

which states that the outlet is the critical section where the Froude
number is unity. No condition exists for supercritical flow.

Internal boundary conditions

The internal boundary conditions can be derived by using the con
tinuity and momentum equations formulated around the neighborhood of a
discontinuity in flow variables (Stoker, 1957). Let k be the propaga
tion velocity of the discontinuity along the direction of flow. Then
ignoring the length of the discontinuity the law of conservation of mass
yields

(27a)

or

(27b)

in which A and V are the cross-sectional area and velocity of flow,
respectively, with subscripts "L" and "R" referring to the left-hand
(upstream) side and right-hand (downstream) side of the discontinuity,
respectively. By taking into account the effect of the raindrop impact
(Chen and Chow, 1968) and applying the law of conservation of momentum
to the same neighborhood of the discontinuity and then incorporated with
Eq. 27, the following expression for VL is obtained:
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• . (28)

in which hL and hR are the depths of the centroids of the cross
sectional areas of flow, AL and AR' respectively. Note that in Eq.
28, the difference between AL and AR is expressed in absolute
value 'so that the equation is applicable to both cases of AL < AR and
AL > AR. Equations 27 and 28 constitute the internal boundary con
ditionsthat must be satisfied at the moving hydraulic jump, the bore,
the wavefront, and the intersection between overland flow and channel
flow. There are five flow variables: ~,VL' VR, Ar" and AR in
Eqs. 27 and 28. If three of them are known or solvable from other
conditions or equations, the rest of the five variables can be obtained
from Eqs. 27 and 28.

It is noted that AL and AR are the conjugate cross-sectional
areas at a bore and the one on the front side of the bore is always
smaller than that on the back side of the bore (Stoker, 1957). Two
general cases of the dynamic behaviors of a bore result as a consequence
of such definition regarding the front and back sides of the bore. Sev
eral inequalities among the five flow variables can·be established for
both cases (Chen and Chu, 1973), which are useful in the computation of
the generation and propagation of the bore. Thus, from Eqs. 27 and 28
or alternative forms thereof, the following inequalities at the bore can
be developed:

For and

!VR - &1 < Ig(DR cosS + h*)/S

(29)

(30)

Equations 29 and 30 express mathematically the physical statement
that the velocity of flow relative to the bore is supercritical on the
front side (AL) of the bore and subcritical on the back side (AR) of the
bore (Stoker, 1957). Furthermore, from Eqs. 29 and 30, it can be
readily shown (Chen and Chu, 1973) that
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(31 )

This inequality reveals that there are two characteristics, ct and C£ '
on the front side and only one characteristic, ?R' on the back side of
the bore meeting at the point of discontinuity •

For
.
!; > V >

L

~I < Ig(D
L

case + h*)/S (32)

(33)

whence

.
> !; > V

R
+ Ig(DR case + h*)/S

(34)

In this case, obviously the front side of the bore is in a flow region
associated with AR and the back side associated with AL. The inequal
ity, Eq. 34, again holds the same property that the front side has two
characteristics, C~ and CR, while the back side has only one charac
teristic, ct, meeting at the point of discontinuity.

The inequalities, Eqs. 29 through 34, can be used for the selection
of three characteristic difference equations in the numerical computation
of a bore. Details of computational procedures by using such inequal
ities, the corresponding characteristic difference equations, and the
shock equations, Eqs. 27 and 28, especially for solving a moving wave
front due to a rainstorm on a dry bed, will be given later.

The mathematical model of runoff from a dry surface under a moving
rainstorm thus consists of the flow equations, Eqs. 2 and 17c, the
initial conditions, Eqs. 22 and 23, and the boundary conditions, Eqs.
25 through 28. Equations 2 and 17c form a set of quasi-linear partial
differential equations, which cannot be solved analytically with the
present knowledge in mathematics, except for a few special cases. It
is imperative that the analytical model so formulated be transformed into
a numerical form so that it can be solved by using a digital computer. As

23



mentioned previously, an explicit scheme based on characteristic equations
was adopted in this study to formulate the numerical model. For conven
ience in analysis and computation, the mathematical model will be first
normalized so that the significant dimensionless parameters that control
the runoff process from the runoff surface are also defined.
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NUMERICAL MODEL USING THE METHOD

OF CHARACTERISTICS

The flow equations, Eqs. 2 and 17c expressed in terms of A and
Q ,(or V) are valid for nonprismatic channels as well as for flow with
moving channel boundaries. However, if these flow equations are trans
formed into those expressed in terms of the flow,depth, h, and Q (or V),
a term representing departure of cross-sectional area from a prismatic
channel (Liggett, 1968; Strelkoff, 1969; Wylie, 1970) in the flow equations
complicates the numerical solution considerably. To solve the flow
equations for moving channel boundaries is evidently more difficult than
that for fixed boundary of nonprismatic channels because the spatial and
temporal variations of cross-sectional area for flow with moving bound
aries are unknown a priori. The flow on the roadway is very shallow in
comparison with that in the gutter, thus a term representing the change
in cross-sectional area of gutter flow due to the movement of the internal
boundary is believed to be of small o~der of magnitude and thus ignored.

Let A = DT, where D is the hydraulic depth, and assume that
dA = T dYt where y is the depth of flow section perpendicular to the
channel bed, y = h cos e, d (Ab) = A dh, h* = constant along the s-axis,
and S = sin e. Then Eqs. 2 and 17c can be transformed into the ones
expressed in terms of hand Q (or V), as stated. For convenience, the
flow equations so transformed are further normalized by using the follow
ing dimensionless quantities:

•

s* slL ,
0

t* tV IL to 0

r* = r/r ,
0

= h cose ID t
o 0

DID ,
o

VIVo

TIT
o

qL cose Iv D
000

h*ID e Ro cos 0' * RIR ,
o Alv

o

(35)

in which variables with asterisk subscripts are dimensionless quantities
and those with "0" subscripts are reference quantities. Specifically,
Lo is defined as the reference length which may be either overland-flow
length or channel-flow length, or a combination thereof. After several
manipulations, Eq. 2 becomes

25



Bh* Bh* coseo BV* Lo [ (r) 2
- + V - + D - = (r*' - i*) vO

o
cos eo

Bt* * Bs* cose * Bs* Do coseo

(36)

If Eq. 36 is multiplied by SV* and then subtract~d from the
normalized form of Eq. 17c, the normalized momentum equation in terms
of h*.and V* becomes

*
cose V* Bh* -1.. cose ~cos' h.) ah. av.

(1 - S) - + cose0 + D* Bs* B't*cose D* Bt* F
2 cos O

0 0
0

BV* L
[ L (8 - 8 )

r* (::) (CA. sin(e + <p)0+ SV -= cose +- cos e* Bs* D 2 ' f D*0 0 F 0
0

sv cos, ) 2 SV*i* (::)cos e +-- cose cose* cos O 0 D* 0
0

+ (SLu* sinlji - sv*) qL' (Do)J (37)
D*T* To

in which Fo = Vo/lgDo coseo/s , may be referred to as the normal flow
Froude numb er •

For brevity, the subscript asterisk used to denote the dimensionless
nature of the variables will be dropped hereafter in dimensionless.expres
sions unless otherwise specified.

The normalized equations of continuity and momentum, Eqs. 36 and
37, form a set of hyperbolic partial differential equations, which are
in suitable form to be solved by the method of characteristics. Let Eqs.
36 and 37 be identified by M1 and M2, respectively; or

cose
M

1
= Bh + V Bh + __0 D BV

at as cos e Bs

+ ::::0 (~:) i ]
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M
Z

(1 ,. (3) cos G v dh
+

(3 cosS (~+ h*) ah + av= ----- --cosS D dt FZ cos O cosS D as ata a aa

SVdV _
L [ ..f.. (8 (~:) ( cA

sin(S + qi)
+

a
- 8 ) +E.

dS D cosS
F2 f D casea a a

0

SV cosS ) cosZe + SVi
cosS a D

a (~:)

(~:) J

case---cosS
a

2cos S
,0

(39)

Then Eq s , 38 and 39 can be conibined linearly by using an unknown
multiplier, A, to form

M = AM + M = 01 Z (40)

whence the following two ordinary differential equations in terms of A
are formulated:

[
A + (1 - S) cosS YJ dh + dV 

cosS D dt dt D
o 0

La
case

o

+E. (~:) (AD + cA sin(S + qi) _ (3V cosS ) Z
cosS cos S

D co s O aa a

+ ~ (~:)( cos e ) 2 qL
(~:) ( A

cosS
AD + (3V a

cosS
cos S + TD cos O

Da
a

(4Z)

(41 )

cosS
= AD __0 + SV

cosS

+ BLu sin'; - BV)J~ a

AV + 13 cosS (COSS + h*\
F2 cose o coseo D )

a

A + (1 - (3) cosS Y
cosS D

a

ds
- = ---.:.--------:----=~--
dt

From Eq. 42, the following two particular values of A are obtained.

A = ± 1
D

cosS
cos e

a
/

(3 ( S - 1). V2 + 8
2

.(D cosS
cos G

Fa a
(43)
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By substituting these two values of A back into Eqs , 41 and 42, a set of
ordinary differential equations is formulated as follows. From Eq. 42
with the help of Eq. 43, two sets of curves, C+ and C- curves, which are
often called characteristic curves, are obtained:

ds-=
dt

I3V + /13(13 - 1) V2 + ~2 (D cosB + h*)
cosB

F 0
o

(44)

ddSt = (3V - /~«(3 - 1) V2 + l (D cose + h*)
F 2 cosB 0

o

(45)

The characteristic differential equations which apply along these charac
teristic curves are obtained from Eq. 41 upon substitution of the A ex
pressions from Eq. 43.

L cosB [(1 - (3) V + ·/13«(3, - 1)
D cosB

o

+ dV =
L

[ ~ (8
0 8 ) + E-

dt D cosB F
2 f D

0 0
0

- I3V + )13(13 - 1) V2 + ~ (D
cosB

F
2 cosB
0

0

sin (B + ep)
cosB

+ h*)) B Bcos cos 0

- (3) v - Is< 13 - 1) v2 + ~ (D co~ + h*)
F2 cosB

o 0

1 cose----
D cosB

o

+ ~:) ( IlV - /~(~ - 1) V2 + ~ (D~ + h') ) case casea

+ ~;C:)( I\.usin, -sv + / sr s - 1) v2 + Fi (D ~~::a + h') ) ]

(46)

] ~~c:

+ dV =
L

[ ~ (8 - 8 ) + ~(::) ( cA
sin(B + ep)0

dt D cosB F2 f cosB
0 0

0

)- (3V - /13(6 - 1) v2 + ~ (D cosB + h*) cosB cosB
F2 . cos G 0

0
0
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+ ~(~:) ( sv + /S(S ~ 1) y2 + -~ (D
case + h*) ) cos e case

F~ case a
a a

qL eo) ( . )J- /S(S - 1) y2 S (D case + h*)+ TD To SLu sm1/! - sv +2' case
Fa a

(47)

These ordinary differential equations so derived will be expressed
in. a difference form from which the depth and velocity of flow, hand
y, can be solved orderly, one at a time, on the computer, at the inter
section of the C+ and C- characteristic curves.

An Explicit Scheme with Specified Intervals

The derivatives in the equations of the characteristic curves, Eqs.
44 and 45, and the characteristic differential equations, Eqs. 46 and 47,
will be replaced by first order diffe~ences for use in an explicit scheme
with specified grid intervals, as shown in Figure 4. In the present study,
the grid distance interval, ~s, is taken as a constant. In order to in
sure stability of the solution obtained from the explicit finite-differ
ence equations, the relative value of the time interval, ~t, and grid
distance interval, ~s, must satisfy the Courant criterion (Courant et al.,
1952) :

~s
~t <

(3V + /(3(S - 1) y2 + ~ (D cose
F

2 co s O
a 0

(48)

The specified grid interval is used to assign definite values of sp and
~p at point P in the s, t-plane (Figure 4) throughout the computation.
Thus, only two unknowns, the velocity and depth of flow at point P, yp
and hp, remain to be determined. If the velocity and depth of flow are
known at points A, B, and C (Figure 4), the velocity and depth at points
D and E (or E') can be evaluated by linear interpolation incorporating
with the equations for the characteristic curves, C+ and C·.

The characteristic curves and the characteristic differential equa
tions, Eqs. 44 through 47, can thus be transformed into the following
explicit finite-difference forms with specified grid intervals. All the
variables with subscripts, "A," "B," "C," "D," "E," (or E'),
and "p" used in the following equations denote the corresponding quan
tities at point A, B, C, D, E (or El), and P in Figure 4, respectively.

For the C+ ·characteristic curve, Eqs. 44 and 46 give

s • s
P D

29

caSeD
--+ h*)
cos G D

o
(49)
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Figure 4. Explicit scheme with specified grid intervals.
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1 coseD [
(1 • B) V

D
+

DD coseo
B(B • 1)

respectively.

For C· • characteristic curve, Eqs. 45 and 47 give

s • s = [BV .PEE

1 coseE
DE cos O0

B(B • 1)

(51)

+ h;) ] (hp • hE)

L
o

D cos O
o 0

. BV .
E
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(52)

Equations 51 and 52 are developed only for subcritical flow, in
which point E lies between points B and C (Figure 4a). In the case of
supercritical flow, the C· -characteristic curve has a positive slope
in the s, t-plane so that point E lies between points A and B, as shown
in Figure 4b. However, Eqs. 51 and 52 are still applicable to the super
critical flow case if subscript "E" for all variables in Eqs , 51 and
52 is changed to subscript "EI".

In order to solve Eqs. 50 and 52 simultaneously for Vp and hp,
all other quantities at points D and E (or E') in the equations 'must
be evaluated first. Within the same flow region. these quantities such
as at points D and E (or E'). can be expressed in terms of known or
calculated quantities at given grid points such as at points A, B, and
C. by interpolation. In other words. -for any given non-closed channel
section, where the geometric elements of channel section, such as A, D,
R, and T, can be defined entirely by the section geometry and the depth
of flow, the velocity of flow and any geometric element of channel sec
tion anywhere between two grid points, if in the same flow region, can be
evaluated by interpolation. For convenience, the hydraulic depth of flow,
D, is used as a representative geometric element of the channel section
understudy.

When grid points A, B, and C utilized in the interpolation of the
values of flow variables at poLnt.s D and E (or EI) are not in the same
flow region. such as in the case of bores which develop between any two
grid points, great care must be given to the formulation of linear inter
polation or extrapolation formulas which. if derived for flow on the
front side of the bore, should not be expressed in terms of the known
values for flow on the back side of the bore and vice versa. It is
essential that the interpolation or extrapolation formulas for flow
variables at points D and E (or E') be generalized so that they can also
be applied to a situation in which a bore exists in between grid points
A, B, and C. The generalization of interpolation or extrapolation can
be done in the following manner.

Let points 1 and 2 be given and sit in the upstream (left-hand) side
and downstream (right-hand) side, respectively, of point D (Figure 5a),
point E (Figure 5b), and point E' (Figure5c). Points 1 and 2 mayor may
not be grid points A and B (Figures 5a and 5c), or Band C (Figure 5b),
depending upon whether there is a bore or a train of such bores in between.
If all the points 1, D, 2, and P are in the same flow region in the case
of the C+ characteristic curve, then
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S(B -l)V~
S coseD

+ ~ (DD cose
F 0

o

+~) ]

(53)

in which sl and s2 are the coordinates of points 1 and 2, respectively.

With the C- -characteristic curve, two separate cases must be
examined. In the case of subcritical flow,

BV -E

or simply

e(e -
2 s coseE

1)VE + 2" (DE cose
F 0

o (54a)

coseE *
D --+h"E cose -~

o
(54b)

point E falls between points B andC, as shown in Figure 5b. If points
1 and 2 are again introduced, then

coseE ]
e(e -1) V; + F~ (DE -co-s-e0'-- + h~)

o (55)

In the case of supercritical flow

or simply

2srs - l)V
E,

S coseE ,

+ 2" (DE' cose
F 0

o

(56a)

1
VE' > F

o
(56b)

point E' falls between points A and B, as shown in Figure 5c. If points
1 and 2 are again introduced, then
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s2-sE'
---=
s2-s1'

,. (57)

For convenience, Eqs. 53, 55, and 57 may be expressed in a general form
such as

s2-si
---=
s2-s 1

cos8,
i3( i3 - 1) l ~-l.. (D: l

l F2 l cos8
0

o

(58)

*,in whic2 the index "i" for variables si' Vi' Di, 8i' and hi' signifies
the corresponding variables, at points D, E, and E'. It can readily be
seen from Eqs. 53, 55, and 57 that for i = D, E, and E'. TID = 1,
TIE = -1, and TIE' = -1, respectively. Use of Eq. 58 thus simplifies
greatly the computer programming.

There are three unknowns, si, Vi, and Di. in Eq. 58. To solve Eq.
58 for three unknowns two more equations are needed, i.e.,

s2- s i
---=
s2- s 1

D2-Di---
D

2-D1
. . (59)

The Newton-Raphson Second Method (Moursund and Duris, 1967) can be
applied to Eqs. 58 and 59 for simultaneous solution of three unknowns
si, Vi, and Di, which may be expressed in terms of supposedly known
values at points 1 and 2.

After the interpolated quantities at points D and E (or E'), such
as sD and sE (or SE'), VD and VE (or VE'), and DD and DE (or DE') are
evaluated, the values of other geometric elements of the channel section
at points D and E (or E') can be calculated from the geometry of the
section and the values of DD and DE (or DE')' Other variables such as
rainfall intensities, rD and rE (or rE'), the infiltration rates, i D
and i E (or iE'), the lateral inflow rates from the downstream ends of
the overland flow parts, qLD and qLE (or qLE'), the terminal velocities
of raindrops AD and AE (or , AE')~ and overpressure heads due to the
raindrop impact, h~ and h~ (or hE' ), can be evaluated from the known
functions, at points sD and sE (or sE')' respectively. Substituting all
known quantities at points D and E (or E') into Eqs. 50 and 52 and then
solving Eqs. 50 and 52 simultaneously yields the values of Vp and hp.
Because Eqs. 50 and 52 are linear in Vp and hp, the solutions are straight
forward.
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The Procedures of Computation

Mathematical expression of
cross profile for roadway

The,quadratic equation~

2z = C1x + C2x +C3 (60)

is the basic equation in formulating the cross profile of the roadway,
as shown in Figure 6. Here z and x are the vertical and horizontal
coordinates, respectively. From the coordinates of any three points on
the road surface the coefficients of the equation, C1' C2, and C3 can be
determined. Furthermore, Eq. 60 can be used to express s-coordinate
along the roadway profile with s = 0 corresponding to x = 0 and z = 0
because the following relationship exists between x and s coordinates.

s = SI (dz/dx) 2 + 1 dx

1+ log
4 IC2 e

1

1 log (4C1C2 + 4ft"f /C~ + 1 )4M e
1 (61)

Given the coordinate of s, the coordinate of x can be calculated from
Eq. 61 and vice versa. The Newton-Raphson method may be used for numeri
cal solution of Eq. 61 for x with s known. Note that the transforma
tion of coordinate systems from s to x is needed because the character
istic difference equations, Eqs.50 and 52, are solved on the s, t-plane,
but not on the x, t-plane.

For solving Eqs. 50 and 52, the bed slope, S, that changes along
the cross profile of the roadway must be evaluated at points D and E
(or E') (Figures 4 and 5). The bed slope at any point on the roadway.is

(62a)

or
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Figure 6. Typical cross (or crown) slope of roadway.
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(62b)

Arrangement of overland flow and
gutter flow sections

For delineating the entire flow region on the roadway between two
adjacent drainage inlets, the flow lines that enter the inlets should be
known." Unfortunately there is no such information associated with the
hydraulic (one-dimensional) approach. Since a sheet flow has a small
depth, a line starting at the inlet perpendicular to ~he contour lines
is believed to be the closest to the actual flow line:one can guess.
Therefore, the entire flow region becomes a plane flow net consisting of
contour lines and flow lines, as depicted in area HIJK of Figure 7.

Along a flow line of overland flow, say curve AB in Figure 7, the
maximum bed gradient at any point, P, is tangent to curve AB, as shown
by arrow PT in Figure 7, and is the vector summation of the bed gradient
in the gutter direction, PC, and the bed gradient of the roadway crown,
PRo Similarly the resultant velocity along AB can be considered as the
vector summation of two velocity components: one along the crown of the
roadway and the other in the direction of gutter flow. Both velocity
components at the upstream end of overland flow must be zero (i.e.,
boundary conditions). In the true simulation of overland flow, the
resultant velocity along the flow line should be considered. However,
if flow lines, such as shown in area HIJK of Figure 7, are curvilinear,
the computation should proceed along the curvilinear flow lines that are
unfortunately very difficult, if not impossible, to be traced. Instead
of tracing the flow line and having the resultant velocity computed along
the flow line, one can simply compute the velocity component along the
crown of the roadway, which is in the direction perpendicular to the
gutter flow. This simplification in the computation is justified because
the velocity component in parallel to gutter flow is equal for a line
connecting the same crown slope and is equivalent to making the assump
tion that the true flow region HIJK is transformed into the conceptual
rectangular flow region H'I'JK. Thus, only the velocity component along
the cross profile of the roadway is routed.

The lateral inflow rate, q, per unit length of the gutter is
actually equal to the overland-ftow discharge per unit width along flow
line AB at point B on the internal boundary multiplied by the cosine of
the angle W that the direction of overland flow at point B makes with
the line perpendicular to the gutter flow (Figure 2). This lateral in
flow rate, qL' is of the same magnitude as that calculated from overland
flow along lineA'B at the same point B on the internal boundary.
Therefore, routing the overland flow in the conceptual area H'I'JK with
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the velocity component perpendicular to the channel flow is tantamount
to routing it in the actual area HIJK with the resultant 'velocity along
the flow line. The validity and practical appLf.catLons of the present
technique routing storm water over the conceptual rectangular area H'I'JK
can only be examined by comparing the computed result~ with field data.

Giventhe'conceptual rectangular watershed area, the routing arrange
ment of overland flow and channel. flow can proceed as follows. As shown
in Figure 8, let the value of N indicate the location of the given sec
tion associated with both overland flow and gutter flow, that of K the
location of the given grid point, and that of' T the time level. For
example, N = 1 is the overland flow section 1 at the upstream end of
gutter'flow, N = NN is the overland flow section NN at the downstream
end of gutter flow, and N = NN + 1 is the gutter flow itself. The grid
points associated with K = 1 correspond to those at·. the upstream ends
of both overland flow and gutter flow. The values of KN and NN'represent
the total numbers of grid points in the overland-flow and gutter-flow
parts, respectively. Therefore, any given variable with a given grid
point eN, K, T) will be specifically referred to that variable at the
N-th section, K-th grid point, and T-~h time level. Note that correspond
ing to each grid point of gutter flow, there is a section of overland
flow. Consequently there are a total of "NN" number of overland flow
sections. The number of the grid points, KN, in the overland-flow part
changes with the location o~ the moving internal boundary between overland
flow and channel flow.with the last grid point, KN, being designated as
the first one to the right of the internal boundary.

The distance interval between two grid points in the overland-flow
part is denoted by ~sRS, as shown in Figure 8, and that in the channel
flow part by ~sGU. For convenience, the distance interval between grid
points KN-1 and KN in the overland-flow part does not need to be limited
to ~sRS.

Elementary drainage area for curved roadway

To apply the same one-dimensional numerical model formulated in the
previous section for runoff on the straight roadway to the case on the
curved roadway requires only a slight modification on the elementary
drainage area at each grid point. Note that for straight roadway, the
elementary drainage area, ~o (= ~sRS x ~sGU)" as shown in Figure 8 is
constant everywhere on the roadway, provided that the distance intervals,
~sRS and ~sGU' taken in both overland and gutter flow directions are
invariant. However, this is not always the case on a 'curved roadway
which is considered as a composition of several sections'of different
curvatures with straight longitudinal slopes. There. are two alternative
ways by which runoff on the curved roadway can be modeled. One is to
keep ~ constant by adjusting the ~sRS and ~sGU lengths and the other,
vice versa. It seems more difficult to handle a problem with varying
~sRS and ~sGU in the curvilinear coordinate system (sRS' sGU) associated
with the curved roadway than that with varying ~ for specified t.sRS and
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~sGU. Therefore, the latter method is used to find a correction factor
for the variation in M.a with specified ~sRS and ~sGU on the curved
roadway. The value of the correction factor so formulated should depend
on the coordinates of a grid point in question and thus apply only to
those quantities defined with reference to AAo such as the rainfall
intensity, r, and the infiltration rate, i.

Consider an elementary drainage area, AA, (shaded) as shown in Figure
9, 'on the curved roadway. If the inner and outer radii of curvature for
AA are assigned r1 and r2, respectively, then

822
AA = :2 (r

2
- r 1 ) (63)

in which 8 is the central angle in radians sub tended by ~sGU' or

8 = (64)

in which r is the radius of curvature for the gutter flow length, Lch.
GeometricarlY on the average,

+L
~sRS

r 2 r - s +--
c rs 2

+ L
~sRS

r
1 = r - s -c rs 2

(65)

(66)

in which Lr s is the overland flow length and s is the overland-flow
coordinate of the center of AA. Substituting Eqs. 64, 65, and 66
into Eq. 63 yields

or

S ) (67)

L - s )rs
r

c
=

~A

M
o

(68)

The ratio of the elementary drainage areas, AA on the curved road
way to ~ on the straight roadway is indeed a correction factor, Eq. 68,
which will be used to multiply all the terms containing rand i in
Eqs. 50 and 52. The correction factor becomes unity as an overland-
flow grid point approaches to the gutter (s = Lrs). Furthermore, no

42



Figure 9. An elementary drainage area of the curved roadway.
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(69)

contradiction Seems to be induced by multiplying the correction factor
to the rand i terms even in the case of the straight roadway, for
the correction factor automatically becomes unity as r c approaches to
infinity. In application, however, the r c value in Eq, 68 needs to
be determined in advance.

The minimum permissible radius of curvature, -rc' in ft.is determined
by the h-ighway design speed, U, in mph, and the maximum superelevation,
e, 'in ft per ft of roadway width of the curved roadway as follows
(Highway Research Board, 1957; Noble 1960):

0.067U2
r =

c e + f

in which f is the side friction (cornering ratio) between tires and road
surface. American Association of State Highway Officials (AASHO, 1973)
has spedfied that (1) maximum superelevation rates of 0.04 to 0.06 are
commonly used on arterial streets, (2) on freeways maximum superelevation
rates of 0.06 to 0.08 usually apply, and (3) maximum superelevation rates
of 0.10 to 0.12 are applicable for those highways if snow and ice are not
factors. Highway curve design data for assumed maximum superelevations
of 0.04, 0.06,0.08, 0.10, and 0.12 can be found in AASHO (1973, 1965).
A friction of f = 0.10 is a conservative value to be used for main-line
highway design (Moyer, 1934).

Reference (or normalizingLguantities

The angle of inclination of the gutter bottom is taken as the
reference angle of inclination, 60 , Therefore the reference slope,
So' is the gutter slope, defined as sineo' The reference length, L o '
can be either the length of gutter flow or that of overland flow, or
a combination thereof. The discharge at the downstream end of gutter
flow at the equilibrium stage is considered as the reference discharge,
Qo' corresponding to the reference rainfall intensity~ roo That is

Q =rB=AV
o 0 0 0

(70)

in which B is the total projected area of the runoff surface on the
horizontal plane, Ao is the reference cross-sectional area of flow, and
Vo is the reference velocity of flow. The value of Ao cannot be
determined unless Vo is known and vice versa. Thus, both quantities
can only be calculated by a trial and error as follows. Assuming that
water with the reference discharge Qo flows uniformly in the gutter with
the reference slope So, one obtains from Eq. 18

s =o
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in which f 0 is the reference friction coefficient and Ro is the refer
e~ce hydraulic radius. Combination of Eqs. 70 and 71 yields

Q = /fi;8 A I"RSo f 0 I ~o~o
o

(72)

Equatio~ 72 can be solved for the reference hydraulic depth, Do, hecause
Ao "and Ro are all functions of Do and the value of f 0 can be calculated
by using Eq. 19, 20, or 21. For simplicity, the reference gutter flow
with Qo is conceptually treated as 1-ft rectangular channel flow in the
present analysis. Therefore, the reference top width, To' simply becomes
unity and Ao = Ro = Do. Solution of Eq. 72 needs an iteration method
such as used by Chen and Chow (1968). After Do is determined, the
corresponding value of Aa, and hence Vo ' can be obtained from the geo
metric relationship of the 1-ft rectangular channel and Eq. 70, respec-
tively. '

The reference Froude number is defined as

F
o

v
o

IgD cos G /S
o 0

(73)

Assuming initial conditions

Immediate difficulty arises when the initial conditions, Eqs. 22
and 23, in the form of difference scheme are used to start the compu
tation. If the velocity and depth of flow are all zero everywhere at the
initial stage, the method of characteristics using an explicit scheme
with specified grid intervals fails immediately at the subsequent time
level. Therefore, it appears necessary for each problem to assume an
appropriate initial condition.

(74)t
s

In the case of stationary uniform rainfall (i.e., equivalent to have
an infinite storm velocity), assume that the initial depth of flow on the
roadway, hr s' is small, say one fifth of the flow depth at the second grid
point on the roadway at the equilibrium stage or the roughness size, k,
of the ground surface, whichever is smaller. The corresponding time
for this condition is

hrs= r

When the top width of gutter flow becomes zero, an immediate failure of
computation by use of Eqs. 50 and 52 will result unless an initial depth
higher than hr s is assumed in the gutter. Let us assume the depth of
gutter flow, hgs' to be
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= 2hrs (75)

Then the non-zero top width of gutter flow can be obt~ined accordingly
at the initial state.

The initial velocity of flow, Vs' at any point on a roadway assumed
to be that of the uniform flow with the corresponding bed slope, S,
roughness size, k, and flow depth, h r s or h s' ·at the point under con~

sideration. Because the bed slope of the roa~ay steepens as it approaches
the point where overland flow meets with gutter flow (i.e., the internal
boundary), the initial velocity of flow so computed increases considerably
with the cross profile of the roadway.

For moving rainstorms, the initial conditions must be set up
differently from that of stationary rainstorms, as described above. The
storm front may move in any direction with a storm velocity, W, which may
differ considerably, depending upon physiographical and hydrometeorolog
ical factors. It is possible that the stor-m moves so slowly that the
wavefront produced on the dry bed outraces the storm front. Although
the assumed initial conditions, if generalized, can be applied to a
storm moving in any direction, only those related to storms moving in
the same direction as those of overland flow and gutter flow, or in the
opposite direction, are treated herein. When the roadway is initially
dry and a storm just enters the upstream end (i.e., highway watershed
divide), the amount of water coming from rainfall arid then staying on
the ground around the upSLL2am end is too little to be utilized as a
starting condition of the subsequent computation. Furthermore, there
is no way to know beforehand how this little amount of water behaves
around the upstream end of the ground surface. In fact, it is part of
the solution being sought. In order for the present method to be valid
in this case, it appears that the assumption of a non-zero depth of water
extending over at least the two uppermost grid points is necessary for
the numerical computation to start with. An alternative way to circum
vent this starting problem is to subdivide the distance interval between
the two uppermost grid points into finer distance intervals and then the
same assumption of a non-zero depth of water applied to the uppermost,
finer distance interval. Results obtained from the latter approach are
believed to be more accurate than those obtained from the former approach;
however, in view of a considerable increase in the computer time with
the latter approach, the uppermost distance interval is not subdivided
herein.

The initial location of the stormfront, say at the second grid point
(i.e., K = 2 in Figure 8) from the upstream end, will be assumed and
the corresponding time for the stormfront to reach that point will be
computed. Similarly the initial location of the wavefront, say halfway
between the second and the third grid points, will also be assumed and
the corresponding depth and velocity of flow will be computed on the
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assumption that they are uniform throughout the wavefront and the volume
of water retained on the ground surface is equal to that of rainwater
falling on the ground surface during that period of the initial time.
Hopefully, the depth and velocity of flow so assumed at the upstream end
(i.e., K = 1 in Figure 8), at the second grid point, and at the wave
front will adjust themselves in the computations at sub sequent; time
levels. As shown by Chu (1973), if the location of the wavefront
assumed is too far downstream, the wavefront will move slightly up8tream
to make automatic adjustments of its location in the subsequent computa
tions. These are the initial conditions assumed for a storm moving in
the direction of overland flow.

The number of initial conditions to be assumed for a storm moving
in the direction of gutter flow is more than that in the direction of
overland flow. As soon as a storm enters the roadway in the direction
of gutter flow, immediately a combined overland and gutter flow,occurs
at the upstream end of the gutter. Both locations of the storm£ront
and the wavefront of gutter flow can be assumed as those for a storm
moving in the direction of overland flow, but the depth and velocity of
flow in the overland-flow part at different sections of gutter flow for
the initial time period must be computed accordingly. It appears that
the initial depth of flow which is assumed uniform throughout the wave
front in the gutter needs to be assumed larger than that at the internal
boundary, preferably three times greater, in order to proceed smoothly
in subsequent computatio~s.

When a storm is moving in the opposite direction to the flow, either
overland flow or gutter flow, (i.e., from the downstream end to the
upstream end), no advancing wavefront exists and the initial conditions
can be assumed as those for a stationary rainstorm extending over a
certain distance interval from the downstream end to the assumed storm
front.

Evaluation of the friction coefficient

Equation 19,20, or 21, as depicted in Figure 3, is used to evalu
ate the friction coefficient, f. However, if the depth of flow, h,
or hydraulic radius, R, is very small with almost the same order of
magnitude as the roughness size, k~ an unrealistically large value of the
friction coefficient, f , may result from Eq. 19, 20, or 21. To im
prove this poor evaluation of f, Chen and Chow (1968) proposed the
friction slope, Sf' at the initial stage to be evaluated from the energy
equation formulatea at each grid point. As shown in Figure 10, the head
loss, hf due to friction between points D and E (or E') is assumed
equal to Sf LisDE (or Sf LisDE'), in which LisDE and LisDE , are the channel
distances between points D and E and between points D and E',
respectively. Thus
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in which aD and aE (or ~,) are the energy correction factors at
points D and E (or E'), respectively. The theoretical evaluation of
the energy correction factor for laminar and turbulent flow is appended
to this report (Appendix 1).

A few preliminary computer experiments revealed that use of Eq.
76a or 76b alone resulted in the erroneous longitudinal velocity distri~

bution which changes only slightly, if not at all, with time. In view
of this problem, it appears that Eq. 76 can only be used whenever Eq.
19, 20, or 21 fails to compute the" realistic f value. In effect Eq. 76
plays only a role of transition in the evaluation of the friction slope,
Sf ' or friction coefficient, f. Chen and Chow (19"68) compared the
value of Sf computed from Eq.18 with that from Eq. 76 and selected
the smaller one. However, if Eq. 76 simply plays a role of transition
in the evaluation of Sf from one value to another computed by using Eq.
19, 20, or 21, both equations should give about the same computed value
of Sf or f at the equilibrium state where the depth of flow is much
higher, possibly many times higher, than the roughness size. For most
cases of the problems investigated, use of Eq. 76 happened both at the
initial stage of the computation and at the final stage of receding flow
after rain stops. Because the initial conditions formulated at the
beginning of the computation" are nothing but assumptions, as already
described before, the f value estimated by use of Eq. 19, 20, or 21 at
the beginning stage of the computation was so unrealistic that the depth
and velocity computed at each grid point by means of Eqs. 50 and 52
easily became too low or too high. If this undesirable situation had
developed, the computation at next time level could have immediately
broken down unless some kind of bypassing alternatives were built into
the computer program. Use of Eq. 76 might be regarded as one of such
alternatives. There were some other instances, in which Chen and Chow's
(1968) scheme might also fail when the S value determined from Eq. 76
is always smaller than that obtained from Eq. 18, even at the equilibrium
state. This in a sense implies another undesirable situation in which
Eq. 76 has bp-en used alone all the time in the evaluation of the Sf' A
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few exploratory'computer experiments indicated that in some cases,
especially for extensively long overland flow consisting of combined
regimes of flow resistance such as partially laminar upstream and partially
turbulent downstream, the flow would probably never reach the equilibrium
state if only Eq. 76 was used in the computation. A compromise between
the use of Eq. 18 and that of Eq. 76 must thus be in order. The role of
transition played by Eq. 76 suggests that taking the average value of Sf
or f computed by both equations at each time level may be a good approxi
mation for practical purposes (Chu, 1973).

Although there are few more technical difficulties in the computation
than just described above i~ connection with the present numerical scheme.
similar alternatives were used to overcome such difficulties, wherever
they occurred. In some problems, for example, with low rainfall intensity
and steep slope, the depth of flow throughout the channel remains very
small with an order of magnitude of the roughness size, k, or less even
at the equf.Lf.br Lum state. In this case, additional judicious assumptions
have to be made because the evaluation of Sf or f by using the method, as
described above, still produces unrealistic values. Physically, when the
depth of flow becomes smaller than the roughness size, the water movement
around protruded roughness particles on the ground surface must be slow,
in a way analogous to porous media flow regardless of whether or not rain
drops are impinging on the water surface. Therefore, one may assume that
there exists a minimum depth below which the flow is so slow (i.e.,
laminar) that the laminar flow equation (i.e., a combination of Eqs. 18
and 21) applies. The 'minimum depth may change with channel slope and
rainfall intensity, but for simplicity it is assumed constant herein.
An analysis of Woo and Brater's (1961) data reveals that the minimum
depth approaches asymptotically twice the roughness size with the increase
in the bed slope within their slope range tested. The value of f
corresponding to the minimum depth is computed from Eq. 19 for R/k = 2
to be about 0.115, as indicated in Figure 3, and the value of C in Eq. 21
may be evaluated as follows.

Let the value of C depend on the bed slope, S, the rainfall
intensity, r, and the roughness size, k. Then for uniform laminar flow
with depth less than the minimum depth, say Ek, where E is assumed
constant [i.e., E = 2 in Chu's (1973) study], the Darcy-Weisbach equation,
Eq. 18, is expressed as

s = i1!:
8gR

which upon combination with Eq. 21 reduces to

(77)

S = GvV

8gR2
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However, when the depth of flow increases and the hydraulic radius exceeds
~k, the flow under study can become either laminar or turbulent. Con
sequently, one may assume that at R = ~k, both Eqs. 19 and 21 satisfy
Eq. 77 as follows:

s CVY
= 2

8g(~k)

S 1 y 2
=

8g[2log(2~) + 1. 74]2 ~k

Eliminating Y from Eqs. 79 and 80 yields

C =
v[2log(2~) + 1.74]

(79)

(80)

(81)

This is the formula for C, the value of which is assumed to be greater
than the theoretical 24 and varies with Sand k, as shown in Figure 11
for ~ = 2. Equation 81 for ~ = 2 and k = 0.00333 ft is also plotted in
Figure 11 and compared with Woo and Brater's (1961) result. It is not
surprising to see that they deviate significantly from each other, for
the value of ~ in Woo and Brater's data varies from.4 for small S to
2 for large S. No way of improving the expression of Eq. 81 was
discovered unless one knows the variation of ~ with Sand k a priori.
Despite the difficulty in the analytical expression of the C-value,
Eq. 81 was used in Chu's (1973) study as a first-order approximation.
Apparently there is a question regarding the general applicability of
Eq. 81 which merits a few comments in the following.

To make use of Eq. 81 for assumed ~ = 2, one has to know the
roughness height, k, for a surface under investigation. However, the
k value for a given surface is the hardest to determine. Usually most
kinds of material determined· from experiments have a wide range of the
k value. For example, the k value for concrete varies from 0.0015 to
0.0100 ft (Chow, 1959). Because the k value for a glued-sand surface
used in Woo and Brater's (1961) experiments lies within the range of
concrete, the C values determined from their experimental data may be
used as a basis for the computation of sheet flows over concrete or
bituminous surfaces without further determining the k value. This
approach seems to be more acceptable than use of Eq. 81 in the
engineering practice, for a highway engineer does not need to measure
or determine the roughness height for concrete or other kinds of
material.

In gene~al, the following relationship exits between the C value
and bed slope, S, for a given surface (Chen, 1975a):
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(82)

in which a and b are parameters, the values of which seem to vary with
k and r, the rainfall intensity, if it is under rain.' A further analysis
of Woo and Brater's (1961) experimental data resulted in approximately
a = 235 <and b = 0.296 for a glued-sand surface which will be assumed to
have the same roughness height as a concrete or bituminous surface in the
present study. For use in the computation of overland flow on the sinew
slope, Chen (1975a) has experimentally determined a = 510,000 and b ~:

0.662 for natural turf surfaces. Thus, Eq. 82 assigned with the preceding
values of a and b for concrete and turf surfaces is used throughout this
runoff modeling study.

Given the expression of C, the velocity V in the shallow laminar
flow range can now be expressed by substituting Eq , 82 into Eq.' 78 as

(83)

which shows an interesting result because the values of the exponent,
(1 - b), of S in Eq. 83, 0.704 for concrete and 0.338 for turf, are less
than theoretical unity. In the present study, the laminar flow using
Eq. 83 is assumed for R < Ek, in which the value of E may be determined
by best fitting the computed hydrographs to the measured ones obtained
from field data. .

Numerical formulation of external and
internal boundary cpnditions

Upstream boundary conditions. Equation 2 in dimensionless form
using normalized variables such as defined in Eq. 35 is

L T r
~ + aA = 0 0 0
as at A v

o 0

cose
L

+ 0
T cos O qL

o 0

(84)

in which asterisk subscript used to represent normalization was already
dropped from all the variables for brevity and cose is the average value
of case between two grid points under consideration. Consider two
uppermost grid points as shown in Figure 12a. The partial derivatives
in Eq. 84 can be expressed by the following finite-differences

(85)

53



t

P U3 D3 P

<::
~

.6.s .6.t .6.s

U1 U2 D2 D1

-
s

a. Upstream end b. Downstream end

Figure 12. Grid points at upstream end and downstream end.

54



aA 1
at = 2 (86)

in which all subscripts refer to the grid points defined in Figure 12a.
The upstream boundary condition is

(87)

in which Qu is the carry-over discharge, if any, from the upstream end.
Specifically, for overland flow, Qu = 0. Replacing the partial deriva
tives in Eq. 84 by the corresponding finite-differences t Eqs. 85 and 86,
yields

[

L T r
+ 2~t 0 0 0

AV
o 0

in which

L ](r - i) T cose + 0 q-
T coaO L

o 0

(88)

(89)

(90)

(91)

(92)

(93)

Specifically, for overland flow, where Qu = 0, Vp = 0, qL = 0, and
T = TU1 = TU2 = T

U3
= T, Eq. 88 reduces to
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[

L T r
+ 2lit 0 0 0

AVo 0

(r - 1.) T COS e] (94)

then the depth of flow, ~, can be computed from

~ = Ap (::c:::~) " (95)

In the gutter, the flow depth, hp, must be computed simultaneously
with the corresponding overland-flow prof{le. The procedure of this
computation will be discussed' in detail in:the section on "Internal
boundary condf.t.Lons ,"

Downstream boundary conditions. The downstream boundary conditions
at inlet depend on the flow conditions, viz., whether the flow is super
critical or subcritical.

In the case of supercritical flow, both points D and E' of C+
and C- -characteristic curves fall inside the flow region, as shown in
Figure 4b (Le." to the left of the downstream end of gutter flow).
Therefore, no bOillluary condition is needed to be specified and the veloc
ity and depth of flow at ....J.Le downstream end point p, (Figure 12b), Vp and
hp, can be obtained by treating point P as an interior grid point.

For subcritical flow, because point E of C- -characteristic curve,
falls outside the flow region, as shown in Figure 4a, finite-difference
equations along C- -characteristic curve, Eqs. 51 and 52, cannot be
used. Water flowing into the inlet maybe regarded as that of free over
fall flow and the boundary condition there is assumed as a critical flow
condition, Eq. 26, or in terms of dimensionless Vp and hp as

F
o = 1 (96)

This is the boundary condition at the inlet for subcritical flow. Equa
tion 96 has two unknowns, Vp and hp (or Dp) which can only be solved
for by using another equation, either the C+ -characteristic difference
equation, Eq. 50, or the finite-difference equation of continuity. Be
cause of the intrinsic difficulty in evaluating the friction slope in
cluded in Eq, 50, as mentioned previously, it was decided to use the
finite-difference equation of continuity which is fqrmulated,·in refer
ence to Figure 12b, as follows:
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L
+ 0

T cose
o 0

(97)

in which all subscripts refer to the grid points defined in Figure 12b;
and r, I, T, cose, and qL are computed by equations similar to Eqs.
89,90,91,92, and 93, respectively, except that subscripts "U1,"
"U2," and "U3" for all variables in Eqs. 89 through 94 must, be
changed to subscripts "Dl," "D2," and "D3," respectively.' Solving
Eqs. 96 and 97 simultaneously for Vp and Dp requires the internal
boundary condition between overland flow and channel flow at the inlet
because the cross-sectional area of flow, Ap, varies with the location of
the internal boundary and can be computed by the Newton-Raphson Second
Method.

The calculation of the carry-over flow. There are two types of
storm inlet on the highway: one is called grate inlet and the other,
curb-opening (or side-opening). Each type can be with or without gutter
depression.

For the grate inlet, the carry-over flow may occur in three ways:

1. Flow past the inlet between the curb and the first slot, ql.
2. Flow outside the last slot, q2.
3. Carry-over across the grate itself.

Although from the model studies in the laboratory, Li, Geyer, and
Benton (1951) derived the minimum length of grate inlet required to trap
the central portion of the flow, the minimum length of grate inlet required
to trap the outside portion of flow with or without gutter depression,
and carry-over flow rates, ql and q2' it has been found that the derived
equations are not valid outs1de of their experimental conditions. The
complicated flow conditions at the inlet area has so far prevented the
development of a sound analytical method to compute inlet efficiencies.
For simplicity, the inlet will be assumed herein to be operated at 100
percent efficiency without further determining the carry-over flow rates.

The calculation of the carry-over flow for the curb-opening type
inlet is not available at present (Li, Sortegerg, and Geyer, 1951).

Interrtalboundary conditions.' Equations 27 and 28 can be written
in a dimensionless form by using the normalized variables defined in Eq.
35 and
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·t;* = ~/V()' h* = -h cose ID
o 0

(98)

After dropping asterisk subscript, normalized Eqs. 27 and 28 become

(99)

Equations 99 and 100 are the internal boundary conditions which will be
incorporated with thr~~ other equations for solutions of five unknowns,
AL, VL, AR, VR' and s·

For convenience, the computation for obtaining the discontinuity
solution by using Eqs. 99 and 100 can proceed in two steps (Chen and
Chu, 1973): One is at the inception of a discontinuity and the other is
during its propagation. The computation procedures for the two steps are
somewhat different and the former is more difficult than the latter.

1. Generation of a discontinuity. Consider that previously (i.e.,
at a time level t) there is no discontinuity and a discontinuity suddenly
occurs at time level (t; + fit) between two grid po Lnts A and E, as shown
in Figure 13.

Whether or not a discontinuity occurs between two grid points, A
and B, at any time level requires a test of Eq.l00 at each grid point
with the help of extrapolation formulas extended from the adjacent grid
pof.nt.s of both sides. In addition to Eqs.99 and 100, four linear
extrapolation formulas such as formulated by Chen and Chow (1968) are
needed in the case of occurrence of a discontinuity for so~ution of six
unknowns: AL' VL' AR, VR' .~, and sJ' where sJ is the location of the
discontinuity. In order to satisfy Eq. 100, VL must be greater than
VR. This condition for Eq~ 100 in turn leads to the inequality that

(101)

which should be satisfied if there is a discontinuity between two grid
points, A and B.

With Eq. 100 and four extrapolation formulas, an iteration procedure
such as the Newton-Raphson Second Method can be developed to locate
the discontinuity, sJ' between points A and B. After sJ' ~ (or ~L)'

VL, AR (or hR), and VR are determined, the propagation velocity, s , can
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be computed by means of Eq. 99. Other variables such as hL and hR are
evaluated from channel geometric relationships. As a final check, the
solutions so obtained should satisfy another set ~f inequalities, Eqs.
29 and 30 in a dimensionless form (for VL > VR ~!; and AL < AR)
or Eqs. 32 and 33 in a dimensionless form (for s > VL,> VR and
AL > AR); otherwise, there would be no discontinuity between grid points
A and B•.

2. Propagation of a discontinuity. To find the new location of the
I

discontinuity, sJ' as shown in Figure 14, the conjugate depths, hL and hR9
and velocities, VL and VR' of t~e discontinuity, and the propagation
velocity of the discontinuity, s, at time level (t + ~t) from the previous
ones at time level t seems relatively easy. The new location, s,J' is
related to the previous one, sJ by

.' (102)

in which ~t is the time increment adopted in the computation at interior
points and cannot be taken to be greater than the Courant criterion. Once
the new location of the discontinuity-is determined, the new values of ~,
VL, VR' hL and hR are computed by using the two discontinuity equations,
Eqs. 99 and 100, and three appropriate characteristic difference equaw

tions formulated along the corresponding characteristic curves for each
of the two adjacent gradually varied flow regions from the point of
discontinuity. Because there are only five unknowns to be determined,
two characteristic difference equations from one flow region and only
one characteristic difference equation from the other flow region are
sufficient for unique solution. The flow region that has only one
characteristic difference equation can be determined from inequalities,
Eqs. 31 and 34, for two different cases.

In the case of AL < AR and VL > VR > L Eqs. 29, 30, and 31 in
a dimensionless form are:

. 1 JDLcos O
+~V - S > -

L F cose
0 9

V - s 1 /DR
cose

+~< -
caseR Fa 0

and

(103)

(104)

VL
+ _1 JDL

cose +t{ 1 / Dcase' +t{ .
case

> V - > SF L F L cose
0 0 a a

IDk
_1 case *> V - + hR (105)R F cos sa 0
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respectively. From the expressions for C+ - and C· -characteristic
curves (for S 0:: 1) in the flow regions "L" and "R," and the inequality,
E~. 105, !t can readily be seen that there are two,characteristic curves,
CL and CL ' in flow region "L," but only one characteristic curve, CR'
in flow region "R," as shown in Figure 14a. Therefore, the character
istic difference equation along C~ in flow region "R" is not needed
for the computation of the discontinuity in this case (Figure 14a).

In the case of ~ > AR and ~ > VL > VR, Eqs. 32, 33, and 34
in a dimensionless form are:

t; - V <
1

D
L

case +h* (106)L F case L
0 0

. 1
/DR

case
+~t; - V > (107)R f' casea a

and

1
/DL

case * + _1 cos e + h*VL + F + ~ > t; > V
R DRcase F cose R

0 0 a a

1
DR

cose + h* (108)> V --
R F case Ra a

respectively. Again, from the expressions for C+ - and C- -characteristic
curves and the inequality, Eq. 108, it can be shown that the character
istic difference equation along C£ in flow region "L" is not required
in this case (Figure 14b).

The preceding criteria for the selection of three characteristic
difference equations for use in the computation of a discontinuity are
believed to be unique because they do not depend on the direction of the
velocities, VL and VR' as well as the states of flow in regions "L"
and "R." In other words, a discontinuity may occur and propagate (or
disappear), regardless of subcritical or supercritical flow in regions
"L" and "R," or a combination thereof, as long as the required condi
tions for different cases, as stated above, are satisfied.

A good example of the method for computing the discontinuity, as
described above, is an advancing wave on the dry surface due to a moving
rainstorm. When a moving rainstorm enters the upstream end with relative
ly small velocity, the water falling on the ground forms an advancing wave
moving down the slope on the dry surface. In order for the preceding
method to be valid, the singularity in the discontinuity equation, Eq.
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100~ where ~. is equal to 2;~ro because. of the dry~urfac~, ~as l~d

to the assumptl.on that the rl.ght-hand sl.de of the dl.scontl.nul.ty (l..e.,
on the dry surface) has a very small depth with the order of magnitude
of the roughness size, k, or less. Regardless of how small ~ is assumed,
Eq. 10Zused to locate the advancing wavefront should, remain valid if the
previous location, sJ' is correct. Unfortunately, because the initial
conditiqns of flow and hence the initial location of the wavefront were
assumed, as mentioned previously, use of Eq. 102 right after the assumed
initial conditions becomes questionable. In order to avoid an Lnaccuracy
in the computation of the wavefront resulting from the use of Eq. 102,
the following lumped equation of continuity is used to locate the wave
front:

VolZ = Vol l + Volin (109)

in which Vall and VOIZ are the volumes of water retained on the' ground
surface at tl.me levels land Z, respectively, and Volin is the total
volume of water flowing into Vol l during ~t (i.e., from time level 1
to time level 2). Expressions of the volumes can be normalized by using
Ao times Lo• In Eq. 109, Voll and Vol i are supposedly known or can
be computed directly from input data atntime levell, while VolZ can be
obtained from the results just computed at time level 2. An iteration
procedure such as the Newton-Raphson Second Method can be set up to find
sJ as follows: (1) assume sj, (Z) solve Eqs. 50 and 100 simultaneously
for AL (or hL) and VL~ (3) compute ~ by use of Eq. 99, (4) check if Eq.
109 is satisfied, and (5) if Eq. 109 is not satisfied, repeat steps (1)
through (4).

Another good example of the application of the discontinuity equa
tions, Eqs. 99 and 100, is the calculation of the internal boundary be
tween overland flow and channel flow, where the water surface in the
gutter flow is assumed to be horizontal, such as shown by line AA.' in
Figure 15, but may become continuous (Figure 15a) or discontinuous
(Figure 15b) with the water surface of overland flow depending upon the
flow conditions at the internal boundary. The generation and propaga
tion of the discontinuous internal boundary can proceed in the same way
as described above. In this. case, the depth on the right-hand side of
the discontinuity, hR, is the depth of gutter flow, he, which can be
calculated from the geometric relationship of the gutter cross-section
in relation with the overland flow profile and the location of the in
ternal boundary. The velocity and depth on the left-hand side of the
discontinuity, VL and hL' can be extrapolated from the two adjacent up·
stream grid points, KN-l and KN-2, (see Figure 15b) in the overland flow
part.

If there is no discontinuity at the internal boundary, Le., in
equalities 107 and 108 are not satisfied, the location of the internal
boundary is the intersection of the water surface between overland flow
and gutter flow (see Figure 15a).
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Figure 15. Internal boundary between overland flow and gutter
flow.
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If the gutter flow is of fixed channel type, as shown in Figure 16,
a~ along as the depth of flow, hG, in the gutter is less than the allow
able maximum channel depth, hch, the internal boundary between the over
land flow and channel flow is fixed. Therefore, the boundary condition
at the downstream end (i.e., grid point KN) of overland flow is an over
fall condition, Eq. 96, and the method described in t~e section of down
stream boundary condition can be applied to the computation of the depth
and velocity of overland flow at grid point, KN.

Geometric elements of gutter flow section

The computer model so developed consists of a number of equations
expressed in terms of basic geometric elements of the flow section such
as the flow cross-sectional area, A, the flow depth, h, the hydraulic
radius, R, the hydraulic depth, D, the depth of the centroid of the flow
cross-sectional area, fi, and the top width, T. Given or specified one
of the geometric elements for a channel with fixed flow boundary such as
fixed channel-type gutter flow (Figure 16), the rest of the geometric
elements can readily be determined from the relationships characterizing
the geometry of the flow section. This is not the case, however, for a
channel with moving boundary, such as curb-type gutter flow as shown in
Figure 15, in which in addition to one of the geometric elements as
indicated above, the top width, T, that moves independently with time
must be specified by extrapolation from the geometry of gutter for known
gutter and overland flow depths. Because the correct expressions of the
geometric elements are essential to the computation of gutter flow,
especially for curb type gutter, they are formulated and appended to
this report (Appendix 2).

Location of critical section

The location of the critical section (i.e., the section at which the
flow changes from sub critical to supercritical) has no direct bearing on
the determination of hp and Vp at each grid point in the various flow
regimes. Nevertheless, it was computed wherever such a change in the
flow regime took place because it can be used to check the assumptions
made in the evaluation of the flow resistance for sheet flow over a rough
or smooth surface. Let there be a critical section in a channel between
two grid points A and B and Xs denote the position of the critical section.
Then the following relationship must exist at Xs [Chen and Chow (1968)]:

cose + h
coae So

(110)

in which the velocity and hydraulic depth of flow at the critical section,
Vs arid DS' can be linearly interpolated from the known values of V and
D at points A and B; or
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(111)

(112)

Substituting Eqs. 111 and 112 into Eq. 110 yields a quadratic equation
in Xs o~ ~xs, in which ~s = Xs - xA' as follows:

2 + B1(~xS) + C1 = 0Al(~xS)

in which

A1
(VB - VA /=

~x

B1

2VA(~- xA) 1 (DB :XDA) cosf=
~

F
2 cos e

0

C1
V2 _ 1 (D cosa + h*)= A

F
2 A cosu S

0
0

(113)

(114)

(115)

(116)

The solution of the quadratic equation, Eq. 113, is well known; namely

(117)

Because ~xs must be positive and C1 is always negative, only a positive
sign in front of the square root sign in Eq. 117 is used.

The foregoing procedures of computation are programmed in FORTRAN
language and executed on the UNIVAC 1108 computer. Detail of the whole
program is appended to this report.
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PARAMETRIC INFILTRATION MODEL FOR SIDESLOPE

The highway sideslope is either paved or grassed. If it is paved,
the ground surface is impervious (i = 0) and the analysis made previously
for the ,computation of runoff from the roadway can directly apply. How
ever, if the sideslope is grassed, the ground surface is pervious [i=f(t)]
and the infiltration rate, i(t), that varies with time will have to be
evaluated at any desired time level along with the numerical computation
of the surface runoff. Rigorously speaking, the infiltration rate can
be computed by solving the boundary-value problem of rain infiltration
(Chen, 1975c) in which the flow equation used may be the Richards equa
tion. However, it is simpler and more useful in the engineering practice
to compute the infiltration rate by means of a small number of parameters
combined in certain forms of algebraic equation than by use of the Richards
equation. Although many algebraic infiltration equations have been pub
lished in the literature, the major obstacle that has prevented more
effective use of them lies in the difficulty in the evaluation of their
parameter values. In order to have them widely accepted as predictive
models in the subsurface runoff computation, reappraisal on the methods
determining their parameter values as well as theoretical concepts behind
their developments is necessary. This task was accomplished in another
phase of the research project (Chen, 1975c).

All the algebraic infiltration equations were developed for computing
under a special condition the maximum possible rate of infiltration (here
after referred to as infiltration capacity). If the rainfall intensity is
greater than the final constant infiltration rate (or the hydraulic
conductivity at saturation), the rain infiltration process in general can
be divided into two stages: One is before ponding and another after
ponding. Therefore, a parametric infiltration model, if valid, must
consist of both stages. Before ponding the infiltration rate is equal
to the rainfall intensity and after ponding it is greater than or equal
to the infiltration capacity, depending upon whether or not there is a
non-zero water depth on the soil surface. Mathematically the parametric
infiltration model can be expressed as

i

i

ret)

f(t)

( 118)

(119)

in which t p is the time of ponding. Note that the rainfall intensity,
ret), mayor may not vary with time, and that the infiltration capacity
function, f(t), can be in any form of the algebraic infiltration equa
tions except for the Green-Ampt equation that is expressed implicitly as
a function of f and t. Evidently, in addition to the parameters in f(t)
needed to be evaluated, the time of ponding, t p' must be determined
before the parametric infiltration model, Eqs. 118 and 119, can apply.
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Each of the available algebraic infiltration equations to be used in Eq.
1.19 such as the Green-Ampt equation, the Kostiakov equation. the Philip
equation, the Horton equation, and the Holtan equation was already
analyzed by the writer in another report (Chen, 1975c). However, for
simplicity, only the generalized Kostiakov equation that is believed to
be the most suitable form in fitting different infilt~ation capacity
curves for various soil-cover-moisture complexes is presented herein.

The Kostiakov equation with three parameters A, to' and a may
be expressed as

(120)

in which foo is the final infiltration rate equal to the hydraulic
conductivity of soil at saturation, Ks' Factors that affect th~ infil
tration capacity are numerous. Combined effects of a specific soil, a
specific cover, and a specific antecedent moisture condition on the
infiltration capacity must be reflected on the parameter values of A,
to' and a. According to the recent study conducted by the writer
(Chen, 1975c), the original three-parameter infiltration model, Eq. 120,
can be shown to be in a typical form of the two-parameter model because
the parameter to can be expressed in terms of the other parameters, A
and a, aside from r, the rainfall intensity. The respective expressions
of t p and to in terms of A, a, and r, are recapitulated from Chen
(1975c) for use in the present study as follows:

1 (A ) 1fa
t = ---

p 1 - a r - K
s

(121)

(122)

in which r is the mean rainfall intensity that also varies with time and
is defined as

r (t.)
1

Sot r(t) dT (123)= -
t

Because of the definition of r(t), Eq. 123, the determination of the
t p value by using Eq. 121 can only be accomplished by trial and error
as follows: (1) Assume t and then compute r from Eq. 123; (2)
substitute the r value into Eq. 121 for the computation of the
t p value; and (3) if the value of t~ just computed is larg~r than the
t:une, t, at which f(t) was determined, the computation of rand t p
will continue until t = t p'
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The values of A and a for each combination of various soi1-cover
moisture complexes corresponding to distinctly different field conditions
of rainwater intake on the highway sideslope may be first estimated
according to the four major hydrologic soil groups and then modified in
accordance with plant covers and antecedent soil moisture conditions.
This and other aspects of soil-cover-moisture complex'analysis of the
parametric infiltration model were discussed in detail in the other
ph~se of the research project (Chen, 1975c).
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DESIGN STORM PATTERNS

Knowledge of the time distribution of rainfall ip heavy storms
constitutes a basis for design of an urban storm drainage system. Sev
eral methods have been developed to formulate a synthetic (design) storm
pattern for the urban watershed runoff study. An extensive review of
literature on the various formulations of design storms conducted by the
writer (Chen, 1975b) has led to the development of the following general
approach in which design storm patterns using the rainfall intensity
duration-frequency relationships were developed for all localities in
the United States.

The rainfall intensity-duration-frequency relationship that can be
used to derive the design hyetograph equation may be expressed as

r
av

a----- (124)

in which r av is the average rainfall intensity in inches per hour; td
is the time duration of rainfall in minutes; and a, b, and c are param
eters depending upon the location and frequency of the storm under study.
It was found from the U.S. Weather Bureau Technical Paper Nos. 25 and 40
that a positive sign in Eq. 124 mainly applied to a large section of the
country-perhaps to the portion east of the Rocky Mountains-while a
negative sign generally applies to the west of the Rocky Mountains (Chen,
1975b). However, in the case of the negative b, Eq. 124 is not valid
for td:5 b.

Consider that the area under a curve representing the time distri
bution of the rainfall intensity, r, from the beginning of rainfall to
any time, t, is equal to that having r av for the same time period,
namely

(125)

in which L is the integration variable for time and r is the rainfall
intensity in inches per hour at any time in the synthetic storm. Substi
tuting the expression of rav (from Eq. 124 after changing its td to
t) into Eq. 125 and then differentiating the result with respect to t
yields the design hyetograph equation.
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Hyetograph Equations

The design hyetographs so formulated are somewhat different between
the case of the positive b and that of the negative b. Furthermore,
the design storms in each case can be classified into a completely advance
type storm pattern, a completely delayed type storm pattern, and an
intermediate'type storm pattern. The three types of storm pattern are
defined according to the skewness of the pattern, Y. (i.e., the ratio of
the time before the peak to the total time duration).

Case (1): For positive b

For a completely advanced type storm pattern ( y = 0)

r = a [ (1 - c) t + b]

(t; + b) 1+c
(126)

For a completely delayed type storm pattern ( y = 1)

r =
a[(1 - c)(td - t) + b]

[(t
d

- t) + b]1+c
(127)

For an intermediate type storm pattern (0 < y < 1)

r =
a[(1 - c)(t

d
- t/y) + b]

[(t
d

- t/y) + b]1+c
for 0 :s t:S yt

d
(128)

r =
a[(1 - c)(t - ytd)/(1 - y) + b]

[(t - yt )/(1 - y) + b]1+c
d

(129)

Case (2): For negative b (c < 1)

For a completely advanced type storm pattern ( y = 0)

for t 2bs
1 - c (130)

r = a[ (1 - c)t -b]

(t - b) 1+c
for t 2: 2b

1 - c
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For a completely delayed type storm pattern ( y = 1)

r =
a[(1 ~ c)(t

d
- t) - b]

[(t - t ) _ b]1+c
d

for 0::; t::; t d - 12~ c

(132)

(133)

For an intermediate type storm pattern (0 < y < 1)

r =
alC1 - c)(t

d
- t/y) - b]

Hc
[(t

d
- tIY) - b]

for 0 ::; t ::; yt -~
d 1 - c

(134)

a
r = (

1 - c) c
1 + c

2by
for ytd - 1 - c ::; t s ytd + 2b ( 1 - y)

1 - c

(135)

r =
a[(1 - c)(t - ytd)/(1 - y) - b]

I 1+c
[ (t; - ytd) (1 - y) - b]

2b(1 - y)
for ytd + 1 _ c s t s t d

(136)

The methods of determining the parameter values of a, b, c, and Y
were described in detail in the other phase of this research project
(Chen, 1975b).

Mean Rainfall Intensity

The mean rainfall intensity, r, needed in the calculation of the
time of ponding, t p' by means of Eq. 121 can be expressed specifically
for the design storm equations, Eqs. 126 through 136. Each of the
expressions of r in Eq. 126 through 136 can be integrated with
respect to time and then divided by the elapsed time of rainfall, t, as
shown in Eq. 123. The following results for different cases and types
of storms are obtained.
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Case (1): For positive b

1. y = 0

a
(137)r = , .

(t + b) C

2. y = 1

1 [ atd a(td - t ) J
(138)r=-

t (t
d

+ b)c (t
d

- t +b)c

3. o < y < 1

1 [ aytd aY(td -
t/y) J

0 St s yt
d

r = -
t (t

d
+ b)c [(t

d
- tfy) + b]c

(139)

1 [ aytd
aCt - yt

d)

+ b]olr=-
(t

d
+ b)c + [(t

yt
d

S t S t
dt - yt

d)/(l
- y)

(140)

Case (2): For negative b (c < 1)

1. y=O

(~ ) C
1 + C

t<~
- 1 - C

(141)

a

(t - b)c
(142)

2. y =

- 1 [ atd
a(t

d
- t )

J
-~r=- 0 S t S t

dt (t
d

- b)c [(t - t) - b]c 1 - C
d

(143)
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1r=-
t

(144)

3. 0 < < y < 1

1r=-
t

ay(td - t/y) ]

[(t - t/y) - b]c
d

2byo:5 t :5 ytd - 1 _ c

(145)

1r=-
t (

1 - c)C
1 + c

(t; -

t 2bY:5 t:5 t + 2b (1 - y)
y d - 1 - c Y d 1 - c (146)

1r=-
t

aCt - yt
d

)

[(t - yt
d

) / ( 1 - y)

vt; + 2b (1 - y)
d 1 _ c :5 t:5 t d
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ACCURACY OF THE MATHEMATICAL MODEL

An urban highway watershed consists of several sub-basins, as de
scribed previously. Runoff from each of these sub-basins jointly or
independently contributes to the total flow of storm water at the drain
age' inlet. For example, storm water on roadway and shoulder first moves
as overland flow, then at the far downstream end of the overland flow
enters as gutter flow which mayor may not collect an additional amount
of water coming from the sideslopes, depending upon a highway drainage
condit~on, and finally all the storm water so collected enters the inlet,
if the inlet is operated with 100 percent efficiency. Whether the com
puter model so formulated can accurately simulate all the parts of the
rainfall-runoff processes in a highway watershed must be examined. In
other w0rds, the physically-determined values of the friction parameters
such as C, €, k, a, and b embedded in the friction slope expressions (e.g.,
Eqs. 81 and 82) have yet to be validated before their general use in prac
tice. For convenience, the validation of the computer model was carried
out in two stages: First, it was made on the overland flow only and next,
on the combined overland and gutter flow.

The accuracy of the computer model developed for overland flow was
checked by using basic hydrograph field data obtained from the Los Angeles
District Corps of Englneers (1949-51) airfield drainage investigation at
Santa Monica, California, and that for combined overland and channel flow,
by using field data collected from two urban highway watersheds in the
Salt Lake City area, Utah (Fletcher and Chen, 1975).

Examination of Overland Flow Computer Sub-model

Six different sets of input data were chosen from the Corps of
Engineers (1949-51) airfield drainage hydrographs for examining the
overland flow computations on a paved surface. Table 1 lists for 6
runs the values of the rainfall intensity and duration, channel length,
and bed slope for a paved surface tested.

Included in the Corps of Engineers (1949-51) airfield drainage
investigations are the measured hydrographs for simulated turf surfaces
which were made either of expanded metal or of combined chickenwire and
expanded metal. No attempt was made, however, to examine the hydrographs
for simulated turf surfaces because the values of the parameters, a and
b in Eq. 82 and k in Eq. 19, for such surfaces are unknown. Note that
the determination of the friction parameters for unknown surfaces re
quires an evaluation (identification) process using either a physical
model (Chen, 1975a) or a mathematical model (including the governing
equations with appropriate initial and boundary conditions) as well as
a set of concurrent input (rainfall) and output (hydro graph) measurements.
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Table 1. List of input data for Los ~~lgeles District Corps of Engineers
(LADCE) airfield experimental runs on a paved surface.

LADCE LADCE ' , Rainfall' , , 'Rainfall' ,
Present . Test Test Application Application Channel 13ed

Study Code Date rate Duration Length Slope
Run No. No. M/D/Y r(in./hr) t d (min.) L(ft) S(%)

1 A6 10/27/49 8.128 8 84 0.5
2 A7 12/ 3/49 0.860 16 84 0.5
3 A45 10/25/49 8.306 14 336 0.5
4 B6 9/22/50 7.350 9 84 1.0
5 B6 9/22/50 7.230 1.15,1.50,1.75 84 1.0
6 C10 3/24/51 7.460 6 168 2.0

The latter approach using a mathematical model is an inverse problem
which has been solved by trial and error (Burman, 1969; Schreiber and
Bender, 1972) and more systematically and efficiently by an influence
coefficient algorithm developed by Becker and Yeh (1972a, 1972b, and
1973) and Yeh (1973). Although the influence coefficient algorithm has
been shown to be very powerful in the evaluation of the friction param
eters embedded in a hyperbolic partial differential equation describing
the hydrodynamics of unsteady open channel flow, it is at present limited
to the subcritical flow range that detracts us from its general applica
tion. From the practical point of view, however, it would be much
simpler to determine the friction parameters experimentally for flow at
the equilibrium state than the application of an optimization technique
to an unsteady, nonlinear flow system by minimizing the maximum of the
absolute values of the errors (differences) between the observations and
the solutions of the system equations. For particular use in the present
study, the friction parameters for natural turf surfaces have been ex
perimentally determined (Chen, 1975a), as already summarized in the pre
vious section. Since it is not the objective of this study to develop
a new method to identify the friction parameters, the parameter identi
fication problems in unsteady open channel flows are not discussed
further herein.

The roughness size of a paved surface used in the Corps of Engineers
(1949-51) airfield drainage investigation happened to be approximately
equal to that of the glued-sand surface used in Woo and Brater's (1961)
experiments. It is thus necessary to examine the validity of Eq. 82
with a = 235 and b = 0.296 using the field data. Note that in a similar
study involving the comparisons of measured and computed hydrographs,
Chu (1973) has used Eq. 81 instead of Eq. 82.
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Ra:Lnfall ciuration for each field run selected, except for run No.5,
was long enough so that the outflowing discharge had actually attained
the equilibrium state before rain stopped. All the runs were performed
on a 3-ft wide impervious paved surface which has roughness equivalent
to Manning's n ~ 0.012.

Th~ roughness size, k, for turbulent flow in the mathematical model
(Eq. 19) must be specified before executing it on the computer. The
Strickler formula can be used to convert the value of Manning's n to that
of the hydraulically "equivalent" roughness si4e, k. However, consider
ing the wide range of the relative roughness, R/k, that overland flow
covers, one may prefer the following formula to the Strickler formula.

0.0309 (148)

This equation was derived by Chen and Chow (1968) using the relationship
between Eq. 19 and the Manning formula. Therefore, for given n ~ 0.012,
k equals 0.0034 ft.

The distance interval, ~s, for the channel is obtained by dividing
the channel length equally into 7 sections (arbitrary, i.e., the size
sufficient in the computer operation within practical accuracy, but not
too excessive) with each section having a length ~s ~ L/7, where L is
the total length of the channel. Thus, ~s ~ 12 ft for all runs except
for runs 3 and 6. The values of ~s for runs 3 and 6 were equal to 48
ft and 24 ft, respectively. Because the computation is conducted on a
dimensionless basis, the dimension of the distance or distance interval
is no longer important. The accuracy of the computation may change with
the number of grid points selected, but it should not vary drastically
unless the number of grid points considered is too small.

The time interval, ~t, can be determined by solving the Courant
limit in Eq. 48. However, when the ground surface is initially dry,
the flow starts with very small hydraulic depth, D, and velocity, V, which
in turn give a large ~t for a fixed ~s from Eq. 48. Unfortunately, use
of a large ~t at the initial state may produce computational instability
which is often beyond control at subsequent time levels. To avoid such
computation instability a much smaller ~t is required which, however, in
terms of the increased computer time, cannot be considered as a practical
improvement. Chu (1973) showed that the following empirical formula was
suitable for use in the selection of ~t with this type of initial boundary
value problem.

~t • Time • Factor
eq (149)

in which ~teq is the time interval at the equilibrium stage and is set to
a value a little bit less than the Courant limit; "Time" is the nor
malized time from the beginning of rainfall; and "Factor" is a
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coefficient equal to 0.1 divided by the normalized initial time when the
normalized initial time is greater than 0.1. If the normalized initial
time is less than 0.1, ··Factor" must be set to a value of 1. Note that
use of Eq. 149 enables the numerical computation to be started with the
time interval, 0.1 l:lteo or less. It was programmed in, such a way that by
the time the flow approaches, the equilibrium state, the time interval is
automat.Lca.l.Ly controlled by the Courant criterion, Eq, 48, or l:lte q•

The computed and measured hydrographs for run 1 through run 6 are
depicted in Figures 17 through 22, respectively •. It can readily be seen
from these figures that the agreement between the computed and measured
hydrographs in general seems to be good for most large flows under high
inte~sities, but rather poor for small flows under low intensities or no
rainfall. The poor results were anticipated for lack of a better expres
sion of flow resistance than use of an empirical formula, Eq. 82, for
shallow flows with flow rate per unit width, q, as low as 0.002' cfs/ft or
less. It appears that there must exist some intrinsic natures of the low
flow regime which the present theory failed to describe, but would account
for large errors in the computed hydrographs. This and other peculiar
features of the computed hydrographs,-different from the measured ones,
require justification prior to the general use of the overland flow sub
model. The following comments with regard to the accuracy of the com
puted hydrographs merit attention.

1. At the beginning of rainfall, the computed hydrograph seems to
rise ahead of the measured hydrograph for most runs examined. This con
sistent lag in time in the rising stage can be attributed to the initial
detention of the rainfall by the surface material and depression storage,
if any, before the surface runoff starts. It is well known that the
initial detention refers to the storage effect due to overland flow in
transit at the beginning of rainfall and varies with the degree of dry
ness of the surface material. Horton (1935) stated that this initial
detention "commonly ranges from 1/8 to 3/4 inches for flat areas and
1/2 to 1.5 inches for cultivated fields and for natural grass lands or
forests.' ,

The specific magnitude of depression storage has never been measured
in the field because of obvious difficulties in obtaining meaningful data.
For practical purposes, however, an average value may be assumed. On
moderate or gentle slopes, for example, Horton (1935) estimated that
pervious surface depression "can commonly hold the equivalent of 1/4 to
1/2 inch depth of water and even more on natural meadow and forest land."
On the other hand, based on analysis of periods of high rates of rainfall
and runoff, Hicks (1944) has estimated depression storage losses of 0.20,
0.15, and 0.10 inch for sand, loam, and clay, respectively. For a series
of analyses, Tholin and Keifer (1960) assumed an overall total depression
storage of 1/4 inch on pervious areas with a range of depths of specific
depression up to 1/2 inch and 1/16 inch, on paved areas with a range of
depths up to 1/8 inch; for another series these depths were doubled.
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The small depth assumed at the initial state in the present numerical
scheme, as described in the preceding section, is tantamount to assuming
the initial detention, though it appears much smaller than what should be
in terms of Horton's (1935) suggested values. The hardest to determine
is, of course, the magnitude of depression storage which is unknown a
priori and may vary from case to case although one can easily estimate it
using a least squares procedure by best fitting the computed hydrograph
to .the measured one or by trial and error. For simplicity, however, the
adequate magnitude of depression storage is not imposed in the model at
this stage, partly because of the necessity in evaluating the difference
between the measured and computed hydrographs resulting from this unknown,
but important, variable and partly because of its relatively insignificant
effect on the hydrograph, magnitudewise and timewise, under a uniformly
prolonged storm except by a time lag (or shift in time coordinate) corre~

sponding to the length of time required to fill it up. In general, the
more nonuniform in space and time a given storm, the more sensi·tive is
the peak and shape of the computed hydrograph to the difference in the
amount of depression storage assumed. This and other possible improve
ments of the computer model will be considered in the later computation,
especially when field data on storm and runoff from the two urban high
way watersheds in the Salt Lake City area are analyzed.

2. In all of the measured hydrographs, it is observed that the dis
charge suddenly increases by a small amount immediately after rain stops.
This is probably due to the spontaneous disappearance in the resistance
force produced by the raindrops on the water surface. This phenomenon
is prominent for runs 1 and 3 under heavy rain on small slopes such as
shown in Figures 17 and 19 respectively. Apparently, the additional
resistance to the flow resulting from the raindrop impact was not accu
rately accounted for by the overpressure head alone, as expressed by
Eq. 6. It is believed that raindrops not only increase the pressure of
the flow, but also affect its velocity distribution which has not been
considered in this study.

3. Whether or not the computed runoff rate per unit width, q, is
stable and convergent at the equilibrium state depends in some degree
upon the states or regimes of flow predominating over the bed. Basing
on the computer outputs obtained from the six runs, it is discovered
that the effect of gravity relative to inertia, as represented by the
Froude number, upon the computational stability and convergency of flow
is much greater than that of viscosity relative to inertia, as repre
sented by the Reynolds number. For example, the computed hydrograph
for run 1 (Figure 17) under a uniform application rate is quite stable
and converges to the theoretical value at the equilibrium state where
the flow so computed is in the regime being all the way subcritical,
partially laminar upstream, and partially turbulent downstream. Al
though the flow for run 3 is also sub critical all the way from the
upstream end to the downstream end, the computer model apparently under
estimated the runoff rate at the equilibrium state (Figure 19). A
comparison of the computed flow regimes for run 1 and run 3 reveals
that there is a significant difference percentagewise in the Froude
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number along the channel, but not very much in the Reynolds number.
The flow in run 1 is subcritical, but not so nearly critical (F = 1) as
found in run 3. It appears that the adverse effect of gravity on the
computational stability and convergency worsens with the increase in the
Froude number. This is exemplified by the computed hydrographs for runs
4 and 6, as shown in Figures 20 and 22, respectively.

The oscillation of the computed runoff rate, q, at the quasi
equilibrium state for run 4 (Figure 20) seems to be a typical flow phenom
enon resulting from the time-varying state of flow. In this case, the flow
produced under a given input and a certain combination of channel condi
tions .is computed sometimes as sub critical all the way and sometimes as
partially supercritical downstream, resulting in the oscillation of the
computed q corresponding to the periodic change in the state of flow. In
other words, when the flow is found all the way subcritical, the computed
q is just about the theoretical value at the equilibrium state,' whereas
it rises more than the theoretical value when the flow is partially
supercritical downstream. The overestimation of q as a result of a high
Froude number in flow can be more clearly demonstrated in Figure 22 for
run 6 in which the flow over a large portion of the channel length is
found supercritical.

4. The computed peak discharge, as measured in terms of its magni
tude and time of occurrence, in response to each of the various non
equilibrium durations of the • 'rainfall" time (e.g., td = 1.15, 1.50,
and 1.75 minutes in Figure 21) confirms quite well to the measured value.
It appears that the longer the duration of the application time, the
higher is the accuracy of the computed peak discharge, both magnitudewise
and timewise.

5. The accuracy of the computed runoff rate, q, worsens noticeably
with the lower flow, as indicated previously. A typical example of this
poor computation using the present technique is depicted in Figure 18 for
run 2 under an application rate less than 1 in./hr. The computer model
underestimated quite badly the theoretical value for run 2 at the equilib
rium state. The underestimation of the q for very low flows under small
application rates is also evidenced in the lower part of the computed
hydrograph in the receding stage of all runs. Despite this technical
problem in the computation of such low flows, no attempt could be made
to improve the present approach for lack of a better method presently
available in the computation. Of course, in future studies, any new
method which is found to improve the numerical computation of low flows
can be incorporated into the computer model without impairing the validity
of the present approach.

6. Errors involved in the computer results would more likely in
crease with the incorrect evaluation of the Darcy-Weisbach friction co
efficient, f, than with the reduction in the number of grid points adopted
in the computation. Because the present numerical sCheme has been devel
oped on a dimensionless basis, accuracy in the computation does not seem
to be greatly affected by the distance interval, ~s, unless the number of
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grid points selected becomes excessively too small to carry the normal
operation of the expected computation. With the present approach, as
described previously, dividing the channel length into a number of sections
less than 4 is not recommended. For illustrating the sensitivity of
accuracy of the computation to the distance interval (or the number of
grid points), the hydrographs for run 1 were again computed by using
~ = 6 and 21 ft and are plotted in Figure 23 for comparison with the one
using ~ = 12 ft (Figure 17). It can be readily seen from Figure 23 that
the computation by using 5 grid points (i.e., equivalent to 4 sections
plus 1 for the end point) yields as good accuracy as the ones produced
by using the larger numbers of grid points. Since one of the major con
cerns regarding the use of the explicit numerical scheme is the compara
tively large amount of the computer time required in the solution over a
prolonged time span of rainfall, the reduction in the number of grid
points down to as minimum as 5 for a channel of any length without im
pairing the accuracy of computation may be considered as a practical im
provement. Henceforth, the minimum number of grid points, namely 5, will
be taken in the computation if the situation permits.

Examination of Combined Flow Computations

Rainfall-runoff data on major storms during the 1972-73 rainy season
(April to November) from two typical urban highway cross-sections in the
Salt Lake City area were collected for examining the validity of the com
bined flow computer model. Because details of hydrologic data collected
both at Layton site and at Parleys site No.1 and No.2 were already given
in another report (Fletcher and Chen, 1975) under the field phase of the
present research project, they are not recapitulated herein except for
those which were used as input data in the computer model.

Input data

Layton site. The highway watershed at Layton site is a 3-lane road
way with shoulders of different widths paved on both sides and connected
along a steep sideslope on one side, as shown in Figure 24(a). The drain
age area under investigation is not exactly rectangular in shape, but on
the average may be considered as a rectangle, 574 ft long and 106 ft wide
(on the horizontal plane), including the top width of a fixed channel
type gutter (Figure 16) lying in between the roadway and the sideslope.
The transverse profile of the roadway plus the paved shoulders measured
in the field is not a parabolic curve (Figure 6), but rather a straight
line with cross slope varying from 1.96 percent at the upstream end of
the channel to 1.24 percent at the inlet side. For simplicity, the aver
age cross slope of the roadway and the paved shoulders may be taken as
1.6 percent. The slope of the sideslope also varies from 64.4 percent to
60.5 percent at the upstream and downstream ends of the channel, respec
tively. Again, for simplicity, the average value, 62.5 percent, was used
in the computation. The gutter slope was measured at 0.296 percent.
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The roughness size of the road surface including the roadway and
paved shoulders was assumed that of glued sand (Woo and Brater, 1961) or
Los Angeles District Corps of Engineers' (1949-51):paved surface which
possesses approximately k :=; 0.0034 ft. The sideslope and the drainage
channel are covered with Crested Wheat grass which does not look so dense
as the ones tested in the laboratory environment (Cheh, 1975a). Despite
this discrepancy in appearance between the grasses tested and simulated,
th~ C value in Eq. 21 for laminar flow was computed by means of Eq. 82
with the experimentally-determined values of a and b for good solid
natural turf having been assumed throughout the present computation for
lack of a better expression. .

The infiltration rate was computed by using the Kostiakov equation
(Eq. 120) in which foo = 0.05 in.!hr, a = 0.5, and the value of A was
determined, for practical purposes, in terms of the potential infiltra
tion, S, in inches as (Chen, 1975c)

a - l-a
A = [0.2 S(l - a)] (r - f )

00
(150)

in which S = 0.05 in. corresponding to the runoff curve number (CN) equal
to 99.5 was evaluated from the estimated infiltration capacity curve
(Fletcher and Chen, 1975).

Two storms were selected from the major storms analyzed and tabu
lated by Chen (1975b). An inspection of field data for major storms
(Fletcher and Chen, 1975) reveals that there are not too many storms which
are large and long enough to be meaningful for validation tests. The two
storms selected at Layton site are those which occurred on September 5,
1972 and May 25-26, 1973. The former storm at rain gage L-2 can be best
fitted by using Eqs. 128 and 129 with a = 28.19, b = 11.21, c = 0.980,
t d = 345 min., and y = 0.177 while the latter storm at rain gage L-5, if
expressed in the parametric equation (Eqs. 128 and 129), has the parameter
values a = 54.62, b = 40.55, c = 1.156, td = 60 min., and y = 0.323. For
simplicity, the time-varying rainfall intensity for each storm was thus
determined from the idealized hyetograph, Eqs. 128 and 129, rather than
from the actual hyetograph, as characterized by a number of step pulses
in unequal magnitude and time length or a series of such pulses.

Parleys site. The highway watershed at Parleys site is composed of
two independent ones. As shown in Figure 24(b) and (c), one which drains
storm water from a steep sideslope to a fixed channel-type gutter is
referred to as Parleys site No.1 and the other which drains storm water
from a paved shoulder and a 4-lane roadway to a curb-type gutter (Figure
15), Parleys site No.2. The drainage areas at both sites which are
adjacent to each other are again not exactly rectangular in shape, but
for convenience were considered as rectangles having the areas equal to
352 ft x 71 ft (including the top width of gutter) and 339 ft x 70 ft
at sites No.1 and No.2, respectively.
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Because the alignment of the roadway under investigation is curved,
construction of "super elevation" apparently changes the transverse
profile of the road surface throughout the whole length of the roadway.
Since the present computer model did not take more than one transverse
profile of the road surface into account, as mentioned previously, the
average cross slope of the roadway including the paved shoulder was
estimated from 4.28 percent at the upstream end of the gutter to 2.99
percent ~t the inlet side. The average of both values is 3.64 percent,
which was used in the computation. The slope of the sideslope also varies
from 42.5 percent at the upstream end of the gutter to 32.6 percent at the
inlet side. The average slope of the sideslope is thus. 37.5 percent which
was again given as an input data for solution. The gutter slopes at the
two sites were assumed to be both 2.52 percent.

Regarding the roughness sizes of the paved and grass surfaces, the
magnitudes cited at Layton site were also assumed to be equally applicable
here. Therefore, the value of the Darcy-Weisbach friction coefficient
was estimated by using the same equations as used at Layton site.

The infiltration capacity was also simulated by means of the Kostiakov
equation (Eq. 120) that has foo = 0.05' in./hr, a = 0.5, and S = 0.10 in.
(Eq. 150) corresponding to CN = 99 of a soil-moisture-cover complex.

Three major storms were selected from the field data (Fletcher and
Chen, 1975; Chen, 1975b) at Parleys site as rainfall input. Those se
lected are storms which occurred on October 4, 1972, July 19, 1973, and
August 16, 1973. None of them appears to be large and long enough for
the present method to solve the routed storm flow within tolerable accu
racy. The actual hyetographs of all the storms were best fitted by using
Eqs. 128 and 129 with the values of the storm parameters a, b, c, and
y having been determined from a least squares procedure (Chen, 1975b).
It was found that for October 4, 1972 storm at rain gage P-6, a = 16.43,
b = 2.15, c = 0.938, td = 286 min., and y = 0.052; for July 19, 1973 storm
at rain gage P-3, a = 62.39, b = 19.10, c = 1.027, td = 145 min., and y =
0.216; and for August 16, 1973 storm at rain gage P-5, a = 27.57, b = 3.01,
c = 1.019, td = 73 min., and y = 0.096. The time-varying rainfall
intensity for each storm was thus directly determined from Eqs. 128 and
129 with each of the preceding set of storm parameter values.

Computed hydrographs

Because the pattern in which a storm actually occurs and the
field conditions under which storm water moves from the watershed divide
to the drainage inlet are somehow different from what can be described by
using a set of the mathematical equations, it is expected that there are
some disagreements between the computed and measured hydrographs. It is
generally understood that the more complicated the system under study
(including both a rainfall event, or a series of such events, and an ele
mentary watershed, or a combination of such elementary watersheds), the
larger would be the disagreement between the computed and measured values.
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Although. both highway cross~sections under investigation are small water
sheds with drainage area less than 0.1 square mile, the complicacy of the
storm patterns and field conditions such as strong local disturbance and
car splash caused by passing vehicles (Fletcher and Chen, 1975) may
greatly reduce the reliability of field data so collected and thus even
tually destroy the "mean-value" approach on which the mathematical
model is based. Consequently, if there are any disagreements between
the measured and computed hydrographs, they may be attributed to one or
a combination of the following:

(1) Accuracy and representativeness of the measured input and out-
put data are questionable. As indicated above, traffic disturbance might
significantly alter the measured values at various rain gages and discharge
measuring flumes. For example, an inspection of the field data (Fletcher
and Chen, 1975) reveals that none of the six recording rain gages in
stalled on each site has measured exactly the same intensity as the rest
of the gages even under the same storm. It is not clear whether this
is caused by the nature of a thunder storm which is moving or the adverse
aerodynamic effects of highway vehicles. The variety of the rainfall in
tensity, magnitudewise and timewise, makes it extremely difficult to select
the one that represents the storm under study. Criterion of selection for
those which were used as input is rather arbitrary. In general they were
selected as closely as possible to the ones which might hopefully pro-
duce the corresponding measured hydro graphs. Since the patterns of the
measured hyetographs at the six rain gages are nearly identical [i.e.,
about equal y values (Chen, 1975b)] for each major storm analyzed, simply
the largest one among the six was chosen in order to maintain the better
accuracy of computation. However, the more representative hyetograph can
be obtained by first plotting isopluvial maps at different time intervals
and then averaging the accumulated amount of rain over the area and time
interval considered. Of course, the latter method of improvement on in
put data is only possible if a network of more than six point measurements
is available.

An amount of water lost or "diverted" in splash and spray caused
by moving traffic during a storm, especially at Parleys site No.2, was
substantial (Fletcher and Chen, 1975). This would in effect change sig
nificantly the shape of the measured hydrograph, magnitudewise and time
wise, from the one which would have been otherwise. Because the present
computer model does not take this effect into account, a large discrepancy
between the measured and computed hydrographs from the roadway (Parleys
site No.2) alone is expected. Unfortunately there is no way to separate
this effect from others and determine the significance (or insignificance)
of its effect.

This inaccuracy in the measured hydro graph at Parleys site No. 2 was
further aggravated by inherent instrumentation problems (Fletcher and
Chen, 1975) which cannot be corrected without resorting to a new instru
mentation system. Bad output is evidently reflected in the measured hydro
graph, for example, of the August 16, 1973 storm, which, due to some unknown
causes, could not be simulated by using the present model. Therefore,
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the comparison of the measured and computed hydro graphs for storms from
the roadway cannot be made herein.

(2) The smaller the rainfall intensity of a storm under study, the
worse is the accuracy of the computer results. As shown in Figure 18, the
present model underestimates very badly the computed discharge of the low
flow. It is noted that most of the major storms under investigation, ex
cept for, one, merely amount to the highest of 3 inches per hour or less
for a period of 2 to 3 minutes. Such small storms cannot produce the sur
face flow which is large and deep enough to be computed reliably with the
method of characteristics due mainly to the difficulty in the expression
of the Darcy-Weisbach friction coefficient, f.

Another possible source of large computational errors might result
from the computation of the moving internal boundary where overland flow
meets with gutter flow, aside from the shock-wave computation that might
occasionally give trouble, too. Since small errors induced in the numer
ical computation may travel upstream and downstream depending upon the
state of flow and grow unboundedly with hydrodynamic instability, the
computation of the shock waves, except at the wavefront of a moving storm,
was not performed in the present study by using a few control statements
although it is included in the computer program. Details of such con
trol statements are given in the appendix.

For simplicity, the actual hyetograph was best fitted by using a
least squares procedure to Eqs. 128 and 129 (Chen, 1975b) with storm
parameters a, b, c, td, and y. This is a good approximation which may
be valid for practical purposes in view of varieties in measurements at
different gages, but may not be accurate enough for some storms which have
more than one peak. Because most of the thunder storms which we are in
terested in studying are likely single-peaked, this type of the simplifi
cation of the storm pattern is justified and maintained throughout this
study.

Another simplification in the mathematical modeling is related with
the evaluation of infiltration capacity at both sites. The values of the
infiltration parameters such as foo, a. and S in Eqs. 120 and 150 were
determined on the basis of the October 4, 1972 storm (Fletcher and Chen,
1975). It is possible that the parameter values for other storms are
quite different from those determined from the October 4, 1972 storm be
cause of the differences in antecedent moisture condition (Chen, 1975c).
This judgment in accounting for the differences is seemingly confirmed by
comparing the measured and computed hydrographs for the selected storms,
each of which is briefly discussed below.

The October 4, 1972 storm at Parleys site No.1. A comparison of the
measured rainfall intensity and runoff rate, as shown in Figure 25, re
veals that a large amount of precipitation was apparently lost in the
initial abstraction, I a• The initial abstraction that consists of inter
ception and subsurface and surface storage (including initial detention
and depression storage) before runoff begins cannot be theoretically deter
mined with the present knowledge in hydrology. The present computer model
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does not contain the computation of I a• but assumes its value as an input
data. Various values of I a were thus input under the "simulated" storm
(broken line in Figure 25) and the corresponding hydro graphs computed for
the purpose of comparison, as shown in Figure 26. The agreement between
the measured and computed hydrographs, despite apparent differences in the
assumed I a value, is strikingly good for the following major reasons.
(1) The storm pattern is single-peaked and Eqs. 128 and 129 are quite
accurate for the representation of the actual hyetograph. (2) The input
infiltration capacity was determined based on this storm.

In connection with the development of the parametric infiltration
models (Chen, 1975c) using the Soil Conservation Service (SCS) approach,
the writer has formulated a theoretical relationship between the initial
abstraction, la' and the soil potential infiltration, S, (Appendix 3) as

I
a 0.25 S .' (151)

which has the ratio of I a to S equal to 0.25 instead of 0.20 assumed by
SCS. Equation 151 was then used to correct any possible errors that
might be induced by the inaccuracy in'the assumed expression of infiltra
tion capacity. Because the parametric models of the infiltration capacity
at both sites were developed based on the October 4, 1972 storm, no
further improvement on the computed hydrograph thanks to Eq. 151 (Figure
26) was appreciated, however. It is hoped that use of Eq. 151 will im
prove the computed hydrographs for the other storms.

For an assumed I a value, it is necessary to determine the time when
runoff starts. Thus, rainfall mass curve, which can be constructed by
integrating Eqs. 128 and 129 over time (i.e., equivalent to multiplying
the right-hand side of Eqs. 139 and 140 by time, t), may be used to com
pute the time required for rain to accumulate the assumed I a value. The
Newton-Raphson method may be used for this computation; however, the method
failed sometimes because of the peculiar nature of Eqs. 128 and 129, or
integrated forms thereof, Eqs. 139 and 140 at the peak. Instead, the
Interval Halving or Bisection Method (Fenves, 1967) was used.

The July 19,1973 storm at Parleys site No.1. The role that the
initial abstraction, la, plays in the computation of the inlet hydrograph
is very important. The sensitivity of the computed hydrograph to the
assumed magnitude of I a is reflected not only on the time when runoff
starts, but also on the shape of the hydrograph which responds subsequently
to the storm input as depicted in Figure 27. The various values of I a were
tested and the corresponding hydrographs computed, as shown in Figure 28,
for comparison. It can readily be seen from the comparison of the com
puted hydrographs that the one with I a = 3/8 in. and S = 1 .50 in. (from
Eq. 151) best fit the measured hydrograph, timewise and magnitudewise,
except for a small span of time around the peak of the hydrograph where
the runoff discharge is overestimated. In view of the fact that a small
increase in the assumed value of la' say by 1/8 in., to a total of 1/2 in.
(See Figure 28) has resulted in a substantial reduction in the peak as well
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as a time shift or delay in response without changing the shape of the
hydrograph, a further improvement on the computed hydrograph due to I a
seems s till pas sib Le e

The results from these computer experiments indicate that the quantity
I a appears to be the most important, single factor to,be considered in the
successful modeling of the surface runoff from the practical point of view.
Unfortunately it happens to be the most difficult, unknown quantity to
determine from the theoretical point of view. Since the proposed para=
metric infiltration model (Eqs. 120 and 150) can be expressed in terms of
the soil potential infiltration, S (Chen, 1975c),. the value of I a can be
determined either from Eq. 151 by using the known S value or from

I
a

• 0.25 (1~go - 10) (152)

in terms of the known runoff curve number, CN, for a soil=cover~moisture

complex in question. For convenience in engineering application, the
initial abstraction values in inches for highway soil-cover-moisture com
plexes are computed from Eq. 152 for CN values given by the writer in the
other report (Table 8 of Chen, 1975c) 'and tabulated in Table 2. Should
the rating table based on the catena concept (Chiang, 1971) be used as the
refined SCS classification for hydrologic soil groups, I a values for groups
+ B, + C, and + D can be interpolated accordingly from Table 2. Since
the I a value so determined at Parleys site No.1 varies from almost zero
(for the October 4, 1972 storm) to a little bit more than 0.375 in. (for
the July 19, 1973 storm) in the hydrologic soil group D (Chen, 1975c),
the corresponding antecedent moisture conditions CAMC) for both storms
are evidently different, viz., from Table 2 varying from AMC III for the
former storm to AMC I for the latter storm on the highway sideslope with
the same soil and plant cover at Parleys site. The variation of the I a
value demonstrates in part the applicability and usefulness of Table 2
for engineering practice.

Table 2. Estimated initial abstraction (Ia) in inches for highway soil
cover-moisture complexes.

Antecedent Hydrologic Soil GroupMoisture
Condition

A B C
CAMC)

D

AMC I 1.288 0.925 0.625 0.441

AMC II 0.549 0.374 0.247 0.160

AMC III 0.217 0.132 0.077 0.051
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Th~~tember 5, 1972 storm at Layton site. The hydro graph at Layton
site can be thought of as a combination of one from the sideslope at Parleys
site No. 1 and the other from the roadway at Parleys site No.2. Unfor
tunately for those storms examined, none of the measured hydrographs at
Parleys site No. 2 appears to be reliable enough to be used in the valida
tion of the computer model. However, the validation @f the computer model
including both parts (1. e., one from the sideslope and the other from the
roadway)'may be inferred to imply that if either part of the two is valid,
the' other part must also be true. Th~refore, the hydrographs in response
to the September 5, 1972 storm, as shown in Figure 29, were computed for
various values of I a and plotted in Figure 30 for comparison.

An inspection of Figure 30 reveals that the computed hydrograph for
I a = 5/16 in. (0.3125 in.) appears to best fit the measured hydrograph
timewise. The peak of the computed hydrograph is much larger than that
of the measured hydrograph, but it is reasoned more likely in the light
of the relative magnitude of the measured rainfall intensity and runoff
rate as depicted in Figure 29. In other words, the measured runoff
rate for this storm appears to be too small at Layton site in comparison
with those obtained from Parleys site No.1 (see Figures 25 and 27),
despite the fact that approximately half of the inlet discharge at Layton
site is contributed by runoff coming from the roadway. However, the
opposite tendency in the measured hydrograph is found on the other storm
investigated. This seemingly indicates a data-collection problem at
flume LW-1.

The May 26, 1973 storm at Layton site. For the storm, as shown in
Figure 31, the measured runoff rate at flume LW-1 looks larger than that
for the September 5, 1972 storm. Two I a values were assumed and the
corresponding hydrographs computed, as shown in Figure 32, for comparison.
None of them fits well the measured hydrograph. Disagreements between
the measured and computed hydrographs may be attributed to one or a com
bination of the sources of errors which were already given earlier.

The computer model so developed is of course not perfect as many
difficulties are yet to be solved, but it has been demonstrated that it
is accurate enough for practical purposes. In the following section,
the model will thus be used to study runoff from typical urban highway
cross-sections under idealized stationary and moving storms, and thereby
to explore the feasiblity of developing standardized dimensionless inlet
hydrographs for design storms having any desired recurrence intervals.
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COMPUTATION OF RUNOFF FROM TYPICAL

URBAN HIGHWAY CROSS-SECTIONS

Accuracy of the computer model has only been tested for the limited
cases in which field data are available. From the results obtained from
such limited tests, it has been shown that the model can simulate, within
practical tolerance limits, the actual hydrograph, should appropriate or
average hydrometeorologic and physiographic data for the subject water
shed be given. There seems no way to know, however, whether the model can
also accurately compute the inlet hydrograph for other cases in which
field data are not available, without resorting to some kind of computer
experiments. Time did not permit computer experiments to be performed on
all possible cases. Those which were tested in this study are some ideal
ized, hypothetical cases which are nevertheless believed to be essential
to the subsequent development of non-computerized, dimensionless inlet
hydrographs for highway engineers. S~ffice it to say that while continu
ing efforts will be made on the collection of valid field data as well as
the modifications and improvements of the present computer model, the
appraisal of the results obtained from the exploratory computer experi
ments must also be in order. It is hoped that sensitivity analysis made
by varying some significant parameters through the computer model will
lead to the ultimate generation of design parameters for computing desired
inlethydrographs.

Four typical highway cross-sections provided by the Federal Highway
Administration, as shown in Figure 33, approximately represent those found
in the major urban and suburban interstate highway system. Among them,
type 1a (Figure 33a) is similar to the one at Layton site (Figure 24a)
which was already examined. Also examined extensively is the one at
Parleys site No.1 (Figure 24b) which is only a "sideslope" part of type
1a or type 2b (Figure 33c). Parleys site No.2 (Figure 24c) consisting of
a curb-type gutter could not be examined due partly to invalid field data
and partly to difficulty in making the computer model operational under
such small storms, as mentioned previously. It appears that the latter
site corresponds to a "roadway" part of type 1b (Figure 33b) without
paved shoulder or type 2 (Figure 33c). Since this part of the highway
cross-section is the most common in urban highway traffic that requires
more due attention as far as the inlet design is concerned, runoff from
the roadway with or without paved shoulder under hypothetical heavy storms
must be thoroughly investigated. Note that the present approach of com
puting runoff from the roadway with paved shoulder is technically treated
the same as that from the roadway without paved shoulder. Therefore, for
simplicity, only runoff from the roadway without paved shoulder is studied
herein.
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Runoff from Roadway with Curb~Type Gutter

The computer model was used to study the effects of the different
parameters on the inlet hydrograph. The parameters studied are: gutter
slope, gutter length, cross slope of the roadway, roaaway width, rainfall
intensity, and direction of the moving rainstorm. Ten different computer
runs (Table 3), were conducted and the effects of the aforementioned
parameters on the inlet hydrograph were determined. The common hydro
meteorologic and physiographic data input in the computer model are:
v = 1.21 x 10-5 ft2/sec, ~ = 0, A = 28.5 fps, 0 ~ 0.1575 in., k = 0.0034
ft for paved surface, To = 1 ft, and i = 0 in./hr.

The gutter flow is divided into 4 sections with distance interval
6s taken as large as 100 ft for all runs except run 4 which has 6s = 250
ft. The horizontal width of each lane, 12 ft, (Figure 6) is divided into
three sections with the horizontal distance interval, 6x, for overland
flow equal to 4 ft so that all the runs except for run 5 have eight grid
points on the roadway.

The selection of the time interval, 6t, is programmed in the same
way as mentioned previously. In other words,6t is chosen between the
values obtained from Eqs. 48 and 149, whichever is smaller.

In Table 3, the values of input parameters for run 1 are arbitrarily
selected as "standard" ones and subsequently changed to other possible
values, one at a time, for each of the other runs. For example, the gutter
slope in run 1 is changed from 5 percent to 0.5 percent (i.e., under-
lined in Table 3) for run 2 while the remaining parameters in run 2 are
all kept the same values as those used in run 1, and so forth. Because
there are too many factors which may affect the inlet hydro graph including
those which are currently under consideration, the sensitivity of its
response (i.e., hydrograph) to the variation of any input parameter value
can only be studied in such a tedious way. All the computer runs were
executed on UNIVAC 1108 and analyzed. There is a tremendous amount of
computer output at different time levels for each run, including velocity
and discharge distributions, flow profiles, Reynolds and Froude number
distributions, friction coefficient and slope distributions, and so forth
(see, e.g., sample output in Appendix 4). These output data are helpful
to the study of the mechanism of water movement on the roadway under a
stationary or moving rainstorm. One may be interested in plotting the
building-up or receding flow profiles on the roadway at various sections
and in the gutter at different time levels. Some of these were already
conducted by Chu (1973) using the same computer model, but in a rather
limited version of capability, developed in the early stage of this re
search. Since our main thrust of this research is to develop the inlet
hydrograph, analysis of many flow characteristics other than hydro graph,
are not further pursued herein.
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Table 3, List of the values of different parameters used in computer experiments.

Gutter Cross slope Gutter Roadway Rainfall Storm front Hoving storm
Run slope of roadway length width intensity velocity*i< direction

(%) (max. or mf.n , ) * (ft) (no. of lanes) (in/hr) (mi/hr) (in parallel ;;vi
<-'---'-

1 5 max. 400 2 20 00

2 0.5 max. 400 2 20 00

-
3 5 min. 400 2 20 00

4 5 max. 1,000 2 20 00

5a 5 max . 400 1 20 00

.......

~ 5b 5 max. 400 3 20 00

-
5c 5 max. 400 4 20 00

6 5 max. 400 2 5 00

-
7 5 max. 400 2 20 + 0.136 overland flow

8 5 max. 400 2 20 - 0.136 overland flow
"

9 5 max. 400 2 20 + 0.682 gutter flow

10 5 max. 400 2 20 - 0.682 gutter flow

*The values of the coordinates used in the maximum and minimum cross slopes of the roadway are
shown in Figure 6.

**Infinity sign "00" means a stationary rainfall, positive sign means in the direction of flow, and
negative sign means in the opposite direction of flow.



The dimensionless inlet hydrograph, Q* (= Q/AoVo) versus t*(= tVo/La)
for all runs except for run 9 (which failed for unknown causes) are plotted
in Figure 34 for comparison. For convenience, rainfall for run 1 through
run 6 was made to stop arbitrarily at t* = 5, which thus gives all runs
various time durations of rainfall, t d, in minutes because of the differ
ences in the normalizing quantities Ao• Vo' and Lo us~d in each run (see
Table 4). Obviously, even by td' some runs have not reached the theoreti
cal equilibrium state yet, aside from the possible numerical errors in
volved in the computation.

Accuracy of the computed hydrograph

To examine the accuracy of the computation without resorting to field
data, the theoretical point in the hydrograph has always been checked.
This is the theoretical equilibriUm state at which runoff rate in a di
mensionless form, Q*, must be equal to unity under a stationary, prolonged
uniform rain. Any deviation from this theoretical value for the rain
lasting more than the time of concentration may be attributed either to
the flow characteristics of runoff in question or to computational errors,
or both. An inspection of run 1 through run 6 in Figure 34 reveals that
only run 3 which has the minimum cross slope of the roadway (Table 3) has
reached the theoretical equilibrium point. A further examination of the
computer output for all runs reveals that run 3 is the only run with the
major portion of the runoff on the roadway fallen in the subcritical flow
range. This finding confirms our earlier statement in connection with the
accuracy of the overland-flow submodel that the adverse effect of gravity
on the computational stability and convergency worsens with the increase
in the Froude number.

The time durations of rainfall for run Sa and run 1 which have only
one-lane and two-lane traffic, respectively, should be long enough for
runoff to reach the theoretical equilibrium, should there be no computa
tional errors. Apparently there are numerical errors. about 3 to 4 per
cent, in the computation of run 1 and run Sa. Other runs such as run 2
which has a smaller gutter slope, run 4 which has a longer gutter reach
to the inlet, and run Sb and run Sc which have more traffic lanes, all
in comparison with run 1, do not quite seemingly reach the theoretical
equilibrium discharge by the time rain stops (i.e., t* = S or dimensional
time thereof for each run as listed in Table 4). From the errors in
volved in the computation of run 1 and run Sa, it is estimated that the
computational errors in those runs should not exceed more thml 3 to 4
percent.

The difficulty in computing runoff resulting from a light storm with
the rainfall intensity as small as S in./hr or less manifests itself in
an unstable hydrograph such as computed for run 6, as shown in Figure 34.
One of the most difficult parts in the runoff computation using the pre
sent model is the computation of the internal boundary where overland
flow meets with gutter flow. Since the internal boundary moves from time
to time, a slight error in the computation of the location of the internal
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t.*. NORMALIZED TIME

Computed dimensionless inlet hydrographs for runoff from roadway with curb-type gutter
under stationary and moving rainstorms.
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Table 4. Normalizing quantities Ao' V , and Lo and tinle duration of rainfall, t d, used in the
computation and constructionoof dimensionless hydrographs for all runs shown in Figure 34.

Run

2 3 4 5a 5b 5c 6 7 8 9 10

Ao 0.362 0.734 0.362 0.634 0.253 0.453 0.534 0.155 0.362 0.362 - 0.362

(ft2)

Vo 13.81 6.82 13.81 19.68 10.98 15.92 17.66 8.02 13.81 13.81 - 13.81

(ft/sec)

I-' L 400 400 400 1000 400 400 400 400 400 400 - 400
I-' 0
I-'

(ft)

t d 2.42 4.89 2.42 4.24 3.04 2.09 1.89- 4.16

(min. )



boundary woul.d 'also propagate upstream and downstream in the gutter ,re
sulting in the subsequent computations with unrealistically too high or
too low gutter flow depth and velocity. The small intensity is probably
one among many reasons, runoff at Parleys site No. 2 could not be computed,
as mentioned previously, No attempt was made in this study to refine or
improve the computation of the internal boundary unde~ a light rain, but
it must be made in the future if the capability and applicability of the
present model will be broadened.

The computed hydrograph for run 7 represents the response of the
roadway to a uniform storm with a storm front mov.ing at velocity W = 0.136
miles per hour in the direction of overland flow. Theoretically speaking,
when the equilibrium state for run 7 is reached. it must have the same
theoretical equilibrium discharge as run 1 because both runs have the
identical physiographical and hydrometeorological inputs at the equili
brium state. Therefore, run 7 has approximately the same accuracy of com
putation as run 1, as shown in Figure 34. The computed hydro graph for run
8, which has a storm front moving in the opposite direction of overland
flow, starts earlier, but has a less steep slope than that for run 7.
Finally. at the equilibrium state, run 8 also has approximately the same
accuracy of computation as run 1 and run 7, as shown in Figure 34.

For run 9, the writer has failed to get the desired solution, as
mentioned previously, so that it cannot be shown in Figure 34 for compari
son. While a continuing effort is still made to solve it at the time of
writing this report, it is worth pointing out here that the failure may
be caused either by a large distance interval (i.e., 100 ft) adopted in
the computation or by a similar problem encountered 'in the computation
of the internal boundary at the wave front, or both. A large distance
interval causing trouble in the computation is also reflected in the com
puted hydrograph for run 10. Each of the hydrograph humps shown in Figure
34 for run 10 represents an addition of a grid point in the computation
in response to the current position of the storm front. There is a total
of five humps corresponding to the five grid points taken in the computa
tion. The humps can be eliminated or smoothed out either by adopting more
grid points or by refining the numerical scheme at the wave front. The
latter method of improvement seems to be more practical than the former in
terms of the less computer time required in the computation. At the equi
librium state, run 10 also reaches the same runoff discharge as run 1.

Development of dimensionless
inlet hydro graph

For run 1 through run 6, despite the significant difference in the
values of the parameters tested, their normalized inlet hydro graphs look
very similar to each other except for apparent time lag among some of
them. If the normalizing (or reference) quantities can be chosen in such
a way that they can represent more the overall flow characteristics, then
these normalized inlet hydrographs can be collapsed much closer than what
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is shown in Figure 34. For instance, the reference length can be chosen
to be equal to the summation of the gutter flow length and overland flow
length. Although Chu (1973) has replotted the normalized hydrographs for
run 1 through run 6 using the latter reference length, small spreads among
the runs do not seem to warrant much improvement of the newlYQplotted
hydrographs over those shown in Figure 34. In the future, if more data on
the computed hydrographs generated from a variety of ranges of the values
of .the input parameters such as those related to design storms (Chen,
1975b), soil infiltration capacity (Chen, 1975c), and initial abstraction
(Eq. 151) are available, the construction of dimensionless design hydro
graphs, similar to Figure 34, for the four typical urban highway cross
sections (Figure 33) seems possible.

Regarding the inlet hydrograph due to a moving rainstorm, the con
struction of such a dimensionless hydrograph would be more complicated
than that presented herein. It is conceivable that if the stor~ front
in overland flow direction outraces the wave front, the inlet hydrograph
for run 7 must differ with that for run 1 by merely a time lag which
accounts for the time needed for the storm front to move from the upstream
end of overland flow to the downstream end of overland flow. On the other
hand, if the wave front outraces the storm front, the situation will be
somewhat different from what was just described above, of course, de
pending upon the speed of the storm front. As shown in Figure 34, the
effect of both direction and magnitude of the moving storm on the inlet
hydro graph is quite significant. As a matter of fact, the inlet hydro
graph for run 1 actually represents the one for the storm front velocity,
W, approaching infinity (Table 3) and the abscissa of the hydrograph,
where Q* = 0, represents the inlet hydrograph for W= O. Hence, the area
enclosed by the abscissa and the inlet hydro graph for run 1 is the domain
of the inlet hydrograph in which the moving rainstorm has a storm front
velocity varying from zero to infinity. Therefore, in addition to the
normalized quantities, unless some kind of a moving and deforming time
coordinate system is adopted to adjust for such a wide variety of Q*
versus t* areas, the development of a unified dimensionless hydrograph
for a moving storm seems unlikely.
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SL~vlllliY AND CONCLUSIONS

The mathematical model which consists of a set of flow equations,
initial conditions, arid boundary conditions, is developed for a combined
overland and gutter flow. Based on the laws of the conservation of mass
and momentum, the one=dimensional spatially-varied unsteady flow equations
are formulated to simulate such flow and then solved numerically on a
digital computer subject to prescribed initial arid boundary conditions.
Several assumptions and approximations were made in the formulation of
the mathematical model. The major ones made are as follows:

1. In the derivation of the momentum equation, Eq. 17c, two mo
mentum correction factors, S and ~, are introduced to account for the
velocitj distributions of the main flmv and the lateral inflow, respective
ly. The actual values of sand SL cannot be determined. In wide open
channels, the momentum correction factor S has a theoretical value of 1.2
for laminar flow and 1 + 0.78125f for,turbulent flow, where f is the Darcy
Weisbach friction coefficient. For simplicity, the values of the momentum
correction factors used in the present study are assumed to be unity. The
computer solutions for several different rainstorms indicate that within
the range of different parameter values used, no significant differences
occur for S's ranging from 1.0 to 1.2 (for laminar flow) or to 1 + 0.78125f
(for turbulent flow).'

2. The value of the Darcy-Weisbach friction coefficient, f, is dif
ficult to determine, but can be approximated by using Eqs. 19, 20, and
21. For turbulent flow on the rough surface, Eq. 19 can be used to
evaluate the f value. However, if the depth of flow is almost of the same
order of magnitude as the roughness size or less, Eq. 19 in terms of
the logarithm of the relative roughness (R/k) may not be valid. Whether
or not Eq. 19 is valid under such small flow depth must be checked by
exp eriment •

For laminar flow, Eq, 21 is used to evaluate the f value. To avoid
difficulty in the computation, the flow is treated as laminar when the
hydraulic radius, R, is less than a certain value, denoted by Ek. The
value of E is unknown, but presently assumed as unity. The value of C
in Eq. 21 is evaluated in terms of channel slope, S, as expressed by
Eq. 82. The coefficient and exponent in Eq. 82 were experimentally
determined for natural turf surfaces.

The results obtained from the computer experiments indicate that the
flow often falls in the transition region (i.e., partially laminar and
partially turbulent), a region in which none of Eqs. 19, 20, and 21
should apply. This failure in the accurate evaluation of the friction
coefficient may sometimes result in computational instability, as men
tioned previously. Although Eqs. 19, 20, and 21 were used throughout
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the present analysis, a more accurate formula should be formulated to
evaluate the friction coefficient in the transition region.

The flow equations so formulated are expressed in the form of a set
of quasi-linear partial differential equations. This set of the equations
was solved numerically by using an explicit finite-difference scheme with
specified rectangular grid intervals based on the method of character
istics. A special technique by use of a pair of shock equations and
characteristic equations was developed for tracing a bore or a train of
such bores.

For solving the conjugate depths and velocities at the discontinuity,
the internal boundary condition, Eq. 100, must be solved simultaneously
with both C+ - and C- - characteristic equations on the front side of the
discontinuity and only one, either C+ - or C· - characteristic equation,
on the back side of the discontinuity. With the help of Eq. 109, this
numerical technique was applied in tracing the wavefront moving on a dry
surface due to a moving rainstorm.

The mathematical model developed, in this study was programmed in
FORTRAN language and executed on the UNIVAC 1108 computer. The computer
model, including a main program, 38 subroutine subprograms, and 2 function
subprograms, has been verified to be accurate enough for simulating over
land flow as well as a combined overland and gutter flow under a station
ary or moving rainstorm. Although there are several limitations in the
computer model, the model is generalized so that it can be applied to any
runoff routing problem on the highway cross-section·including roadway,
shoulder, sideslope, gutter, etc. The limitations such as the uniform
cross slope of the roadway and the direction of a moving rainstorm re
stricted in parallel to or perpendicular to the direction of the gutter
flow, can be removed, if desired, in a future study.

The proposed model computes not only the flow profiles, velocity
distributions, discharge distributions, top width distributions, Froude
number distributions, Reynolds number distributions, and friction slope
(or coefficient) distributions, but also the locations of moving critical
sections and bores, if any.

In the initial stage of the hydrograph when the velocity and hydrau
lic depth are small, the value of the time interval, ~t, is chosen from
Eq. 48 or 149, whichever is smaller. Equation 149 was formulated by
experience and is believed to be suitable for this type of the initial
value problem within the range of data input. Nevertheless, the time
interval selected for circumventing the computational instability, especial
ly in the initial stage of the hydro graph, needs further investigation.

The accuracy of the mathematical model was tested by comparing the
computed hydrographs with field data under various physiographical and
hydrometeorological conditions. For lack of available field data on run
off from the roadway with curb-type gutter, the model was also tested
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under some. hypot.het.LcaL storm and drainage conditions.
the initial abstraction played an important role in the
actual inlet hydrographs. The accuracy of the model is
good enough for most practical purposes.

It was found that
simulation of
believed to be

For improving the accuracy of the present mathematical model, the
assumptions and approximations made in the evaluation of the friction co
efficient, in the formulations of the initial conditions and internal
boundary conditions. and in the arrangement of the numerical computational
procedures must be refined or removed. Of course, some assumptions and
approximations used require an experimental verification.

The computer solutions indicate that under the condition of uniform
stationary rainfall, the effects of the parameters, such as the gutter
slope, gutter length, cross slope of the roadway, roadway width, and rain
fall intensity on the normalized inlet hydro graph are not significant, as
shown in Figure 34. Therefore, if the reference quantities used to nor
malize the discharge and time are adequate, a unified dimensionless in-
let hydro graph under a uniform stationary rainfall condition looks very
promising. By the same token, if more data on the computed hydro graphs
generated from a variety of ranges of'the values of the input parameters
such as those related to design storms, soil infiltration capacity, initial
abstraction are available in the future, the development of dimensionless
design hydrographs, similar to Figure 34, for typical urban highway cross
sections seems possible.

The effects of the velocity of a moving rainstorm on the normalized
inlet hydro graph are significant. The development of a unified dimension
less hydrograph for a moving storm does not look promising. However, be
cause the range of influence of the velocity of the moving storm on the
normalized hydrograph is clear, one may be able to obtain the desired
hydrograph by interpolation or extrapolation.
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RECOMMENDATIONS

The principal future work recommended for the fUTther investigations
of computer modeling and analysis of runoff from typical urban highway
cross-sections is as follows:

1. The computation of low flows under light storms is very diffi
cult using the present method of solution. It sometimes failed due partly
to inaccuracy in the evaluation of the friction coefficient and partly to
computational instability induced by the internal boundary computation.
For lack of a better method available in the computation of such low flows,
it has been simply assumed that the flows are laminar and the uniform flow
equation CEq. 83) applied. However, it has been found during ~he model
validation tests that such an assumption may cause large errors in the
computation. An effort must be made on the improvement of the computa
tion for such low flows.

2. The unstable results shown in the computation of runoff under a
storm moving in the opposite direction of gutter flow can be overcome by
refining the current numerical scheme in use at the storm front. This
refinement may also help solve the difficulty experienced in the computa
tion of runoff under a storm moving in the same direction as gutter flow.

3. It has been shown from the model validation tests that the initial
abstraction is probably the most important, single factor which may greatly
affect the computation of the entire inlet hydrograph. Unfortunately it
happens to be the most difficult, unknown quantity to deal with in the
mathematical modeling. For the future modeling of the surface runoff,
more attention should be paid on the evaluation of the initial abstraction.

4. Efforts must be made on the development of a unified dimensionless
inlet hydrograph or a family of such hydro graphs for typical urban highway
cross-sections. This can be readily done by analyzing the computed hydro
graphs generated from the present or modified computer model by inputing
a variety of ranges of the values of the parameters such as those related
to design storms, soil infiltration capacity, initial abstraction, etc.
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Appendix 1

Evaluation of the Momentum and Energy Coefficients

Laminar flow

The modified velocity distribution over the flow section for wide
open-channel flow is given by,

u = 24gS
cv (153)

in which u is the velocity of flow in s-direction, S is the channel slope,
v is the kinematic viscosity, and d is the depth of flow. The mean veloc
ity of flow, u, can be calculated from Eq. 153 as

or

-u

-u =

~ f u dz

o

_1 Sd 24gS ( 1 2)d CV zd - 2 z dz

o
(154a)

(154b)

Therefore, the momentum coefficient, S, can be given by

(155a)

or

S = 1.2

Similarly, the energy coefficient, a, can be given by

(155b)

or
(156a)

a 1.543
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Turbulent flow-_._--_._--

(157)

on smooth surfaces is

2.5 Inu---=

The velocity distribution for turbulent flow
given by the Kannan~Prandtl logarithmic equation.

Ii7P zo

in which P is the mass density of fluid and T is the boundary shearing
ostress, which may be given by

T
o

f -2= _ E...E-
4 2

(158)

in which f is the Darcy-Weisbach friction coefficient. The mean,velocity
of flow is

1 Sdu ~Sd IT7Pz )u = d
dz ;;;p. (2.5 In ~--+ 5.5 dzo '

0 0

or

/'0 /0 12 05
Ii7P d

3)u = In, 0 +
v

\

(159a)

(159b)

The velocity distribution for turbulent flow on rough surfaces is
also given by the Karman~Prandtl logarithmic equation,

u

«t;
o

2.5 In ~ + 8.5 (160)

in which k is the roughness size. The mean velocity is

- 1 Sd 1 Sd ( z )u = d u dz = d holp 2.5 In k + 8.5 dz

o 0

(161 a)

or

u = holp (2.5 In ~ + 6) (161b)

Subtracting Eq. 161b from Eq. 160, or Eq. 159b from Eq. 157, yields

u - u

«t:o

=
z

2.5 In d+ 2.5 (162)
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-Eq. 158 can be rewritten as

Substituting Eq. 163 into Eq. 162 gives

(163)

u--=
u

.ff" .If z
+ 2.5~ 8 + 2.5~"8 In d (164)

Therefore, the momentum coefficient, S, for turbulent flow on both smooth
and rough surfaces can be expressed by

(165a)

or

f3 = 1 +O.78125f (165b)

Similarly the energy coefficient, a, for turbulent flow on both smooth
and rough surfaces can' be expressed by

(166a)

or

a = 1 +2.344f - 1.381 f3/2
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Appendix 2

Expressions of Geometric Elements for Curb-Type
Gutter Flow Section

An inspection of a typical urban highway cross-section reveals that
only 3-ft horizontal width is provided for each curb-type gutter flow
section which is built adjacent to the roadway or paved shoulder with
various horizontal widths. During a heavy thunderstorm, however, the
downstream reach of the 3-ft wide gutter does not appear wide enough to
accommodate the suddenly rising level of overflowing storm water and a
portion of the paved shoulder and/or roadway tends to be subjected to the
encroachment of flooding gutter flow. Thus, for completeness in,the
description of gutter flow, every point on the roadway crown and across
paved shoulder will be regarded as a potential boundary point of the
gutter flow and the corresponding geometric elements expressed according
to the position of the internal bounda~y. Three different cases of the
internal boundary position are treated herein.

The gutter flow boundary is assumed to be composed of three parts,
as schematically shown in Figure 35. The left part is the crown of the
roadway (Figure 6) with the horizontal width, Lr s• the middle portion is
the surface of the paved shoulder with the horizontal width, Lps' and the
right side is the boundary surface of gutter with the, horizontal width,
Lgu. The hydraulic depth, D, will be used as a reference quantity in the
definitions of the other geometric elements so that it must be expressed
in terms of the given or specified geometric element in addition to the
top width, T. For example, if the cross-sectional area, A, is given, D
will be expressed in terms of A and T.

Case (1): T ~ Lgu

1. Given A, the cross-sectional area, find D.

AD =
T

2. Given h ch' the gutter flow depth, find D.

(167)

D (168)

3. Given R, the hydraulic radius, find D.

D = 1 .RR/T (i tan 62 + sec 62)
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Case (1).~T

Case (2) ~f----- T ----~

Case (3) 11-01..._------- T

Roadway Paved Shoulder Gutter
,-=1----- Lr s --- ~I......I---- L -+-Lr- ps. gu

Water surface

~ /77;))

h

(_8
h

ch
T

Lrs
Lps
L gu
hps
hgu

Case (1)

Case (2)

Case (3)

gutter flow depth

top width of gutter flow

horizontal width of roadway

horizontal width of paved shoulder

= horizontal width of gutter

L tan 8
1ps

= L tan 8
2gu

T~ L gu
L ~ T·~ L +Lgu ps gu
T2:- L +Lps gu

Figure 35. Schematic diagram of gutter flow with various locations
of internal boundary.

133



4. Given hch' 'find h , the depth of the centroid of A, in terms of h
ch8.J."1.d T.

(170)

Case (Z): Lgu ~ T ~ Lps + Lgu

1. Given A, find D.

3.

A
D =

T

Z. Given hch' find D.

L
D = -8£. (Zh - L tan 6

Z)ZT ch gu

(T - L )gu
ZT

Given R, find D. '

D= R [~ - t Lgu) L tan 6 + (T__-_L-",~c_u ) (T
T - R T gu Z ZT

+ L sec 6
Z

+ (T - L ) sec 6
1]gu gu

4. Given hch' find h.

(167)

(171 )

- L ) tan 6
1gu

(172)

h = {LgU (hc h - Lgu tan 6Z)2 + LgU
Z

tan 6Z (h ch - ~LgU tan 6Z)

+ (T - Lgu) [hch - Lgu tan 6Z - (T - Lgu) tan 61]Z

+ (T - Lgu)Z tan 61 [h ch - Lgu tan 6Z - ~ (T - Lgu) tan 61]}

• {L (Zh h - L tan 6Z) + (T L ) [Zh h ZL tan 6Zgu c gu gu c gu

- (T - L ) tan 61] }gu

Case (3)·. T > L + L- ps gu

1. Given A, find D.
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AD=
T

• (167)

2. Given hch' find D.

L L
D= ~ (2h - L t 6) +~ (2h -2L t· 62T ch gu an 2 2T ch· gu an 2

A (T - L - L )
- L tan 61) + ~ + ps gu

ps T T

- L tan 61 - h )ps rs
• (174)

in which As is the hatched area, as shown i~ Figure 35, defined by
using Eq. 60 as

As = SL
r s

L +L +L -Trs ps gu

( -z)dx

=
L rs

L + L + L - Trs ps gu

• (175)

The quantity, hr s' is the summation of the drops in height, a, b, and c
in Figure 6 for each lane of traffic according to the parabolic equation,
Eq. 60, and defined as

h rs • (176)

3. Given R, find D.

(T - L - L )ps gu
T

L
ps

tan 6
1T

(T - L L - L )
2 ps gu

1
- - L )

2 gu
T

R
T - R

• (177)

135



in which s is the actual width of roadway, as shown in Figure 35 and
defined in Eq. 61.

4. Given hch' find h.

- [1h = - L (h Q L
2 gu ch gu

+ 1 L (h ~ L tan 8 - L tan 8 ) 2 + .1 L 2 tan 8
1

(h
ch2 ps ch ps 1 gu 2 2 ps

2 1
~ - L tan 81 ~ L tan 8

2)
+ -2 (T ~ L - L )(h - L tan 813 ps gu ps gu ch ps

h + h)]rs s [
LgU (2h

2 ch

- 2L tan 8 ~ L tan 81) +A + (T - L - L )(hgu 2 ps s ps gu ch

- L tan 8 - L tan 8 - ., . (178)gu 2 ps 1

• (179)f A
s

in which hs is the depth of the centroid of A from the top edge of A
s sdefined by

[

1 2 5 1 4 1 2 3 2
h s :5 C1x +"2 C1C2x + '3 (C 2 + 2C1C

3
) x + C2C3

x

+ c;x] :rs + L + L _ T
rs ps gu
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Appendix 3

Theoretical Evaluation of Initial Abstraction

by Using the SCS Rainfall-Runoff Relation

It seems reasonable to assume that the SCS rainfall-runoff relation
may have the following general form:

Q = cP (180)

in which Q = actual direct runoff in inches, P = total storm rainfall
in inches, and c = "runoff" coefficient. The way in which Eq. 180 is
constructed is similar to that of the rational formula in which' instead
the rainfall intensity is related to the peak runoff rate through the
runoff coefficient.

One of the primary assumptions in the SCS method is

(181 )

in which F = actual infiltration excluding the initial abstraction, la'
in inches, S = potential infiltration in inches, and Pe = potential run
off or effective storm rainfall in inches, i.e.,

and

P = I a + F + Q

(182)

(183)

Substituting Eq , 182 and the expression of F from Eq , 184 into Eq , 181
yields

Q

(P _ I ) 2
a

P- I + S
a

for P ~ I
a

(184)

Note that the limitation, P ~ la' is imposed because Q in the form of
Eq. 184 is not valid outside the limitation.

If an assumption on I is made, Eq. 184 can reduce to the well-known
rainfall-runoff equation t~at is related to CN by the definition

CN = 1000
S + 10
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The i.nitial abstraction, la' consists of interception and surface
and subsurface storage, all of which occur before ~unoff begins. To
remove the necessity for estimating these variables, the relation be
tween I a and S (which includes I a) was roughly assumed by the SCS through
rainfall-runoff data for experimental small watershed~ less than 10 acres
in size as

I a == 0.2 S (186)

Although Eq. 186 has a large standard error of estimate, it was assumed
valid in the SCS method for lack of any better relationship. In a more
generalized treatment, it may be assumed herein that

I = AS
a·

(187)

in whic~ A = ratio of I a to S with its value ranging between a and 1.
For brevity, A may be referred to as the initial abstraction index. Sub
stituting Eq. 187 into Eq. 184 yields

Q
P + (1 - A)S

for P 2: AS (188)

The solution of Eq. 188 for S in terms of P and Q is

S == 1 [2 AP + (1 - A) Q - .; 4 APQ + (1 - A2) Q2]
21..

2
(189)

Note that the expression of S for 1..== 0.2 was already developed by
Hawkins (1973). Substitution of the Q expression from Eq. 180 into Eq.
189 gives

1
S = >: f (A, c) P

in which

(190)

f (A, c) (191)

Hence the expression of I in terms of a fraction of P is obtained by
incorporating Eq. 190 wit~ Eq. 187 as

I == f(A, c)P
a

(192)

Upon substitution of the expressions of Q and I a from Eqs. 180 and 192,
Eq. 183 yields the expression of F in terms of P as

F = g(A, c)P
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in which

g.(A, c) =~ [-(1 + A)C + 14k + (1 - A)2c2].2A . . . (194)

Again, for brevity, f(A, c) and g(A, c) may be called the "initial
abstraction" coefficient and "infiltration" coeffi~ient, respectively.
For given A and c values, the values of f (A, c) and g(A, c) (henceforth
abbreviated as f and g, respectively) can be determined from Eqs. 192
and 194, respectively.

From Eq. 191 ,

cf
(1 - f) (1 - c - f) (195)

Note that not any values of A, c, and f ranging from a to 1 satisfy Eq.
195. Certainly there are restrictions on the A, c, and f values outside
of which Eq. 195 is not valid.

From the way in which Eq. 187 is constructed, the theoretical maxi
mum value of A is unity. Therefore, from Eq. 191 or 195, one can readily
derive a relationship between c and f under this limiting value for
A(=l) :

or

f = 1 - ~ (196)

c = (197)

Equation 196 or 197 is plotted, as shown in Figure 36. For illustration,
the c versus f relationships for other A values are also shown in Figure
36. It is obvious from Figure 36 that any point (c, f) within the area
enclosed by the three lines (i.e., Eq. 196, abscissa, and ordinate) is a
possible combination of the c and f values which individual storms pass
ing a watershed will produce. In view of an infinite number of combina
tions of the c and f values within the enclosed area, the A value com
puted from Eq. 195 cannot be grossly assumed constant, even for the first
approximation. It is more logical to assume that for a given watershed,
there may be a statistical law under which certain combinations of the
c and f values occur more often than the other and vice versa. In other
words, a statistical dimension (or the probability of occurrence) for
each combination of the c and f values should be evaluated so as to
determine the statistical mean (or average) value of A, which is essential
to the SCS method.

The distribution of the number of occurrence in the enclosed c, f
space can be represented by a density function, ~(c, f), in this space,
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having the property that ~(c, f) dc df represents the number of occurrence
in the infinitesimal element dc df. To find the density function ~(c, f)
usually requires a statistical analysis of a large' amount of field data
on P, Q, and I a which is unfortunately not available on non-recorded
basins. For convenience, however, if it is assumed uniformly distributed
with constant_density (i.e., equal probability of occurrence), the aver
age A value, A, can now be estimated by using Eqs. 195 and 196 as follows:

I: S: . Ie (1 •
cf

dc dff) (1 - c - f) 1A = (198)

s: s: -rc
4

dc df

It is_interesting to see that the statistical average value of A so
obtained (A = 0.25) does not differ greatly from the assumed 0.2 in the
SCS method. Both curves for A = 0.2 and 0.25 are plotted in Figure 36 for
comparison. Without knowledge on the exact expression of the density
function in the real situation, one can only conclude that for the aver
age value of A being less than 0.25 (e.g., the assumed 0.20 in the SCS
method) the probability of occurrence in the lower part of the enclosed
c, f domain from the line representing A = 0.25 must be higher than that
in the upper part of the same domain.
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~pendix 4

The Computer Program

1. Program Narrative

The methods and procedures of computing storm runoff from an urban
highway watershed, as described in the text, were programmed in FORTRAN
language and executed on the UNIVAC 1108 computer. The computer pro
gram was originally written by Min-shoung Chu in June 1973 as part of
his dissertation. Since then, subsequent modifications have been made
by George C. Shih in December 1973 and later mainly by the writer in an
attempt to correct inaccuracies, ambiguities, and excessive limitations
found in the original program. Chu's program can only compute runoff
from a straight roadway with a curb-type gutter under a uniform station
ary or moving rainstorm. Shih expanded it to include the computation of
runoff from a curved roadway. The final phase of the program, as ap
pended here, has the capability of computing runoff from any of the
typical urban highway cross-sections (Figure 33), straight or curved,
under a time- or space-varying storm, expressed by one of the hyetograph
equations, Eq. 126 through Eq. 136.

The computer program consists of a main program, 38 subroutine sub
programs, and 2 function subprograms. Many commonly-used variables are
grouped in the CO~10N statements. Some statements are self-explanatory,
while others which need clarification are further explained by means
of comment cards. The major options in the present program are as
follows:

(1) The computation of the shock waves, except at the wavefront
of a moving storm, was not executed in the present study by using
some control statements although it is included in the program.
Variables used in such control are IFC in the MAIN program, IFA
in the subroutine INBDY, and IFC in the subroutine SLOPE. Present
ly the program is set to IFC= 1 and IFA = 1, but to release the
control, set IFC = 2 and IFA = 2. A subroutine subprogram ignored
in the computation of shock waves is NEWJ.

(2) Rainfall can be controlled either by specifying the value of
STR (dimensionless time for rain to stop) or by deleting statement
numbers 55 and 56 in the subroutine PARA.
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2. Subroutines and Functions

2.1 Definition of the variables used
in the COMMON statements

COMMON / B1 /

Variable

B(1) 13
B(2) s

B (3) 131
B (4) 8

0
B(5) kch
B(6) <p

B (7) <5

B (8) 8
B(9) 1

9

B(10) To
B (11) 1 0
B(12) V
B(13) f~
B(14) Ro
B (15) ho
B (16) Do
B (17) Ro
B(18) Aa
B(19) r o
B (20) F 0

B(21) 1 ch
B(22) 1 r s
B (23) k

B (24) v
B(25) 11.

B (26) r
B(27) i
B(28) Qu

Definition

momentum correction factor
a constant multiplier for the minimum depth,
sk. in Eq. (81)
momentum correction factor for lateral inflow
reference angle of inclination
roughness size of gutter (grass or paved)
angle between terminal. rainfall velocity and
vertical direction
average diameter of raindrops
angle of inclination of bed slope
horizontal bed width of channel-type gutter
(2 ft).
reference top width
reference length
reference velocity
reference friction coefficient
reference Reynolds number
reference depth of flow
reference hydraulic depth
reference hydraulic radius
reference cross-sectional area
reference rainfall intensity
reference Froude number
length of channel flow
horizontal width of traffic lanes
roughness size of roadway, reference surface,
or a surface under study
kinematic vicosity of water
terminal velocity of raindrop
rainfall intensity
infiltration rate
carry-over discharge at the upstream end of
gutter

143

Unit

rad
ft

rad
in.

rad

ft
ft
ft

ft/sec

ft
ft
ft
ft2

in./hr

ft
ft

ft
ft2/sec
ft/sec
in./hr
in. /hr
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Variable

B(29) qL
B(30) w:
B (31) hR/hmin

B(32)

B(33) L8

B(34) Ss
B(35) k s
B(36) a
B(3?) b
B(38) a
B(9) b
B(40) Xa

Definition

lateral inflow rate
velocity of a moving storm
ratio of the conjugate depth of the discon
tinuity on region "R" to the minimum depth
a computer storage for rainfall intensity of
a moving storm
horizontal width of sideslope
slope of sideslope
roughness size of sideslope
parameter in C = aSb for paved surfaces
exponent in C = aSb for paved surfaces
parameter in C = aSb for turf surfaces
exponent in C = aSb for turf surfaces
rainfall amount (depth) accounted for initial
detention and depression storage

Unit

ds/ft
ft/sec

in./hr
ft

ft

in.

Variable

C(1) S
C(2) sinl/!
CO) SL
C(4) sin60
C(5) cos6 0
C(6) sin(6+~)

CO) c
C(8) sin6
C(9) cos6
C(10) Lg*

C(11)
C(12) kch*
C(19)
C(20)
C(21) Lch
C(22) Lr s*
C(23) k*

C(24) u*
C(2S) A*
C(26) r*
C(2l) i*
C(28) Qu*

C(29) qL*
COO) W*
C(3) Ls*
C(4) 6s
COS) ks*

Definition

momentum correction factor

momentum correction factor for lateral inflow

concentration of raindrops

normalized horizontal bed width of channel-type
gutter (Lg/Lo)
Lo/ (Docos 80 )

normalized roughness size of gutter (grass or paved)
ro/(Vo x 12 x60 x 60)
1/F~
normalized channel length (Lch/Lo)
noralized horizontal width of traffic lanes (Lrs/Lo)
normalized roughness size of roadway, reference surface,
or a surface under study (k/R )
normalized approaching veloci~y of lateral inflow (u/Vo)
normalized average terminal velocity of raindrops (A/Vo)
normalized rainfall intensity (r/ro)
normalized infiltration rate (i/ro)
normalized carry-over discharge at the upstream end of
gutter (Qu/AoVo)
normalized lateral inflow (qL cos 60/DoVo)
normalized velocity of a moving rainstorm (W/Vo)
normalized horizontal width of sideslope (Ls/Lo)
angle of inclination of sideslope
normalized roughness size of sideslope (k/Ro)
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Variable Definition

C(36)
C(3l)
C(40)

a
b
I cosa

parameter in C = aSb for a surface und~r computation
exponent in C = aSb for a surface under computation

eo/Do

Variable

Z's

TIME
aPR
NN
N
NCR
RSL
CURVE

Definition

special indication:
Z(l) dimensionless time for rain to stop
Z(2) 1, indicating that there is a carry-over flow at

the upstream end
Z(2) 0, indicating that there is no carry-over'flow at

the upstream end
2(3) 1, indicating the need of outputing the computed

interior boundary data
2(3) 0, indicating no need of outputing the computed

interior boundary data

dimensionless time, t*
overpressure head due to raindrop
number of overland flow sections
index for any section of flow
index for channel flow section
actual width of curved road surface
curvature of curved roadway

COMMON / B2 /

Variable Definition

R(N,K,T)

V(N,K,T)

HL(N,J,T)

RR(N,J,T)

VR(N,J,T)

VL(N,J,T)

VJ(N,J,T)

XJ(N,J,T)

JI.(N ,K, T)

normalized flow depth at grid point K of section N at time
T
normalized flow velocity at grid point K of section N at
time T
normalized conjugate depth on region "L" of the Jth dis
continuity on section N at time T
normalized conjugate depth on region "R" of the Jth dis
continuity on section N at time T
normalized conjugate velocity on region "R" of the Jth
discontinuity on section N at time T
normalized conjugate velocity on region "L" of the Jth
discontinuity on section N at time T
normalized propagation velocity of the Jth discontinuity
on section N at time T
normalized location of the Jth discontinuity on section N
at time T
index of discontinuity
= 1, indicating that there is a discontinuity (or discon

tinuities) between grid points K and K-l, on section
N at time T
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Variable

K.N

NJJ

Definition

= 0, indicating that there is no discoutinuitybetween
grid points K and K-1 on section N at time T

nmlmer of grid points on an overland flow section under
computation
number of discontinuities on a section under computation

COMMON I B3 I

Variable Definition

NK(N)
NJ(N)
DX
DT
DIST
ID1IN
VMIN
ITYPE

10

OC(N,J)

S
DS

number of grid points on section N
number of dicontinuities on section N
normalized grid point interval
normalized time interval
normalized horizontal length of a section under computation
normalized minimum depth of flow
normalized minimum velocity of flow
index for the type of problem

1, uniform stationary rainfall
= 2, moving rainstorm in parallel with gutter flow direction

3, moving rainstorm in parallel with overland flow
direction

= 4, moving rainstorm in parallel with overland flow
direction after the wavefront reaches the road curb

5, moving rainstorm in the opposite direction of gutter
flow

6, moving rainstorm in the opposite direction of over
land flow

7, moving rainstorm in parallel with gutter flow direc-
tion after the wavefront reaches the inlet

index for outputing results
= 0, indicating skipping output
= 1, indicating the need of output
outputing the name of the subroutine by which the Jth dis
continuity on section N is computed
normalized distance measured along the curved roadway
normalized grid point interval along the curved roadway

COMMON I B4 I

Variable Definition

II (N,T)

XI(N,T)

index for the type of the internal boundary between over
land flow of section N and gutter flow at time T
= 0, indicating continuous water surface
= 1, indicating discontinuous water surface
normalized horizontal length at the downstream end of over
land flow section N at time T
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Variable

HI(N,T)

VI(N,T)

QI(N,T)

WI(N,T)

CT(K,T)

CH(N,T)

CV(N,T)

Definition

normalized flow depth at the downstrea~ end of overland
flow section N at time T
normalized flow velocity at the downstream end of overland
flow section N at time T
normalized discharge at the downstream end of overland flow
section N at time T
normalized propagation velocity of the discontinuity when
there is a discontinuity at the internal boundary bev#een
overland flow section N and gutter flow at time T
normalized top width of gutter flow at grid point K and
time T
normalized conjugate depth of the discontinuity on the
gutter-flow part when there is a discontinuity at the in
ternal boundary between overland flow section N and gutter
flow at time T
normalized conjugate velocity of the discontinui.ty on the
gutter-flow part when there is a discontinuity at the in
ternal boundary between overland flow section N and gutter
flow at time T

COMMON / B5 /

Variable Definition

NG(N,K)

SG(N,K)
FG(N,K)
NF

SF
FF

index for outputing how the friction slope at grid point K
on section N is evaluated

0, evaluated by Darcy-Weisbach equation
= 1, evaluated by energy equation
= 2, at downstream boundary control
friction slope at grid point K on section N
friction coefficient at grid point K on section N
index for outputing how the friction coefficient is
evaluated
friction slope
friction coefficient

COMMON / B6 /

Variable Definition

AAl, BB1, CCl

SNK
IDG

SPl
XPGl

coefficients of an equation for the transverse profile of
the road surface
bed slop at the end of overland flow on roadway
index for the type of gutter flow
= 1, indicating curb-type gutter flow
= 2, indicating channel-type gutter flow
cross slope of paved shoulder (3 to5 percent)
horizontal width of paved shoulder (12 ft, 4 ft, or 2 ft
for each traffic lane)
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Variable

SP2
XPG2

Definition

cross slope of gutter or median (1/12 or 10 percent)
horizontal width of gutter or median (3 ft Or 12 ft minus
2 ft times number of traffic lanes)

CO:MMON I B7 I

Variable De.fini.t ion

NL (N,J)

NR(N,J)

SL(N.J)

SR(N.J)

FL (N ,J)

FR(N,J)

NFJ

SFJ
FFJ

index for outputing how the friction coefficient on region
"1." of the Jth discontinuity on section N is evaluated
index for outputing how the friction coefficient on region
"R" of the Jth discontinuity on section N is evaluated
friction slope on region "1." of the Jth discontinuity on
section N
friction slope on region "R" of the Jth discontinuity on
section N
friction coefficient on region "1." of the Jth discon
tinuity on section N
friction coefficient on region "R" of the Jth discon
tinuity on section N
index for outputing how the friction coefficient is eval
uated at the Jth discontinuity
friction slope at the Jth discontinuity
friction coefficient at the Jth discontinuity

COMMON / B8 /

Variable Definition

ACCD
ACCDX
ACCUY
HDRY

CC

specified accuracy
specified accuracy in horizontal direction
specified accuracy in vertical direction
dimensionless small depth of water assumed on dry surface
below which there is no flow
C value in the equation f = C/R

COMMON / B9 /

Variable Definition

TL(J,T) top width on region ' '1.' , of the Jth discontinuity in
gutter flow at time T

TR(J.T) top width on region ' 'R' , of the Jth discontinuity in
gutter flow at time T
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COMMON / :810 /

Variable Definition

DXCH
nxas
DDXCEl
DDXRS

dimensionless grid interval of gutter flow
dimensionless grid interval of overland flow
dimensional grid interval of gutter flow
dimensional grid interval of overland flow

COMMON / :811 /

Variable

HRR

VRR

Definition

depth of water assumed on region "R" of the advancing
wavefront
velocity of flow assumed on the region "R" of the
advancing wavefront

COMMON / :812 /

Variable Definition

NDEPTH index for locating the advancing wavefront
0, indicating the flow depth on the back side greater

than zero
= 1, indicating the flow depth on the back side less than

zero

COMMON / :813 /

Variable Definition

STR time for rainfall to stop

COMMON / :8 14 /

Variable

lWET(N)

Definition

index for determining whether or not a storm front reaches
section N

0, indicating that the storm front has not reached sec-
tion N

1 , indicating that the storm front has already passed
section N

COMMON / :815 /

Variable Definition

VO or VOl normalized total volume of water retained on the ground
surface at the initial time
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Variable Definition

VT or VT1 normalized. total volume of water retained on the ground
surface at time T

VIN or.VIN1 normalized total volume of water inflowing into the initial
volume "~YO"~ during time interval "DT"

VOUT or VOUT1 normalized total volume of water outflowing from the
initial volume "Va" during time interval "DT"

COMMON I B16 I

Variable

AM
BBB
eee
TD
RTO

RMN

RAV

Definition

storm parameter, in./hr
storm parameter, minutes
storm parameter. dimensionless
time duration of rainstorm, minutes
ratio of the time before the peak to the total time dura
tion of rainstorm
average rainfall intensity, in./hr, for partial duration
of rainfall up to time, t
average rainfall intensity, in./hr, for total duration of
rainfall

COMMON I B17 I

Variable

FINF
BETTA
ALPHA
TO
TP
VSF
SPI

Definition

final infiltration rate of soil, in./hr
soil infiltration parameter, dimensionless
soil infiltration parameter, dimensionless
soil infiltration parameter, minutes
time of ponding, minutes
cumulative infiltration volume per unit surface area, inches
potential infiltration, inches

2.2 Description of subroutine subprograms

Name Description

ADW

CEQS

CONJ

CRISEC
CROSS

CROWN

solve the advancing wavefront problem due to a moving
rainstorm
solve two characteristic equations to obtain the velocity
and depth of flow at grid points
evaluate the conjugate depths and velocities of the discon
tinuity
locate critical sections, if ~~y

calculate the velocity and depth of flow at a grid point
when a discontinuity crosses the grid point
formulate the equation of the transverse profile of a road
surface
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Name

CS

DBDY
DPT

ERR
EVDT
FRIC
GEOM
GOON

INBDY

INFLT
INLET

INPT

INTAL
JL

JL1

JR

JRl

JUMP

NEWJ
OPHEAD
OUFT
PACKJ
PARA

PREP

RAIN
REF
SLOPE
STORM

TYPE 4

UBDY

Description

interpolate hydraulic depth and velocity of flow and the
locations of C+ - and C- -characteristic curves between
two grid points
arrange downstream boundary condition
compute the velocity and depth of flow at the downstream
grid point
compute the computational error
evaluate next time interval in the subsequent computation
evaluate the Darcy-Weisbach friction coefficient
compute the geometric elements of channel sections
substitute the values of all variables computed at time
level 2 into the corresponding variables at time'level
compute the velocity and depth of flow at the internal
boundary between road surface and curb-type gutter
compute the infiltration rate and time of ponding
compute the runoff rate at the inlet and the carry-over
flow rate, if any
arrange the computation of flow velocity and depth at
interior grid points
arrange the various assumptions of initial conditions
compute the velocity and depth of flow on region "L" of
the discontinuity
use C+ -characteristic equation and one of the equations
of discontinuity to compute the velocity and depth of flow
on region "L" of the discontinuity
compute the velocity and depth of flow on region "R" of
the discontinuity
use C· -characteristic equation and one of the equations
of discontinuity to compute the velocity and depth of flow
on region "R" of the discontinuity
compute the location and propagation velocity of the dis
continuity
search new discontinuity, if any
compute the overpressure head due to raindrop impact
output the results of computation
eliminate any discontinuity which disappears
compute dimensionless variable C listed in COMMON / B1 /
compute the values of those parameters which change with
section N
compute the rainfall intensity
compute the reference parameters
compute the runoff discharge from the sideslope
compute the values of those parameters which change with
the longitudinal coordinate
arrange the gutter flow conditions for the computation of
type 3 moving rainstorm when the advancing wavefront reaches
the road curb
arrange upstream boundary conditions
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Name

UPT

WRITJ

Name

EQDIS
FRTST

Description

comput-e the velocity and depth of floW; at the upstream
grid point
output the computed results at discontinuities

Description of function subprograms

Description

expression of conditions at discontinuity
expression of Froude number

3. Input Data Description

Card Variable Format Card Description
No. Columns

1 ITYPE 15 1 to 5 defined in COMMON /B3/
NOUT 15 6 to 10 output at each n-th iteration
NN 15 11 to 15 defined in COMMON /Bl/
TEND F5.0 16 to 20 dimensionless time of this program

ending
DDXCH F5.0 21 to 25 defined in COMMON /Bl0/
DDXRS F5.0 26 to 30 defined in COMMON /B10/
CURVE F5.0 31 to 35 defined in COMl10N /Bl/

2 B(1) Fl0.0 1 to 10 defined in COMMON /Bl/
B(2) Fl0.0 11 to 20 defined in COMMON /Bl/
B(3) Fl0.0 21 to 30 defined in COMMON /Bl/
B(4) Fl0.0 31 to 40 defined in COMMON /Bl/
B(5) Fl0.0 41 to 50 defined in COMMON /Bl/
B(6) Fl0.0 51 to 60 defined in COMMON /Bl/
B(7) Fl0.0 61 to 70 defined in COMMON /Bl/
B(8) Fl0.0 71 to 80 defined in COMMON /Bl/

3 B(9) Fl0.0 1 to 10 defined in COMMON /Bl/
B(10) Fl0.0 11 to 20 defined in COMMON /B1/
B(l1) Fl0.0 21 to 30 defined in COMMON /B1/
B(12) F10.0 31 to 40 defined in COMMON /B1/
B(13) Fl0.0 41 to 50 defined in COMMON /B1/
B(14) Fl0.0 51 to 60 defined in COMMON /B1/
B(15) F10.0 61 to 70 defined in COMMON /Bl/
B(16) Fl0.0 71 to 80 defined in COMMON /B1/
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Card Variable Format Card Descrip tion
No. Columns

4 B( 17) F10.0 1 to 10 defined in COMMON /B1/
B(18) F10.0 11 to 20 defined in COHMON /B1/
B(19) F10.0 21 to 30 defined in COMMON /B 1/
B(20) F10.0 31 to 40 defined in COHMON /B1/
B(21) F10.0 41 to 50 defined in COHMON /B1/
B(22) F10.0 51 to 60 defined in COHMON /B1/
B(23) F10.0 61 to 70 defined in COMMON /B1/
B(24) F10.0 71 to 80 defined in COHMON /B1/

5 B(2S) F10.0 1 to 10 defined in COMMON /B1/
B(26) F10.0 11 to 20 defined in COMHON /B1/
B(27) F10.0 21 to 30 defined in COHMON /B1/
B(2S) F10.0 31 to 40 defined in COHMON /B1/
B(29) F10.0 41 to 50 defined in COHHON /B1/
B(3O) F10.0 51 to 60 defined in COMHON /B1/
B(31 ) F10.0 61 to 70 defined in COMHON /B1/
B(32) F10.0 71 to 80 defined in COMMON /B1/

6 B(33) F10.0 1 to 10 defined in COMHON /B1/
B(34) F10.0 11 to 20 defined in COMMON /B1/
B(35) F10.0 21 to 30 defined in COMMON /B1/
B(36) F10.0 31 to 40 defined in COMMON /B1/
B(37) F10.0 41 to 50 defined in COHMON /B1/
B(38) F10.0 51 to 60 defined in COHMON /B1/
B(39) F10.0 61 to 70 defined in COHMON /B1/
B(40) F10.0 71 to 80 defined in COHMON /B1/

7 NL IS 1 to 5 number of traffic lanes
IDG IS 6 .t;o 10 defined in CO~IDN /B6/
Y(1) F10.0 11 to 20 vertical drop of crown at the highest

elevation of roadway, usually taken
as zero

Y(2) F10.0 21 to 30 vertical drop of crown in ft for
one-lane width

Y(3) F10.0 31 to 40 vertical drop of crown in ft for
two-lane widths

SUPEL F10.0 41 to 50 super elevation, ft per ft of road-
way width

TRFCT F10.0 51 to 60 side friction (cornering ratio)
between tires and road surface

SPEED F10.0 61 to 70 design speed for roadway, miles per
hour
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Card Variable Format Card Description
No. Columns

8 SP1 F10.0 1 to 10 defined in COMMON IB61
XPG1 F10.0 11 to 20 defined in COMMON IB61
SP2 F10.0 21 to 30 defined in COMMON IB61
XPG2 F10.0 31 to 40 defined in COMMON IB61

9 AM F10.0 1 to 10 defined in COMMON IB161
EBB F10.0 11 to 20 defined in C0l1MON IB161
CCC F10.0 21 to 30 defined in COMHON IB161
TD F10.0 31 to 40 defined in COMMON IB161
RTO F10.0 41 to 50 defined in COMMON IB161

10 FINF F10.0 1 to 10 defined in COMMON IB171
BETTA F10.0 11 to 20 defined in COMHON IB171
ALPHA F10.0 21 to 30 defined in COMMON IB171
TO F10.0 31 to 40 defin~d in COMMON IBi71

11 NRSOUT 80r1 1 to 80 any of the 80 columns punched with
any digit except zero represents the
corresponding flow sections needed
to be output

4. Program Flowchart

The hand-drawn flowchart of the computer program is shown in
Figure 37.
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Figure 37. Flow chart of the computer program.
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5. Description of Variables Used as
Counters and Accumulators

Program
Name

MA::{:N

MAIN

MAIN

ADW

CRISEC

CROSS

CS

Variable
Name

roUT

NOCT

NCT

NCTT

NCT

NCT

NCT

Initial
Value

1

o

o

o

o

o

o

Reset
(yes or no)

no

no

no

y.es

yes

yes

yes

156

Description

Search for which of the over
land flow sections needed to
be output.

Count the number of itera
tions in the computation of
time required for filling
depression.

Count the number of time
levels in the computation.

Count the number of itera
tions in the computation of
wavefront location. Reset
at new time level.

Count the number of itera
tions in the computation of
critical section. Reset
whenever there is a new
critical section in the flow.

Count the number of itera
tions in the computation of
V and h at a point on the
path of the discontinuity
in the x, t-plane when the
discontinuity crosses the
grid point. Reset whenever
such computation is needed.

Count the number of itera
tions in the computation of
D, V, and the location of
C+- or C--characteristic
curve. Reset for every
computation at a grid point.



Program
Name

DPT

FRIC

INBDY

INFLT

INPT

INTAL

Variable
Name

NCT

NCT

NCT

NCT

NCT

NCT

Initial
Value

o

o

o

o

o

o

Reset
(yes or no)

yes

yes

no

yes

no
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Description

Count the number of itera
tions in the computation of
V and h for subcritical flow
at the downstream end of
flow. Reset whenever such
computation is needed.

Count the number of itera
tions in the computation of
the Darcy-Weisbach coeffi
cient, f, using Eq. 20. Re
set whenever such computation
is needed.

Count the number of itera
tions in the computation of
new discontinuous water sur
face on the internal boun
dary. Reset for every com
putation at the internal
boundary.

Count the number of itera
tions in the computation of
t p and to from rainstorm
and soil infiltration param
eters.

Count the number of itera
tions in the computation of
V in the overland flow part
fqr an ITYPE 2 or 5 storm.
Reset whenever such compu
tation is needed.

Count the number of itera
tions in the computation of
time required to reach the
initial detention assumed.



Program Variable Initial Reset
Name Name Value (yes or no) Description

,
INTAL NeT 0 no Count the number of itera-

tions in the computation of
initial V on the ground sur-
face corresponding to the
assumed initial detention.

JLl NCT 0 yes Count the number of itera-
tions in the computation of
VL and hL on region "L" of
the discontinuity. Reset
whenever such computation
is needed.

JRl NeT 0 yes Count the number of itera-
tions in the computation of
VR and hR on region "R" of
the discontinuity. Reset
whenever such computation
is needed.

NEWJ NCT 0 yes Count the number of itera-
tions in search for a new
discontinuity between two
grid points. Reset for
every such computation be-
fore computing V and h at
a grid point.

REF NCT 0 no Count the number of itera-
tions in the computation of
reference (normalizing) quan-
tities such as the flow
depth, ho' using Eq. 72.

REF NCT 0 no Count the number of itera-
tions in the computation of
the Darcy-Weisbach friction
coefficient, f, for reference
flow.

TYPE4 NCT 0 no Count the number of itera-
tions in the computation of
V for gutter when the advan-
cing wavefront reaches the
road curb under TYPE 3 storm.
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6. Program Listing

6.1. The Job Control Language (JCL)

In preparing and executing computer programs on the UNIVAC 1108,
the following EXEC-8 system control cards are needed. Note the symbol
@which is used in column 1 of all control cards is a 7-8 punch. To
punch this symbol, hold the MULT PCH and NUM keys, and punch a 7 and 8.

(1) The Run card is the first card of each job deck. This card
contains the project number, estimated time, and estimated pages.

(2) The HDG card is used to place a heading at the top of each page
of both the program listing and any output.

(3) A FOR card must precede each FORTRAN deck included in the job.
It is used to inform the system that a FORTRAN deck follows.

(4) The XQT card must follow all the FORTRAN decks. It is used to
indicate that execution is desired. If one wants to compile only,
simply delete this card. The data cards should immediately follow
the XQT card.

(5) The FIN card indicates the end of the job deck.

(6) The remote control card is simply a card with a 7-8 punch in
columns 1 and 2. This card followed immediately by two blank cards
is needed on a remote terminal UNIVAC 9200.

An example of a complete FORTRAN job deck is as follows:

@RUN
@HDG
@FOR, IS MAIN,MAIN
@FOR, IS ADW,ADW

@FOR, IS WRITJ,WRITJ
@XQT

data cards, if any
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@FIN
@@remote control card
blank card
blank card

There are a wide variety of options in preparing and executing the
control cards. For example, the @ASG statement is used to name magnetic
tape or Fastrand drum files, to assign temporary' or catalogued files to
the requesting run, to specify files to be catalogued, 'and to specify
storage methods and requirements for these files. Other executive con
trol statements, too many to be cited herein, can be found in the UNIVAC
1108 user's guide.

6.2. Source listing

The main program is listed first and then followed by the subpro
grams in the alphabetic order. For convenience in reference, the state
ment numbers in each of the main program and subprograms are given.
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WRITEI 6, 201) I TYP E. NOUT.N N. TEND. 00 XCH ,DO XRS
20 1 FeR MAT I I ' I T YPE :: " 12 • ' NCUT =', 13 " N N ::', I 3 , ' TEN D ='. I' 6 • 2 ,

$' DOXCH :: ',F6.2.' FT DD>PS :: '.F6.2,' FT'I

............. *** ;$ ***••••••••• *••••••• * :0 $ * •••

$: * 4 ., ** t. ** *' $:" •• *. * * ~. * .:$" ** :\) ..

CALL RAINl1.0.1
COMPUTATION OF THe: REFERrN CE QUANTITIES
CAL.l REF
CAllINFLTll.O.1
COMPUTATION OF THE PARAMETERS USED IN THE PROGRAM
CALL PARA

....

NEEDED TO BE OUTPUT

...

DYNAMIC BEHAVIOR OF RUNOFF FROM HIGHWAY WATERSHEDS
UNDER TIME- AND SPliCE-VARYING RAINSTORMS

READ IN SECTION NOS. 01' mAD SURFACES
READ(S,lOZIINRSOUTlII.I::l.NNI
FORMAT (80111
IOUT::1
DO 5 1=1 ,NN

SET UP INITIAL CCNDITIONS
CALL INTAl
IFINN.EQ.1I GO TO 6

....

HflIN PROGRAM
COMM0 N I A1 I B I 40 I, C I 40 I , Z I 10 I , T 1ME .0 PH. NN', N • NCH • RSl • CURVF
COM M0 N I 9 2 I H I 27 .;;' 7. 21 • V 12 7. 27 .2 I • Hl I 2 7 • 1 O. 2 I • HRt 27 • 10 • 2 I ,

$ VR 127,10 .2 It Vl I 2 7, 10 ,2 I. VJ 12 7,10.2 I, XJ 127.10.21 .J Il2 7.27,21. K N. N JJ
COMMON IB31 NKI271 .NJI27I,DX ,DT,OIST ,HMIN .VMIN,ITYPE.IO.OCI27.101.

$ S. DS
COMMON/86/AA1,DB1,CC1,SNK,IDG,SP1,XPG1.SP2.XPG2
COMMON/BS/ACCU,ACCUX ,ACCUY .HDRY.CC
COMMON IB10/ DXCH,DXRS.DDXCH,DDXRS
COMHON 1814/ lWETI27)
COMMON/816/AAA.88S,CCr.,TD,RTO,RMN.RAV
COMMON IB 17 IF I NF. BE TT A. AL FH A, TO. TP • VSF, SPI
DIMENSION NRSOUTl271,NSTI27J
DIMENSION STARtle)
DATAN CT10 I, STAR 11 Co<' • • .')
READ 15 .100 I I TYP E. NOUT ,N N, TEND. ODXCH ,DDXR S.CURVE
FORMAT 1315 ,10F5. Ul
NOUT OUTPUT AT EACH N-TH ITERATION
NN NUMBER OF SECTION S OF ROADSURFACE FL OW
TEND OIME~SIONL'::SS TIME OF THIS PROGRAM ENDING
NCH:: NN+l
N=NCH fOR CHANNEL ri.ov
NS=NCH+1
NS FOR FLOW ON SIDESlOPE
CURVE=CURVATURE CF ROADWAY, 1/RADIUS (FT). SET ZERO FOR STRAIGH T
ROADWAY
REAO(S,101) (Bl1,,1=1.401
FORMATI8F1.U.OI
EVALUATE THE EQUATION OF ROAD SURFACE CROWN
IFINN.GT.11 CALL CROWN

102

C
C

100
C
C
C

C

C
C
C

101
C

C

C

C

C

C
C

C
C
C
C
C
C

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
3B
39
40
41
42
43
44
45
46
47
liB
49
50
51
52
53
54
55
56
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.'

57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
15
76
77
78
19
80
8~

82
83
84
85
86
81
88
89
90
91
92
93
94
95
96
97
98
99

100
~Ol

102
103
104
1U5
106
~07

108
109
1~0

111
~~2

1~3

C
C
C

C

c
C

C
C
C
C

C

IFfNRSOUTlII.EQ.Ol GO TO '5
NSTl rOUT )=1
IOUT=IOUT+1

5 CONTINUE

COMPUTE TIME REQUIRED FOR FILLING DEPRESSION, B(40), INCHES
TRfDS=DIMENSIONLESS TIME FOR OVERCOMING OETENTIqN AND DEPRESSION
IFIBl401.LE.0.) GOTO 53
NOCT=O
TRFDS= TO*6 O. * B1121 IB 1111
CALL RAINl3.TRFDSI
PTL=RMN*TRFDS*Bl11 I/£H12 1/3600.
IFlBl401.LT.PTLl GOTO 50
WRITEI6.300)

300 FORMATUo THERE IS NO RUNOFF')
STOP

50 11=0.
T2=TRFDS

51 TRFDS=T1H T2-Tl1 /2.
NOCT=NOCT+l
IFlNOCT.GT.30) SS=SGRTI-1.)
IFIIT2-Tll.LT.ACCUI GOTO 52
CALL RAINl3.TRFDSI
PTL=RMN* TRFDS ..B 111 1/8 l 12 II 3600.
IFIABSI814UI-PTLI.LT.ACCUI GOTO 52
IFl81401.L T.PTLl GOTO 55
n=TRFDS
GOTO 51

55 T2=TRFDS
GOTO 51

52 IFITIME.LT.TRFOS) TIME=TRFDS
53 TDIM=TIME .. BI111/81121

IIRITEl 6. 2021 TIME, TDIM
202 FORHAT II' DIMENSIOr.LESS TIl1E FOR OEPRESSICN STORAGE - INTERCEPTIC

$N = ',E10.4.' IDIJ-1ENSIONAL TIME = ',F10.3f' SEC.I')
EVALUATION OF TI~E INTERVAL, OT

6 CALL EVOT .

START TO NEXT TIME INTER VAL COMPUTATION
TIME=TIME+DT
IFlTIME.GT.TENDI STOP

10 INDICATES OUTPUT CONTROl.
o NO OUTPU T
1 OUTPUT

10=0
NCT=NCT+ 1
iF(NCT INOUT*NOUT .[G.NCll r 0= 1

11 IFIIO.EG.O) GO TO 12
TDIM=TI~E.B(11)/8112)

WRIT [( 6, 20 C I ST II", STAR, S TA RIII ,TI ME, TO1M, l ST ARI II ,1= 1, 7 I ,ST AP
200 FORMATl21/18A61/AC,' TIME: =',F9.3,5X,'WIMENSIONAL TIME ::·,f9.3,

$' SEC.) .' ,7A611BA61
12 100=10

10=0
IFlITYPE.EG.21 GO TO 35
COMPUTE FLOW ON SIDESLOPE
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114 N=NS
U.5 !FlTIME.LT.TP*60.*B(121/8111tl GOTO 15
116 CALL SLOPE
117 15 DO 20 N=l,NCH
118 C
119 CALL PREP
120 C
121 IFlKN.LT.21 GOTO 20
122 IF(ITYPE.EQ.31 GO TO q1
123 CALL INPT
124 C
125 C COMPUTATION OF UrsTREAM EOUNDARY
126 IFlN.LT.NCHI CALL UBDY
127 IFlITYPE.EQ.41 GO TO q2
128 IFlNN.EQ.11 CALL CBDY
129 IFlNN.EG.l1 GO TO 21
130 20 CONTINUE
131 C IFC=INDEX fOR COMPUTATION OF NEWLY OCCURRIf'<G SHOCK WAVES
132 C ASSUME THE OCCURRENCE OF SHOCK WAVES lIFC=21, OTHERWISE lIFC=ll
133 IFC=l
134 C TO COMPUTE THE UFSTREAM AND DOIINSTREAM END OF CHANNEL FLOW AND
135 C INTERNAL 90UNDARY
136 21 00 30 N=l,NCH
137 CALL PREP
138 C
139 IFlKN.LT.21 GOTO 30
140 IFIN.LT.NN.ANO.N.GT.ll CALL INBDY(l,DIST,HH,TT,21
141 IFlN.EQ.NN.AND.ICG.EQ.21 CALL INBDYl2,OIST,HH,TT,2l
142 C
143 C COMPUTE UPSTREAM AND DOWNSTREAM BOUNDARY OF CHANNEL FLOW
144 25 IFlITYPE.NE.5.AND.N.EQ.NCHl CALL UBOY
145 IFlN.EQ.NCHI CALL INLET
146 C
147 IFlNJlNl.GT.Ol CALL PACKJ
148 C THE FOLLOWING STATEMENT IS 0 PTIONAl
149 IFIIFC.EQ.21 CALL NEWJ
150 30 CONTINUE
151 32 10=100
152 C
153 C OUTPUT RESULTS
154 IFIIC.EQ.Ol GO TO 31
155 DO 40 I=1,10UT
156 N=NSTlII
157 IFlI.EG.IOUTI N=NCH
158 IFlITYPE.Ea.2.AND.Il,FTlNI.EQ.OI GO TO 40
159 IFlITYPE.EJ.5.AND.IW[TINI.EQ.O) GO TO 40
160 ZI31=0.
161 IFII.EG.IOUT-ll 713)=1.
162 CALL PREP
163 CALL OUPT
164 IFlNN.EQ.11 GO TO 31
1b5 40 CONTINUE
166 N=NS
167 CALL PREP
168 CALL OUPT
169 C
170 C CALCULATE THE COMPUTATION~L ERROR
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111 31 CAll ERRl21
112 C
113 C GO ON ITERATION
174 CALL GOON
115 GO TO 6
116 3:; N=NCH
171 CALL PREP
116 CALL ADW
179 IFtNJINCHI.GT.OI CALL PACr<J
180 GO TO 32
181 41 CALL ADW
182 IF IN JI N1 • GT. 0 I CALL PACKJ
183 IF I !TYPE. EQ. 4) GO TO 42
184 43 Zl 31 =0.
185 10=100
186 IFI1O.EG.OI GO TO 31
187 CALL PREP
188 CALL OUPT
189 GO TO 31
190 42 CALL TYPE4
191 GO TO 32
192 END
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1
2
3
4
5
G
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
23
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
'16
47
'18
49
50
51
52
53
54
55
56

C
SUBROUTI~E ADW "

SOLVE THE ADVANCING WAVEFRONT PROBLEM DUE TO A MOVING RAT"lSTORH
COMMON 1811 81401.CI401.Z1101.TI~E'CPH.NN.N.NCH.RSL.CURVE
COMMON IB2/ HI27.27.ZI.VIZ7.Z7.21.HLI27.10.ZI.HRI27.l0.21.

S VR I Z 7. 10 .2 I. VLlZ 7, 10 .Z I. VJ I Z 7.10. Z " XJ 127.10. Z) oj I1Z 7. Z7. ZI. KN. NJJ
COMMON 1931 NKIZ71.NJ I271.DX.DT.DIST.HMIN.VMINoITVPE.IO.OCI27.101.

SS.DS

COMMON IB41 IIl27.21.XII27.ZI.HII27.2I'V!127.2.I.QIl27.Z).IH(27.2).
SCTl27.-ZI.CHI27.ZI.CVI27.Zl

COMMON /fJ51 NGIZ7.271.SGI21.27).FGIZ7.Z7I.NF.SF.FF
COMMON/BG/AAl.BBl.CCl.SNK.IDG.SP1.XPG1.SPZ.XPGZ

COMMON /B71 NLIZ7.l0).NRI27.1DI.SLI27.1DJ.SRIZ7.1DI.FlI27.10),
SFRIZ7.101.NFJ.SFJ.FFJ

COMMON /[,81 ACCU.ACCUX.ACCUV.HDRY.CC
COMMON IB91 TLII0.21.TRIlO.Z)
COMMON /B10/0XCH.DXRS.DOXCH,DDXRS
COHHON /Bl11 HRR.VRR
COMMON 1812/ NOEPTH
COMMON IB14/ IWETI271
COMMON 18151 VO.VT.VIN.VCUT
DIMENSION HHIZ)
DIMENSION FTTIZI.XJZTTIZ)
DATA NCO/OItNAME/' ADW'I
T1M=T1ME-DT
CNK=COSIASINISPZ)I
OXPGl=XPGl/BI111
OXPGZ=XPGZ/B(11)
XJ1=XJIN.NJJ.ll
KJ=XJ1/0X+1.99999
Kl=KJ-l

IFIITYPE. EG.2 .OR. TTY PE.E:J. 71 GOTO 50
4 00 5 K=Z.Kl

XK=FLOAT I K-11.0X
CALL STORMIXK.TIM)
CALL OPHEAD
KA=K-l
KC=K+l
XA=XK-DX
XO=XK
XC=XK+DX
1FIK.EG.Kll XC=XJl
HA=HIN,KA.l)
HB=H I N.K tl )
HC=HIN.KC.ll
IFIK.EO.Kl) HC=HLIN.NJJ,ll
VA=VIN.KA.ll .
VE=VIN.K.1)
VC=VllhKC.ll
IFIK.EO.Kl) VC=VLlN.NJJ.lI
CALL GEOMIZ.AA.HA.RA.TA.DA.1,l.XAI
CALL GEOM(Z,AB.HG.RB.TO.D8.1.l.XB)
CALL GEOMIZ.AC.HC.RC.TC.OC.l.1.XC)
FRB=FRTST I Va.DB. GPH. CI 11 .C 151. C (9) .C 1201 tl)
CIi l L CS I 1 •• XA• XB , Xo. X'" • 0 A. 0 B .0 D. VA• VB. VD)
IFIFRB.GT.U.I GO TO 1
IFIXC-XB.LT.ACCUI GO TO 6
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51
5-8
59
60
61
62
63
64
65
66
67
68
69
10
11
72
73
74
75
76
71
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
91
98
99

100
101
102
103
104
105
106
107
1013
109
110
111
112
113

CAll CSf -1., XB .XC. XE .)(8.08 .oe. OE.VB. VC .VE)
IFlNOEPTH.EQ.l1 CO TO 6
IFlXE.GT.XC.AND.K.EG.Kll GO TO 6
GO TO 2

1 CALL CSI-l •• XA.XB.XE.XB.OII.DB.DE.VA.VB.VEI
2 CAll CEQSIVO.CD.VE.DE.VI~.K.2).HIN.K.2),XO.XE.DT.DT.XB)

NGIN.Kl=NF
SGIN,KI=SF
fGIN,Kl=FF

5 CONTINUE
GO TO 7

6 Kl=Kl-l
XK=FLOAT I Kl--ll '"OX
IFIKl.lT.21 SS=SQRTI-l.l

1 IFIITYPE.EQ.21 GO TO 52
CAll USOY
IFlNCO.EG.ll GO TO 3
NCO=l
GO TO 8

3 VO=VT
'8 XR=«TIME-DT/2. hCI30 I

VIN=BI321/BI191~XR$DT*TB$C(~91*BllOl*B(111/a(18)+C(281*8(12)/8(111

VTl=O.
DO 10 K=2. Kl
XK=FlOATIK-ll*DX
XK1=XK-DX
XKA=IXK+XKl1/2.
CAll STORHIXKA.TIHEI
CALL GEOM( 2. AA,HHltK -1.21, RA .TA.OA.l.2 ,XKl1
CAL L GE0 MI 2. AB• HI tl ,K .2 I • ra • TB• DB,1 .2 .XK l
VT1=VTl+ I AAi-AE I *DX/2 ./C 131

10 CONTINUE
24 VT2=VO+VIN-VTl

ITT=1
Ncrr=o
XJ2=XJl+VJ (N.NJJ.1 I*OT
XJ2T'r1 ITTI =XJ2

9 CALL JLIIXJ2TTIITTI.NJJ.VLL.Hll.VRR.HRR.t28)
17 Ncn=NCTT+l

XKJ=IXJ2TT(ITTI+XKI/2.
CALL STCRMIXKJ.TIMEI
CALL GEOMI2.ALl.Hll. PLL.1Ll.OLL.l.2, XJ2TT IITn I
CALL GEOMI2,ARR.HRR.P.RR.TRR.ORR.l,2.XJ2TT IITT! 1
DXJ=XJ2TT [ITT I-FLOAT I Kl-ll. OX
CT22=IA8+AlLI*OXJ/2.ICI91
IFIVT2.LT.ACCUl GO TO 26
FTTIITTI=VT2-CT22
IFIABS(FTTIITTJl.lT.ACCUJ GO TO 18
IFIITT.EQ.1l GO TO 27
IFINCTT.CT.20l SS~SQRTI-l.l

XJ 2 = I F TT II l *XJ 2 rr I 2 1 - F THZ I .. XJ 2 TT I 11 II I FT T111-F TT (2) l
XJ2TTI1l=XJ2TT(Zl
XJ2TT I 2l =x J2
F TT I 11 =F TT I 2 I
GO TO 9

27 ITT=2
XJ2=XJ2+0.1*DX

\
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114
115
116
117
113
119
120

.121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
litO
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170

XJ2TH 21 =XJ2
GO TO 9

18 CONTINUE
26 VT=VTl+1 M'1+ALL lIZ. *OXJ/C 1'J I
2Z IFIITYPE.EQ.3.AND.XJ2.GT.DIST) GO TO 80

IFIITYPE.EQ.Z.AND.XJZ.GT.C(Z11J GO TO 57
IF(TIME*CI 301.GT.XJZl GO TO ZO

25 IF(OXJ.LT.OXI GO TO Zl
K=Kl+1
H(N,K,21=HIN,Kl,ZI-IH(N,Kl,ZI-HlLl*OX/OXJ
V(N,K.21=VIN,Kl.Zl-IV(N,Kl,ZI-VLLl*DX/DXJ
NNNN=N
N=K
IFIITYPE.EQ.21 CALL INBOYll,XX.HH.TT,ZI
N=NNNN
CALL PREP

21 CALL FRICIVll.Hll,FLL.Rll.REL,RECL,IRl,2,XJZI
Sl(N,NJJI=CI41*FLl*ABS(Vlll*Vll/IBI131·Rlll
FUN,NJJl=Fll
VOUT=O.
OC(N,NJJI=NAME

19 HlIN,NJJ.Zl=Hll
Vl(N,NJJ,21=Vll
IF(ABS(ALl-ARRl.lE.ACCUl VJIN.NJJ.Zl =0.
IFIABS(All-ARRl.LE.ACCUI GOTC 23
VJ(N,NJJ,ZI=IALl*Vll-ARR'VRRI/IALL-ARRI

23 VRIN,NJJ,ZI=VRR
HRIN,NJJ.21::;HRR
XJ(N,NJJ,ZI=XJ2
IFIITYPE.EQ.21 TlCNJJ.21=TLl
IFIITYPE.[Q.ZI TRCNJJ,21::rRR
IF I HYPE. EQ. 21 KJ2 =XJ2/0 XCH +0.99999
H(ITYPE.EQ.ZI IWETlKJZI=1
RETURN

20 I F I TI ME*CI 30 I • GT • DIS 11 GOT 0 80
HU N,NJJ ,ZI=HRR
VlIN,NJJ,ZI=VRR
VJIN,NJJ,ZI=O.
HRIN,NJJ.ZI=HRR
VRIN,NJJ,21=VRR
XJ(N,NJJ,21=TIME*CI301
IFIITYPE.EQ.21 KJZ=TIME*C(301/DXCH+0.99999
IFIITYPE.EQ.21 IWET(KJ21=1
RETUIlN

28 VJl=VJIN,NJJ,ll
NJJ=NJJ-l
HRIN,NJJ,21=HRR
VRIN,NJJ,21=VRR
XJIN,NJJ,21=XJ2
VJeN,NJJ,ZI=VJl
RETURN

80 ITYPE=4
HlCN,NJJ,ZI=Hll
VlIN.NJJ,ZI=VlL
Hl2=IHLCN.NJJoll+Yll N.NJJ, 211/Z.
VL2=IVlCN.NJJ,11+VlC~,NJJ.211/i.

CAll GEOM(Z,Al2,HLZ,RLZ,Tl2,OL2.1,2.DISTI
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171
172
173
174
175
176
1,77
178
179
18U
181
182
183
184
185
186
187
183
189
190
191
192
193
194
195
196
197
193
199
200
201
2U2
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227

Bl291=VLZ*ALZeG 12)*BI18J
NJJ=NJJ-l
NJINI=NJJ

, HCH= CI 26 I • B 11'3 I "0 T *B 1111 13 11Z I + SQRT( I C I 26 I * B11 91* DT. BC11 JI B 112 I I ..
$Z~2~.61291.DT.81111/8(12).TANIASINISP2111

HINCHvN.ZI=HCH*CI51/£1161·
6(29)=0.
RETURN

50 DO 51 N=I. NN
CALL PREP
CALL INPT
CALL U8DY

51 CONTINUE
N=NCH
CALL PREP
IFCITYPE.EQ.71 GOTO ~9

GO TO ~

52 DO 58 N=2.Kl
CALL PREP
CALL IN8DYI1.XX.HH,TT.21

58 CONTINUE
N=NCH
CALL PREP
CALL UBOY
IFC NCO.EQ.l1 GO TO 53
NCO=l
VO=O.
DO 63 N=Z.3 '
IF{IWETINI.EG.O.AND.IWETIN-ll.EQ.OI GO TO 63
KN=ICI2ZI+DXPG1+DXPGZI/DXRS+l.99999
FCT=OOXCH
XN=FLOATIN-11*DXCH
XR=TIME*CI301
IFCXN.lT.XRI GO TO 67
XRN=OXCH-IXN-XRI
FCT=ODXCH*XRN/DXCH

67 00 62 K=2, KN
X=fLOATIK-1I*OXRS
Xl=X-DXRS
CALL GEO"'12.Al.HIN,K.ll.P.1,Tl.Dl.1,1,XI
CALL GEOMIZ,A2,HIN-l.K.ll,RZ,TZ,D2,1,1,XI
CALL GEOMIZ.A3,HlfJ,K-l.lltR3.T3,03.1.1,Xll
CALL GEOMIZ,A4.HltJ-l.K-1.11,f<4,T4,D4,1,1,Xll
IFIK.EG.KNI CALL GEO·MIZ.A1,HIIN.ll,Rl.TltOl.l,l,XXI
IFIK.EQ.KNI CALL GEOMl2.A2,HIIN-l.ll ,RZ,TZ,02,ltl.XXJ
OXl=DXRS
IF IK.EQ. KNI DXl=1 Xli N.ll+X I IN-I,l) -2 •• FLOAT IKN-ZI .OXRS 1/2.

XIZ=X-DX1I2.
CALL SlORMIX12,TIH[1
VO=VO+ I Al +AZ+ A3+1.4 1/4 •• 0 Xl .FCT IC 19 I

62 CONTINUE
63 CONTINUE

N=NCH
CALL GEOMI 2, A1 ,HIN ,1.1 I, f.~, r r- 01.1.1.0. I
CALL GEOHI2.A2.HI~.Z,11,~2,TZ,02,1,1,DXCHI

CALL GEOMI2.A3,HLIN,NJJ. IltR3,r:s.D3,101.XJl1
VO=VO+IA1+AZI/2 •• DXCH/CI51
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228
229
230
231
232
233 '
234
235
236
231
238
239
240
241
242
243
244
245
246
241
248
249
250
251
252
253
254
255
256
251
258
259
260
261
262
263
264
265
266
261
268
269
210
211
272
213
214
275
276
277
218
279
280
281
282
283
284

VO=VO+fA2+A31/2 •• fX41-0XCHI/Cf51
GO TO 61

53 VO=Vl
61 XR=llIME-DT/2.I'Cf?OI

VIN=81 32 1/8119 hXR'DhC I rs 1* f Bl 221 +XPGl+XPG2) * Bf1ll/B( 18 HC (Z8) *B (
$1Z1/8111J

VTl=O.
00 56 N=Z, NN
IfIIWElINl.£G.O.AND.IWETW-ll.EQ.O) GO TO 56
CAll PREP
IF I NKI N-lI.l T .KN) KN=NK f N-il
fCl=DDXCH
XN=fLOAT(N-l)*OXCH
XR=TIME,C(30)
IFIXN.LT.XRl GO TO 68
XRN=OXCH-l XN-XR)
fCl=ODXCH'XRNIDXCH

68 DO 54 K=2, KN
X=rlOAlIK-ll.OXRS
Xl=X-OXRS
DXl=OXRS
CALL GEOMIZ,Al,HIN,K,Z),P1,Tl,Dl,l,Z,XI
CALL GEOMIZ,AZ,HIN-l.K,2I,R2,T2,02.1.2.XJ
CALL GEOMIZ,A3,Hltl,K-l,Zl,R3,T3,03.1,ZoXll
CAll CEOMI2,A4.Hltl-l,K-l,2J,R4,T4,OQ.l.2.XlJ
IfIK.ll.KNl GO TO 54
DXl=IXIIN.2l-AINTIXIIN.2l/0XRSJ.DXRS+XIIN-l,ZJ_AINTfXIfN,ZJ/DXRS

$.OXRSJ/2.'
CALL GEOMIZ,Al,HlfN.ZJ.Rl.Tl,OI.I.2,XI(N.ZJI
CALL GEOMI2,AZ.HlfN-LZ)~2,TZ.DZ,l,Z'XIIN_l,2J)

54 l<12=X-OXI/Z.
CALL STORMIX12.TIM[J
VTl=VTl+IAl+A2+A3+AQJ.DXl'FCT/4.ICf9J

56 CONTINUE
N=NCH
CALL PREP
DO ,64 K=2.Kl
XK=FLOATIK-ll'DXCH
XKl=X-DXCH
XKA= I XK+ XK 11/2.
CALL STORMIXKA,TIMEJ
CALL GEOMIZ,AA,HIN.K-l.ZI,RA,TA.DA,l,2.XKl)
CALL GEOMI2,A3,HIN,K,2J,RE,TB.DB,I,2,XK)
VTl=VTl+IAA+AOJ.DXCHI2./CI9J

64 CONTINUE
CALL SlORMIXJl,TIHEJ
GO TO 24

5.1 XJINCH,NJJ.2J=XJ2
NJINCHl=NJINCHl-l
H(NCH,NN,2l=Z"HfNCH,NN-l,21-HINCH,NN_2.2J
YIN CH. NN, 2 1=2 •• V(tICH.N N-l, 2 J -Y INCH. t'N- 2, Z J
HINCH.NN,ll=HMIN
CTlNN,ll=ACCU
CALL INBDYI2.XX.HH,TT.Zl
ITYPE=1
RETURN

59 CALL INPl
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285
286
287
288
289
290
291
292
293
294
295

NN1=NN-l
DO 60 N=2.NNl
CALL PREP
CALL INBDYI1,XX,HH.TT.21

60 CONTINUE
N=NCH
CALL PREP
CALL USOY
CALL INLET
RETURN
END

.
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1
2
3,
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
1+2
43
44
45
46
47
48
1+9
50
51
S2
53
54
55
56

C

c

SUBROUTINE CEOSI VD .00. VE.o E. VP .HP. XD .XE.D TO.0TE .XPI
SOLVE TWO CHARACTERISTIC EQUATIONS TO OBTAIN VP A~D HP
COMMON IB11 BI40lwCI401.ZI1UI.TIME.OFH,NN.N.NCH.RSL,CURVE
COMMON 1831 NKI271.NJI27ltDX.OT,OIST,HMIN.VMIN,ITVPE,IO,OCI27.101.

SS. OS
COMMON/B4/III'27.'2I,XI!27 .?ItHII27.21.VII27,21.QI(27.2I,WII27.21.

SCT 127.21 .Ci-!127 ,2ltCV127. 21
COMMON 1851 NGI27.271.SGl?7.271.FGI27.271.NF.SF.FF
CO MMON/B61 AA1.8B1. CC1. SNK, lOG. SPI. XP G1.SP2. XPG2
COMMON IB71 NLl27.l.OlrNRI27.10ItSLl27.101.SRI27.101.FLl27.101.

$FR 127.10 I'. NFJ. SF J.FFJ
COMMON 1881 ACCU .ACCUX.A CCUY,HORV. CC
COMMON IB 16 IAA A. 388, CCC. TO. RTO. RMN. RiI V
CALL RAINI3,TIMEI
KP=XPI OX+1. ~'3 999
IF IIDG. E Q.1. AND. N. EQ.N CH I CTMIN=H MIN*B 1l61/CI 511'1 AN I ASI Nl SP2J IJ'B 11

SOl
CO AND CE ARE ENERGY COEFFICIENTS AT POINTS D AND E
CO=l.
CE=l.
NF=O
rFlDD.LT.HORV.OR.DE.LT.HrRVI HP=HDRV
IFlDD.LT.HDRV.OR.DE.LT.HlllVI GOTO 5
CALL GEOMIS.AD,HO,RD.CTD.OD.1.1.XDI
CALL GEOMI5.AE.HE.RE,CTE,DE.1.1.XEI
TI M= TI ME'-D1D
CALL STORMlXD.TIMI
CALL OPHEAD
CALL FRIClVD.HD.FD.RD.RED.REC.IRD.1.XDJ
SFD=Cl 41 .FLJ'VD.ABS lVO 1/181 131*RDI
IFIABSIXE-XDI.LT • .\CCUXI SFDE=CIBI
IFIABSIXE-XDI.LT.ACCUXI GOTO 8

7 SF DE=C 18 1+ 181161 • I HD-HE I IC 15 I +B 112'* *'2' IC D* VO. VD-CE * VE*VEl/64 .4) /
$ I I XE-X 0 I - BIII I I • C I 9 I

8 IFIABSISFOI.LT.APSISFDEII GOTO 12
9 SFD=SFOE

NF=l
12 0 S Q=sa RT I CIII • I C II 1-1. I. \if) • V0+ C III .C 1201* 100* C I 911C I 51 + OP HJI

Al =I 11.- C1 II I • V0 + DS Q I .. C I 'J I IC I 5 II 0 0
C7=CI7I·0TO/DT
SFD=ISFD+SfoEI/2.
ci =C III I • [)T0* 1C t 11 • C 120 I - 1 C 181 -SF 01+ C 1261 ID 0* C 1191* 1 C7 * C( '25 J * CI6 I

SIC 19 1- CI 11 -VO +0 S G1 - C I 91 * CI 51 +C 1271 -C Il 911 DO * (C (1) 'V o-OS Q I *
SCI91.CI51+CI291/CTD/DD~ICI31*CI21*CI241-Cl11*VD+DSQI.B1161/BI101

SI+HO*Al+Vo
TIM=TIME-DTE
CALL STORMIXE.TIMI
CALL OPHEAD
CALL FRICI VE.HE.FE .RE.REE. REC. IRE. 1. XE I
SFE=CI41 .FE.vE-ABSIVEI/! E:.1131*REI
IFIASSIXE-XDI.LT.ACCUXI SFOE=C(81
IFIABSIXE-XoI.LT.ACCUXI COTO 18

17 SFOE=CI81+ISI161*IHD-HEI/CI51+BI121**2.ICD.VD*VO-CE*V[*Vfl/64.4)/
$IIXE-XDI.BI1111.CI91

18 IFIABSISFEI.LT.ABSISFDEI I GOTO 22
19 SFE=SFDE
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NF=l
22 ESQ= SORT ( CHI' ( C11 1-1.1* VE. VE+C I 11 .C (201* 10 E* C 19 J IC 151 + CPH I J

A2 = I 11 ~- CI 11 I "vE-E 5QIt C I 91 I C I 5 J IDE
C7=C 17 1* DTE/DT
SFE=ISFE+SFDEI/2.
C2=Cllll.DTE.ICI11*CI201*ICl81-SfEI+CI261/DE*CC19J*IC1*CI25J.CC61

SIC 19 1- CI 1) .VE-ES 01 • C I 91* CI 51 +C l 271 .C 11 911 DE * CC I 11 *VE +ES 0 J *
$ Cl 91 *C 15 I +C I 291/CTE/DE* I CI 31 *C 121 * CI 24 I-C (1) * V[-[ SQ I *B I l61/BI 10 I I
$+HE* A2+VE

HP=ICI-C2J/IA1-A21
VP=1 Al *C2-A2. C11 /l AI-AZI
SFP=ISFO+SFEI/2.
IFCSFP.GT.O •• AND.VP.LT.O.I VP=(VD+VEI/2.

5 CALL STORMlXP,TIMEI
SFO= Cl 81
IFISFO.GT.O.I GOTO 37
CC=O.
GOTO 38

3 1 CC=C I 3 EI "S F0 ..C I 37 I
38 IFICC.LT.24.1 CC=24.

OFLOW=VP*Bl121*HP*Bl1EIICI51
GRAIN=RHN/43200. *XP*8 I 111
IFIN.NE.NCH.AND.OFLOW.GT.l.10*QRAINI GOTO 30
IFIIDG.EO.l.AND.N.EO.NCH.ANO.HP.LE.HHINI GO TO 39
GOTO Z 7

39 HP=HMIN
CTIKP,2i=CTMIN
CALL GEOMI2,AP,HP,RP,CTP,DP,1,Z.XPI
VP=SFO*257.6*RP*RP*B1111 **2/ICC*BI241*Bll'ZJ I
CALL FRICIVP,HP,FP,RP,REP,REC,IRP,2,XPI

Z6 fF=FP
SF=CI41~FP.VP.ABSIVPI/IBI13J*RPI

FFJ=FF
SFJ=SF
NFJ=NF
RETURN

27 IF lHP. LE. HDRYI HP=HDRY
CALL GEOHI 2,AP ,HP,RP ,CTP ,[,P, 1, 2,XP 1
IF I RP. LE. [3121' C I 23 I • AN D. XP. LT. DIS T 1 VP=Sf 0*251.6 * RP *RP *S 11 7 1* *2/

$ICC*BI241*BI1211
CALL FRICIVP,HP,FP,RP,REP,REC,IRP,2,XPI
IFIN.EO.NCH.OR.!RP.NE.61 GOTO 26

30 IFISFO.LE.O.I GOTO 23
HHAX =1 CC* 9 l 2 41* RflN* XP* B ( 11 111257.6 *43200. *S FO I 1 ** 11.13. 1 *C 151/8 I 16

$ 1
GOTO 2 9

28 HMAX=RMN/43200.*TIME*BI111/BI121*CI51/BI161
29 IFIHP.GT.HMAXI HP=HMAX

VMAX =R MN 14 32 00. * XP* BIll! II HP *8 I 161 IC 1511/ 81 121
IFIVP.GT.VMAXI VF=V~lAX

CALL GEOMI2,AP,HP,RP,CTP ,DP,lt2,XPI
CALL FRICIVP,HP,FP,RP,REP,REC,IRP,2,XPI
GOTO 26
END
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SUBROUTINE CON~fX~2.J.VLL.HLL,VRR,HRR,$)

C EVALUATE THE CON~UGATE D[PTHS AND VELOSITIES OF THE DISCONTINUITf
COHMON IS11 Sf40l,Cf If01. Zf10JtTIME.OPH,NN,N.NCH.RSl.CURV[
COMMON /B2/ HIZ1,27.21,VI21,27.21,HU27.10.2),HRI27.10.2),

$ VR f 2 7,10.2). VLl2 7.10.2 I • VJ I 27.10.2" XJ 127.10. Z I ,J rrz 7,27.2 I. K N. NJ.J
COMMON /83/ NKfZ71.NJf27 hOX,OT,OIST.H/'1IN.VHIN,ITYPE,IO.OCI27.10Jt

$S.OS
COMMON /071 NUZ7.101.NRI27.101.SLf27.10).SRI27.101,FLC27.10Jo

SFRC27.10).NFJ.SFJ.FFJ
K=XJ2/DX+l.99999
CAll STORMIXJZ.TIHEI
CAll OPHEAD .
CAll GEOMI2.AL.HUN,J,11 w:?L.Tl.Ol.1.i,XJIN.J.1J1
CALL GEOMI2.AR.HRfN.J.1I tRR.TR.OR.ltl,XJIN.J.1»
IFfAl.GT.ARI GO TO 3
CALL JUXJZ.J,VlltHll.S12.1)
NllN.JI=NFJ
Sl IN,J I=SF J
FllN,JI=FF~

CAll JRIIXJZ.J.Vll.HLL.Vm.HRR,$131
RETURN

3 CALL JRIXJ2,J.VRR,HRR.$13.1J
NRIN,JI=NFJ
SRIN,~J=SFJ

FRIN.J)=FF~

CALL JL1 IXJZ .J,VLL .HLL .VRR ,HRR ,$13)
RETURN

13 RETURN 7
END
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SUBROUTINE CRISEC
C LOCATE CRITICAL S[CTIONSI IF ANY

COMMON I Bll B 140 I. C I 40 I I ZI 10 I. TIM E. OPH I NN IN IN CHIR Stl CURV E
COHMON 1811 HI27127IZ) IVI27117111.HLl17.10.ZI.HRI17110IZJ.

S VR127110 12 I , VLC1 7 110 ,2 10 VJ 12 7,10.2 II XJ 127 ,10.2 I ,J 112 7, 27 I Z I I KN I NJ!
COMMON IB31 NKI17I,NJI17110XIOTIOISTIHMIN.VHINIITYPE,IO.OCI2711UI.

$S,OS
COMMON/BG/AA1.BB1ICC1ISNK.IOGISPIIXPGliSPZIXPG2
COMMON 18BI ACCUIACCUX.ACCUYIHDRVICC .
KNM=KN
IFIN.LT.NCH.ANO.IOG.EG.l1 KNM=KN-1
DO 9 K=2IKNM
IFIJIIN.K,ll.GT.UI GO TO 9
IFIHINIKI1I.LT.HORV*Z.1 €O TO 9
KA=K-l
IFIHIN.KAIZhLT.HORY"2.1 GO TO 9
X=FLOATl KA )tOX
CALL STO~MIX.TIHE)

CALL OPHEAO
VB=VIN.K.21
VA=VINIKAIZI
CALL GEOHll,AB.HIN.K 12 It IE ITS,OB,1,Z IX I
FRB=FRTSTI VB, DB. OPH. CI 1 I IC I 5 I, C191 -c IZ 0 1 11)
IFIFRBI9IZ.3

2 XCR=X
GO TO 4

3 Xl=X-DX
CALL STORMIX1.TIMEI
CALL OPHEAO
CALL GEOMIZ.AA.HIN.KA. 21 .RAITAIOA,102.X1I
F RA=FR 1S T I VA IDA, OPHI C I 11 .C I Sit C I 91 IC 120 I 11)
IFIFRA.GT.-AceUI GO TO 9
NCT=O
XCR1=1 X+xi 1/2.

5 CALL STORHIXCRIITIMEI
CALL OPHEAD
Al=IIVB-VAI/OXI**2
IFIA1.LT.ACCUI GO JO 9
Bl=2.*VA*1 VB-VA I IOX- IOB-DA I .. CI 20 1I0X*C191 rc lSI
Cl=VA'''Z-C1201'IOA*CI91/CISI+OPH)
OXCR=I -81+ SQRTI 8h81~. * At I Cli 1112.1 Al I
XCR=OX CR+X-nx
IFIABSIXCRI-XCRI-.LT.ACCUXI GOTO 4
NCT=NCHl
IFINCT.GT.201 WRITE16.100l Xl.X

100 rORHATI" NO CRITICAL SECTION SOLUTION BETWEEN SECTIONS",F7.4I' A 0
$' «rt .4 }

IFINCT.GT.20} GOTO 9
XCR1=XCR
GOTO S

4 WRITEI61Z001 XCR
200 rORMATl' CRITICAL SrCTltN LOCATES AT x=".r7.4)

9 CONTINUE
RETURN
END

174



1
2
3,.
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
41+
45
46
47
48
49
50

C
C
e
C

SUBROUTINE CROSSIXB.J.ID.VV,DD.DXX.DTTICSJ
CALCULATE THE VALUE OF V AND H AT A POINT ON THE PATH OF DISCONTI
UITY IN THE X,T-PLAN[ WHEN A DISCONTINUITY CROSSES THE GRID POINT
10=1 ON REGION 'R' OF THE DISCONTINUITY
10=2 ON REGION 'L' OF THE DISCONTINUITY
COMMON /91/ B 140 I, CI 1IQ I. ZI 10 It TIME.OPHI NN,N .NCH ,RSL, CURVF:
COMMON /62/ HI27,27121.VI?7127121.H1I27o.10.2I,HRIZ7.10.2I,

S VR127.1012 II VU 27.10 .2 It VJ I 2 7.10,2)' XJ 127.10.201 IJ I12 7.27.2 I. KN.N.l
COMMON /El3/ NKI 271 .NJI 27 "OX IOT.D1ST .HMIN ,VMINltT YPE. 10.0 CI 27.10),

SS.DS
COMMON /B8/ ACCU.ACCUX.ACCUy.HORY.CC
DIMENSION T121.F121
IFIIO.EG.2) GO TO 1
XB2= XB-XJI N. J. 2)
XB1= XB-X .11 N, .1.11
Vl=VRIN.J.ll
Y2=YRIN.J.21
H2=HRIN.J.21
H1=HRIN.J.1)
GO TO 2

1 X81=XJIN.J.1)-XB
XBZ=XJIN.J.2)-XB
Vl=VlI N• .1.;'1
V2=VlIN.J.21
H2=HLIN.J.2)
Hl=HlI N• .1.11

2 1=1
NCT=O
HI) =1 OX X- XBD / I -X B1 +XB2 I

3 VV=V1+IV2-Vl)'TIII
HH=H1+IH2-H11'TII)
DIT=11.-TIII)'DT
DXX=XB1+ IXB2-XB1 h1l II
CALL GEOMIZ.AA.HH.RR.TT.rn.l.lIXBI
CALL STORMIXB.TIME)

F III =OXX /CI 9 I-OTT- I C 11 I. W +CS'SGRTlC 11 hI CI 11-1.1 .VV*YV+CI 1I.C12D
S.IOO.CI91/CISI+OPHIII

IFIABSIFlIn.LT.ACCUI RETURN
IFII.EG.2) GO TO 4
1=2
TI21=T(1)+0.1.DT
GO TO 3

4 NCT=NCT+1
IFINCT .GT .ZO 1 SS=S GR TI-l.1
TT=IFl11'T(2)-FIZI.Tl11)~IF(11_FIZII
T111=T121
T(ZI=n
F I 11 =F 12 I
GO TO 3
END
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SUBROUTINE CROWN •
C FORMULATE THE EQUATICN or THE TRANSVERSE PROFILE OF A ROAD SURFA~

COHMON IBll BI401.CI401.Z(10).TIME,OPH.NN.N,NCH,RSL.CURVE
COMMON IB21 HI27,27,2) ,1J127,27,2),HU27.10.2).HRI27.10,21t

SVR 127, 10.Z I, VLl27, 10 ,21. V.JI 27.10,2), XJI 27,10,21,J I(27,27,21.KN,NJ.J
COHMON/86/AA1,BBl,CCl,$NK.IDG.SP1.XPG1,SP2,XPG2
COHMON 1831 ACCU.ACCIJX,ACCUy.HDRY.CC
COMMON IB101 DXCH.DXRS,DDXCH,DDXRS
DIMENSION Y(3),G121
DATA GI' CURS','CHANL'I
REAOI5,10D)NL.IDG,IVIII,I=1,3),SUPEL,TRFCT,SPEEO

100 FORHATI2IS,GFIO.OI
C NL THE NUMBER OF TRAFFIC LANES
C lOG INDICATE THE TYPE OF GUTTER
C 1 CURB TYPE
C 2 CHANNEL TYPE
C SUPEL=SUPERELEIJATION,FT PER FT OF ROADWAY WIDTH
C lRFCT=SIDE FRICTION ICORt-£RING RATIO) BETWEEN TIRES AND ROAD SURF.
C SPEED=OESIGN SPEED FOR ROADWAY, HILES PER HOUR
C RADIUS~RADIuS OF CURVATURE QF ROADWAY

READI5,101J SP1,XPG1,SP2,XPG2
C SP~=CROSS SLOPE OF PAvED SHOULDER (3 TO S PERCENT I
C XPG1=HORILONTAL WIDTH OF PAVED SHOULDER 112 FT, II FT, OR 2FT FOR E
C ACH LANE)
C SP2=CROSS SLOPE OF GUTTER OR MEDIAN 11/12 OR 10 PERCENn
c XPG2=HORIZONTAL WIDTH OF GUTTER OR MEDIAN 13 FT OR (12-Z.NO. OF
C LANES) FTI'

101 FORHATI8FIO.OJ
IFlCURVE.LT.O.1E-51 COTO 2
RADIUS=O.067*SPEED*SPEEO/ISUPEL+lRFCTI
CURVE=l./RADIUS
WRITE( 6.150) SUPEL ,T RFCT ,R ADIUS. CURVE, SPE ED

150 rORt'lATl/' lHIS IS A CURVro ROADWAY WITH SUPERELEVATION = ',FS.3,·
SIFT/FTloSID£ FRICTION = 'ofS,3.' RADIUS OF CURVATURE = ·,F10,Z.' «
SFTI'I' AND CURVATURE = ',E8.3,' (RADIANSI FOR DESIGN SPEED = t,FS.
$1,' (MPHI'I

2 NKTEMP=NL*12/INTCDDXRS+O.OOll+l
3 A A1= I Y 13 1-2. * Y12 I + YI 11 1/28 8.

BB1=I-Y(3)+4.*YIZ)-3.*YI111/24.
CC1=Y(1)

10 TAN=-12. *AA1*FLOAT INKTEM P-11*DOXRS+BB1)
C SNK=BED SLOPE AT THE END OF OVERLAND FLOW ON ROADWAY

THETA=ATANITANI
SNK=SINIlHETA)
KN=NKT [MP+ INT I 1 XPG 1 + XP G2 )/ 0 DXRS +0.99999)
IF 1IN T I XP GH • EQ• 0 I GOT 0 3D
GOTO 31

30 SP2=SNK
GOTO 12

31 IFISP1.LT.SNKI SP1=SNK
IFIIDG.EQ.1) GOTO 32
GOTO 12

32 IFISP2.LT.SPlI SP2=SPl
GOTO 12

12 WRITEI6.2DOI NL,GCIOGI,(Y(II'6":=1031
200 FORMATl/I2.' TRAFFIC LANES HIGHWAY WITH '.A6,'TYPE GUTTER FlOW'1
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$' Y(1)=',F5.3,' YI2J=',F5.3,' Y(31=',F5.3),
WRITEl6,20Z1 SPI,XPGl,SP2,XPGZ

202 FORMATC' SPI = ',F6.4,' XPGl =: ',F8.3,' SP2 = ',FG.4,' XPG2 = " 8
$.31

WRITE16,2031 AAl,BBl,CC1,SNK
203 FORHAT t/' THE COEFFICIENTS OF CROWN CURVE [OUAT! ON ARE: '/

$' A =' ,F9.6,' B =',F9.6,' C =',F9.6,' SNK =',F9.6)
RETURN
END
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SUBROUTINE CSISS.Xl.X2,XC,XP,OI.02.0C.V1.VZ.VC}
C COMPUTE D.V.ANO LOCATION OF C+ OR C- CHARACTERISTIC CURVE
C SS=+1. FOR C+
C SS=-l. fOR C-

COMM ON I Bl/ B (40), C( 40 I • II 1CJ I, TIM E, OPH., NN .N, NCH. RSL. CURVE
COMMON IB31 NKI211 .NJIZ7 "OX.OT.OIST .HMIN ,VMIN.ITYPE.IO.OCI27.10 I.

$S.OS
COMMON 188/ ACCU .ACCUX ,A CCUY .HORV,CC
COMMON /B121 NOEPTH
DIMENSION f1ZI.X121
C1=OT!IX2-XII"CI91
C2=1 X2 -x PI! I X2-X 11
NCT=O
NOEPTH=D
1=1

C XIIl=IXZ-XCI/IXZ-Xllt XC=X2-XIIl .. IX2-X1I
Xlll =0.4

1 XX=XIII
VC=V2- XX" I V2-Vll
DC=02- XX" 1 02-01 I
XC=X2-XX .. I X2-XI I
IFIITYPE.EG.2.0R.ITYPE.EG.31 GOTO 3
GOTO 5

3 IFIOC.LT.O.1 NOEPTH=l
IFIOC.LT'.O.1 RETURN

5 IFIOC.LT.HDRYI DC=HORY
OS Q=SQ RT 1CIll .. I C111-1. I" VC "V C+C III "C 120 I" .(0 C.. C19 JlC 151 + OPH) }
F I I } =C 1* I C I 11 .. VC+S S .. DS QI +C 2- XX
IFIABSIFIIII.LT.ACCUI RETURN
IFII.EG.ll GO TO 2
NCT=NCT+l
IFINCT.GT.201 GO TO II
IFIABSIFIlI-FI21 I.LT.ACCl*ACCUI GO TO II
XX= If'( 1 I .. XI 2 }- F I 2 I .. X11 I I II F I 1 I -F I Z II
XIII =X 12 I
XI 21 =X X
IFIABSIXI1I-XI21}.LT.ACCU' RETURN
FIll =F 12 }
GO TO 1

2 1=2
XIZI=0.6
GO TO 1

4 IFIABSIF(I)).GT ••IE-41. WRITE16.2001 FIll
200 FORMAT I!' AT CS FII'=FIZI=',E12.11

END
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1 SUBROUTINE DBDY
2 C SET UP DOIH1STREH1 [JOUNOARY CONDITION
3 COMMON /Bl/ SI401oC(llOlrZI10hTIME,OPH.NN.N.NCH.RSl.CURVE
4 COMMON 1821 H IZ-1.2 7.21 .V 127,27 .21 .HL IZ7.10.21.HRI 27.10.21.
5 s VR 127. 10 .2 I. V1l2 7. 10.2 I • VJ 127.10.2" XJ 127.10.21 .J H 27.27.21. K N. NJJ
6 COMMON /B3/ NKI271.NJI27ltOX.DT.OIST.HMIN.VMIN.ITYPE.IO.OCI27,lOI,
7 $S.DS
8 IFIITVPE.NE.l.AND.N.EO.ll GO TO 90
9 KNl=KN-l

10 IFlNJJ.EQ.OI GO TO 5
11 DO 1 ,JJ=ltNJJ
12 J=NJ J-- JJ -'-1
13 IFlXJIN.J.2I,GT.DIST-DX.MlO.XJIN,J.21.lT.OISTI GO TO 2
14 1 CONTINUE
15 GO TO 5
16 2 JIlN.KN.:n=l
17 5 IFIJIIN.KN.1l.EQ.11 GO TO 20
18 IFIJIl N.KN.21 .EQo11 GO TO 10
19 DXl=OIST-FLOATIKN-21*DX
20 CALL DPTIHIN,KN.11,VIN.KN.1I~HIN,KN1.11.V(N.KN1.1I.HIN.KN1.21.

21 SVIN.KNl.71.DXll
22 RETURN
23 10 X=OIST-XJIN.J.21
24 H2=H 1N .K N. 11+ ,H I N. KN 1. II -H IN. KN. 11 I. XI 0 X
25 V2 =V 1N .K III• 11 + «V 1 N, KN 10 11 -v eN • KN • II 1* X/OX
26 15 CALL OPTIHI.N.KN.11 ,VIN.KN.11.H2.V2,HRIN,J.2ItVRIN.J.21,XI
27 RETURN
28 20 IF(JIlN,KN.2)oEG.OI GO TO 22
29 X=OIST-XJIN.J.21
30 IF(J.L T.NJJI GO TO 21
31 X1=OIST--XJIN,J.11
32 H2 =H (N .K N• 11 .. ( HR IN. J ,I 1-H1N• K N ,I I I • X / X 1
33 V2 =V 1N .K N. 11 + 1VR 1N ,J .11- VIN, K N .11 1 'X IX 1
34 GO TO 15
35 21 X1=OX--IOIST-XJIN.NJJ,111
36 Hl=H(N,I~Nl.11"IHLlN.NJJ.1J-HIN.KNl.111*OX/Xl
37 V1=VIN.KNl.ll+!VLlN.NJJ.1I-V!N.KNl,lll*OX/XI
38 H2 = H IN.KN1 .1 I "-I HLl "J. NJ J. II -H 1N • KN1 ,1 II • ID X- X ) / X1
39 V2=V IN .KN1 .11 +f VU N.NJJ. II-VIN.KNl ,1)) * ID X-XI/Xl
40 CALL DPTIHl.Vl.H2,V2,HRIN.J.21.VRIN.J,2).XI
41 RETURN
42 22 IFIVJIN,NJJ.ll.LT.D.1 GO TO 23
43 HI =H 1N .KNI \Ill ...( HUN. NJJ. JJ -H IN. KN1 ,1 11 ,. ox I 1 OX-D IS T+X J( N ,NJJ .11 )
44 VI =V IN ,K Nt .1 I -H VLl N, NJJ. 1) -'V IN, KN1 .1 ) I .. OX/1 OX- DIS T+X J 1N .N JJ, 1 I I
45 CAL LOP T I H1. VI. HIN.K i'!1 .1 , , vIN, K N1 ,11 ,H 1 N, KN1 • 2) • v 1N , K N1 , 2 I t OX I
46 RETURN
47 23 h2=HIN.KN,11+ lHRIN .NJJ.1 I-HIN.KN.l)I .OX/( OIST-XJI N.NJJ,ll)
48 V2=VIN ,KN.ll+ IVRIN .NJ.itll-VIN,KN.lI) *OX/I OIST-XJI ~ItNJJ,ll I
49 CALL DPTIHIN,KN.ll ,VIN.KN.lI .H2,V2,HIN.KNlt21,VIN ,KN1.2I,OXI
50 RETURN
51 90 HIN.KN.21:::HIN,I(N.l1
52 VIN.KN.21-=VIN.KN.l1
53 RETURN
54 END
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1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
Iii
17
18
19
20
21
22
23
24

.2S
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
43
49
50
51
52
53
S4
55
56

C

C

c

SUBROUlIN": oPTlHlrVl,H2.V2.H3,V3,XI
COMPUTE V AND H AT THE oOWNSTREA~ CRIo POUNT
COMMON 1811 BI401,CI401.71101,TIME,CPH.NN.N.NCH.RSl.CURVF
COMMON 1821 HI27,27.21.VI27.27.21.HLI27.10.21,HRI27.10.21,

$ VR127. 10 .2 I. VL12 7, 10 ,2 I • VJ 127 rIO. 2 It XJ 127 .1U. 2I .J It 27.27,21. K N. NJJ
COMMON 1831 NKI27J ,NJI271.oX.DT.oIST.HMIN.VMIN.ITVPE.IO.OCI27.10J.

$S.DS

COMMON 184/1 II 27. ::1 • XII 27 ,2 J • HII 27.21 .VI 12 7. 2 I • Q Il27. 21 • WI 127. 21 •
$CTI27.21.CHIZ7.21,CVI27.21
COM~10N 1f'51 t,GI27,27ltSGI27.271.FGI27.27J.NF.$F.FF
COMMON/B5/AA1.BB1.CC1.SNK,IDG.SP1.XPGl.SP2.XPG2
COMMON IB81 ACCU.ACCUX.ACCUV.HDRY.CC
DIMENSION HHIZJ.FI2J
IFIIDG.EQ.l.AND.N.EQ.NCHI CTMIN=HMIN*BI161/CI51/TAN(ASINISP21 I/Bll

$01
T I H=TIME -D T
CALL STORMloIST.TIMI
CAll OPHFAo
CALL GEOHI2. AI. Hl. Rl -r r- oi ,1.I.DISTJ
Xl=oIST-X
CALL STORMIXl.TIMJ
CALL OPHEAD
CALL GEOM,12.A2.H2.R2.T2.D2,1.I.Xll
CALL STORMIXl.TIMEI
CALL OPHEAD
C~LL GEOMIZ.A3.H3.R::: ,T3,D3,1.2.Xll
F R N3 = F RT S T 1 V3 • D3 ,0 nl • C 11 I. C 1 5 I • C1 9 1• C1 20 I • 1)

IFIFRN3.LE.O.1 GCTO S
CALL CSI 1 •• Xl .0 I '::T, X.D. 0 IS', 0 2. Dl. 0 C, V2 • VI .V DI
CALL CSI-l.,Xl.DIST.XE.DIST.D2.Dl.DE.V2.Vl.V[1
FOR SUPERCRITICAL FLO~j

C~ LL CECS 1 VD• DO • vr , DE. V1 I~. KN. 2 I • H 1N• KN. 2 I • XO. XE • DT • 0 T. DIST I
NGIN.KNI=NF
rGIN.K~ll=rF

SGIN,KNI=SF
HCH=HIN,KN.21

IFIN.EG.NCH.AND.II<INNI.GT.2.AND.IOG.EQ.11 CALL IN90Y(2.0IST.HCH.T.
$21

CALL STCRMIOIST.T1MEI
CALL GEOMI2rA.HI~.KN,2I,p,T.D.lr2.DISTI

F RN=F RTS T 1 VI N • KN .2 I r D, OP H. C 11 I • C I 5 I • C ( '3 I • CI 20 I • 1 I
IF IFPN.cT .U. J RETURN

FOR SUBCRITIcAL FLCW, OV'RFALL CONDITION CONTRCL THE H AND V
9 CALL STO~MIDrST.TIMI

C'l=CI91
C26=C125 I
C27=CIZ71
C2 9=C 129 J
CALL STORMIXl.TIPI
C9=CI9J+C9
C26=CIZ5l+C2£
C27=Cr';:71+cZ7
C29=CIZ~I+C2,)

CALL STORM(Xl,TI~EJ

CALL GEOMI2,A3,H:::,R3.T3.r3 .1.2.Xl1
C,,=CI91+C,)
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57. CZ6=CIZ6)+C26
58 C27=C(27)+C27
59 C2 9=CI 29 )+C29
60 CALL STORMIDIST,TIME)
61 C9=IC(9)+C9)/4.
62 C26=ICI261+C26)/4.
63 C27=ICI271+C271/4.
64 C29=ICI291+C29)/4.
65 10 1=1 .,
66 NCT=O
67 HHl11=H1
68 11 IFIN.EQ.NCH.AND.IDG.[O.l.IIND.HHIII.LT.HMINI HHlIJ=HMIN,
69 IFlHHIII.LT.HDRYI HHIII=HDRY
70 HIN,KN,2I::;:HrllI!
71 IFIN.EQ.NCH.AND. ,t{ INN' .GT.2.AND.IDG.EO.1I CALL IN8DYl2,DIST,HHlII.
72 $TTT,21
73 IF IN. EO.NCH.AND .Ir,c.Ea .1.AND. HHII I.LE.HMI NI CT I NN ,2 )::;:CTMI N
74 CALL GEOMlZ,A,HHI: loR,T,D,'l,2,DIST)
75 CALL STORMIOIST,TIME)
76 T=ITI+TZ+T3+T Il4.
77 RIGL=B 111) .n'B I 1U ,*C'H IC2 6-C271'C l191/Bl 18 1+ C29/ IOllO I*Cl 5)) )
73 VV=SORTICIZU).IO.CI9)/CI5)+OPHII
79 FIII=A3-A2+A-Al+0T/X'IV1*Al-V2*A2+VV.A-V3*A3)*C '3 -2.*DT'RIGL
80 IFIABSIFtIll.LT.ACCUI GO TO 13
81 IFII.EO.II GO TO 12
82 IFIAESIFIlI-FI211.LT.ACCU*ACCUIGO TO 13
83 NCT=NCT+ 1
84 IFINCT.GT.201 GO TO 20
85 HHH=IFIlI*HH(2)-FI ZIH1H(11 )/IFIll-FI21)
86 HHll)=HHIZ)
87 HH(2)=HHH
88 F I 11 =F I Z )
89 COTOll
90 12 1=2
91 HHIZ)=H3
92 GO TO 11
93 20 S5S=-1.
94 WRITEIE.I001 N
95 100 FORMAT!' NO SOLUHON AT THE DOWNSTREAM END Of SECTION' ,13)
96 JFIN.EQ.NCHI GO ·10 13
97 IFIASSIFII)).GT.O.IE-4) SS=SQRTISSSI
93 13 HIN.KN,2)=HHIIl
99 VIN.KN,21=VV

100 NGIN,KNI=Z
101 CALL GEOMI2.A.HI~.KN.ZI,~,T,D.l,2.DIST)

10Z CALL FRICIVIN,KN,ZI.HIN.r.N.ZI,FF,R,RE.REC,IR.2,OIST)
103 FGlN,KNI=FF
1U4 SGIN,KNI=CI41*FF*VIN,KN,ZI.ABSIVIN,KN,Z))/IBl13)*F:)
1U5 RETURN
106 END
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16
17
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20
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23
24
25
26
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46
47
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54
55
56

SUBROUTINE ERRIIO)
C COMPUTE THE COMPUT ATIO NAL ERROR

COMMON IB11 B(40).CI40).ZI10).TIME.OPH.NN.N.NCH.RSL.CURVE
COMMON 1821 HI27.27.2).VIZ7.27.2).HLI27.10.2).HRI27.10.21.

S VR 127.10 .2) • VLl2 7. 10 ,2 ) • VJ 127,10.2 I. XJ 127.10,2) .J I I 27.27.21. KN. N J
COMMON IB31 NKI271.NJ(27).DX.DT.OIST,HMIN.VMIN.ITYPE,IO.OC(27.10),

SS.DS
COMMON IB41 1H27,2) .XIl27,2IrHIrZ7.Z) .VIIZ7,Z1.GIl27.2JrWI(27.2h

SeT (27,21 .CH127 .21. CV 127. 2)
COMMON 18BI ACCU.ACCUX,ACCUY,HDRV.CC
COMMON IBI01 DXCH.DXRS.DDXCH.OOXRS
COMMON IBllfl rWET(27)
CCMMON 18151 V01.VTl.VINltVOUTl
DATA TTTTI-l.1
DATA VIN.VOUT~VO.VT.ERI/O•• O•• o.,o •• o.1

C VO=ACCUMULATED VOLUME OF WATER RETAINING ON THE GROUND AT NT=l
C VT=ACCUMULATED VOLUME OF WATER RETAINING ON THE GROUND AT NT=Z
C VIN=ACCUMULATED VOLUME 0 F WATER FLOWING IN FPOM T HE UPSTREAM END:
C GUTTER PLUS LATERAL INFLC'ooI INCLUDING RAINFt.LL AND INFILTRATION
C VOUT=ACCUMULATEO VOLUME OF 'WATER FLOWING OUT FROM THE DOWNSTREAM
C END OF GUTTER
C ID=INOEX FOR OPTION OF COMPUTING ERROR
C 1. COHPUTE ASSUMED INTIAL VOLUME OF WATER RETAINING ON THE
C GROUND ONLY
C 2. COMPUTE INFLOW. OJTFLOW. AND FINAL VOLUME OF WATER RETAIN-
C ING ON THE GROUN o
C 3. FOR ITYPE 3 ADVANCING WAVE PROBLEM
C 4. FOR HYPE 2 ADVANCING WAVE PROBLE M

NS=NCH+l
GOTO Ilfl.l1.21.31) .10

41 HlITYPE.EG.ll .GOTO 1
IFIITYPE.EG.3) GO TO 30
IFIITYPE.EG.5) GO TO 1
RETURN

30 N=l
CALL PREP
XJ2=XJIN,NJJ.11/2.
CALL SlORMlXJ2.TIMEI
CALL GEOMI 2, Al.HIN.1 ,1), FIl.Tl. 01.1,1,0.1
CALL GEOMIZ,AZ.HLIN.ltll.R2.T2.D2.lrl.XJIN.NJJ,11)
VO=IA1+A2)-XJIN,NJJ.II-BI211/Z.*BI161/BI181/CI91
VOl=VO/BI211/8(16)-BI181
RETURN

1 DO 25 N=1. NS
FCT=l.

• IFIN.LT.NCHI Fcr=DOXCihB116I1BI181
If(N.EQ.l.OR.N.EQ.NN I FCT=DOXCH/Z.*BI16I1BIlB)
rHN.EQ.NS I FCT=B I Zl hB 1:If ) IBI 18)
IFINN.EG.ll FCT=l.
CALL PREP
IFfKN.LE.21 GOTO 40
DOIO.K=Z,KN
OX1=OX
H2=HlN.K.ll
X=FLOAT( K-Il-OX
IFIN.EQ.NCH.OR.K.L T.KN I 00 TO 9
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57
58
59
60
61
62
63
6Ci
65
66
67
68
69
70
71
72
73
.7q

75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
9Ci
95
96
97
98
9;1

100
101
102
103
104
105
106
107
108
109
110
111
112
113

IFINN.EG.l) GO TO 9
IFIN.LT.NCH) Hl=HIIN~1

X=XIIN.ll
OXl=XI IN,l )-A INT I XH N.lIIDX hOX

9 IFIHIN.K-1.11.LT.HDRY.1.m..ANO.H2.LT.HORY.I.0lJ GO TO 10
Xl=X-OXl

2 IF(.JIIN,K,l).EG.11 GO TO Ci
3 X1l=IX+XlI/2.

CALL STORMIXll.TIMEI
CALL GEOMI Z,A1,HIN,K-l ,1), Rl,Tl.01.1,1 ,XlI
CALL GEOMIZ,AZ.HZ.R2,TZ,D2,1.1,XI
VO=VO+IA1+AlI/l./CI91.0XI*FCT
GO TO 10

4 ..1=1
Hl=HIN,K~l.l)

5 00 6 .JJ=J. NJJ
I F I XJ IN. JJ ,U • GT • X1. AN O. XJ IN. JJ. 1) • LE. XI GO TO 7

6 CONTINUE
X2=X
H2=HIN,K.11
IFINN.EG.11 GO TO 8
IFIN.LT.NCH.ANO.K.EQ.KNI H2=HIIN.1)
GO TO 8

7 X2=X J IN • .JJ ,1 I
H2=HLlN,JJ,11

8 Xl2= I Xl + xz112 •
CAll STORMIX12,TIMEI
CALL GEOMIZ.A1,H1,Rl,T1.01,1.1.XlJ
CALL GEOMIZ,A2,HZ,R2,Tl.Ol,1,1,XlI
VO=VO+ IAl+All/2.ICISI. IX ?-Xl ).FeT
IFIX-XZ.LT.ACCU) GO TO 10
Xl=X2
Hl=HRIN,·JJ.l)
J=.JJ+1
GO TO 5

10 CONTINUE
40 IFINN.EG.11 RETURN
z s CONTINUE

RETURN
11 VT=O.

VIN2=0.
IFIITYPE.EG.3) GO TO 35
N=NCH
KX=NN
IFINN.EQ.l) N=l
IFINN.EO.11 KX=KN
CALL GEOMIZ.Al.HIN.KX,ll ,R1.T1.Dl.101oC(21))
CALL GEOMIZ,A2.HIN,KX.ZI.RZ,TZ.Dl.1.2,C(211)
VOUT=VOUT+(VIN,KX,11.Al+VIN,KX.2).AZI·OT/Z.

35 DO 24 N=l, NS
IFIITYPE.EO.2.ANO.IWETIN Io£G.OI GOTO 24
IFIITYPE.EG.5.ANO.IWETINI.EG.OI GO TO l4
r cre i ,
IFIN.lT.NCHI FCT=ODXCH.BI161/BI181
IFIN.EG.1.0;?N.EO.NN I FCtOOXCH/Z.*B(16)/Bf18)
IFIN.EO.NSI FCT=8121hB(15)/BI18)
IFINN.EG.ll FeT=l.
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120
121
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123
12 ..
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126
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128
129
130
131
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133
134
135
136
137
138
139
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141
142
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144
145
146
147
148
149
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151
152
153
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155
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159
160
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163
164
165
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170

100=10
10=0
CALL PREP
IFIN.EG.NCHI CZ8=CIZel
IFINN.EG.l) C2S=C(28)
10=100
VIN=VIN+ C2 a*OT
IFIKN.LE.21 GOTO 50
DO 20 K=2.KN
X=FLOATI K-1I.0)(
DXl=OX
H2=HIN.K.21
IFIN.£G.NCH.OR.K.LT.KN) CD TO 18
IFINN.EG.l) GO TO 18
IFIITYPE.£Q.3) GO TO 18
OXl=XIIN.2)-AINTIXIIN.2)/DX).OX
IFIN.LT.NCHI H2=HlfN.2)
X=XIIN.ZI

18 IFlHIN.K-1.ZI.LT.HDRY*I.m.ANO.HZ.LT.HORY*I.01) GO TO 20 .
X1=X-OX1
IFIJIIN.K.2).EQ.1J GO TO 16'
XIZ= IX1+XII2.
CALL STORMIXIZ.TIMEI
CALL GEOMIZ.Al.HIN.K-1.Z ItRl.TltOl.1.Z.Xl)
CALL GEOMIZ.A2.H2.RZ.TZ.D2.1.Z.X)
VT=VT+ IAl+A21/Z.ICI9 hOX1* FCT
GO TO 17

16 J=1
H1=HIN.K-l.21

12 00 13 JJ=J.NJJ
IFIXJIN.JJ.21.GT.XI.ANO.XJIN.JJ.21.LE.X) GO TO 14

13 CONTINUE
X2=X
H2=HIN.K.2)
IFINN.EQ.ll GO TO 15
IFfN.LT.NCH.ANO.K.EG.KNI H2=HIIN.2)
GO TO 15

14 X2=XJIN.JJ.Z)
H2=HLl N. JJ .2)

15 Xl2=IXl+XZJ/2.
CALL STORMIXIZ.TIME)
CALL GEOMIZ.Al,Hl.Rl.Tl.Dl.l.2.Xl)
CALL GEOMI2.A2.H2.R2.TZ.D2.1.Z.Xl)
vr=VT+ IAl+A21/Z./CI9 hIX2-XlhFCT
IFIX-X2.LT.ACCUI GO TO 17
Xl=X2
Hl=HRIN.JJ.z)
J=JJ+l
GO TO 12

17 Xl=X-DXl
CALL STORMIXl.TIMEI
CALL GE0 MI Z. A• HIN. K- 1. ZJ .R • T .0 .1 .2 • XI)
T1=1
C26=CI 26 J
CZ7=CIZ7 )
CALL STORMIX.TIMEI
H2=HIN.K.2)
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172
173
174
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177
178
179
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182
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185
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192
193
194
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197
198
199
200
201
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203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218

IFlNN.EQ.ll GOTO 22
IFlN.LT.NCH.AND.K.EQ.KNI H2=HIlN,21

22 CAll GEOMI2,A,H2,R,T,D,I,2,X)
TT=TT+T
C26=C26+CI261
C27=C27+CI271
TIM=TH1E-DT
CAll STORMlXl,TIMI
CALL GEOMI 2, A,H (N, K-1,11 tR ,T ,0 ,l,l,X 11
TT=TT+T
C26=C26+Cl 26)
C27=C27+CI271
CALL STORMlX,TIMI
H7=HlN,K,lI
IFlNN.[Q.l I GO TO 19 ...
IFlN.LT.NCH.AND.K.EG.KNI H2=HIlN,l)

19 CALL GEOMlZ,A,H2,R,T,D,l,l,XI
TT=llT+TI/4.
C26=IC2E+CI2GII/4.
C27=IC27+CI2711/4.
VIN2=VINZ+ I C26-C27 1* TT* DT*Olt1* C 11'31* BI 10 I*a III )/B US ).FCT

20 CONTINUF.
50 IFlNN.EG.l1 GOTO 27

IFnTYPE.EQ.31 GO TO 26
24 CONTINUE

VIN=VIN+VIN2
GO TO 27

26 VOUT1=O.
VT1=VT /FCT
VINl=VIN2/FCT

21 VT=VTl*BI211*SI161/BI181
VIN=VIN+VIN1*SI211
VOUT=VOUT+VOUTl .. B I 21 I
GO TO 27

31 IFlTTTT.LT.O.1 VO=V01
TTTT=1.
VT=VTl
VIN=VIN+VINI
VOUT=VOUT+VOUTl

27 ER=1 VT+vauT-VIN-VO 1/ lVIN+VO 1*100.
CER=ER-£~1

IFlIO.[Q.11 WRITEl!>, :?DOl fR,CER,VO,VT,VIN,VOUT
200 FORMATI/' ACC COI:1P rRR =- ,F8.2,'t, CURR COMP ERR =',FB.2,'t. WI "Ii

$ VO =',F7.3,' VT =',F7.3,' VIN =',F7.3,' VOUT =',F7.31
IFlID.EQ.21 ER1=ER
TTTT=TIME
RETURN
END
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1 SUBROUTINE EVOT
2. C EVALUATE THE TIME INTERVM.. 'OT'
3 COMMON IB11 Bl401,CI401,ZI10J,TlME,OPH.NN,N,NCH,RSl.CURV[
4 COHMON 1821 Hl27,27,21.VIZ7,27,2JtHll27,10.2hHRI27,10,2J.
5 S VR 121.10 ,2 J, Vl121, 10 ,2 J, VJ127.10,2 J, XJ 127.10.2) ,J Il2 7, 27,2 I, K N ,NJJ
6 COMMON IB31 NKI27J .NJl27 hOX,OT,OIST,HMIN,VMIN.ITYPE.IO.OCI27.10J.
7 SS.OS
8 COMMON 1881 ACCU,ACCUX.ACCUV,HDRV.CC
9 COMMON 18101 DXCH.OXRS, OOX CH,ODXRS

10 COMMON IB131 STR
11 COMMON 18141 lWET 127 J
12 DATA NCT 101
13 IFlNCT.GT.OI GO TO 2
14 TFCT=O.1.11 TIME+ ACCU)
15 IF(ITYPE.NE.li GO TO 1
16 IF I C14 J .t.r .0. 01. OR. 3 12 6 I .l T .9. J TFCT=0 .5
17 1 IFITFCT.GT.1.J TFCT=1.
18 CAll OPHEAO
19 DTEO=OXC4/l1.+SQRTlCI20J*ll.+0PHJJ)/C(5J
20 2 OTMAX=OTEQ*TIME*TFCT
21 OTM1N=1.0E6
22 FACTOR=0.9
23 1FINCT.GT.l.AND.T1HE.GT.STRJ OTMAX=IT1HE-STR+.21/20.
24 NCT=NCT+1
25 100=10
26 10=0
27 NS=NCH+l
28 00 10 N=l,NS
29 IFlITYPE.EG.2.ANO.IWET(NJ.Ea.OJ GO TO 10
30 IFlITYPE.EG.5.AND.IWETINJ.Ea.OJ GO TO 10
31 CAll PREP
32 IFIKN.lE.Z) GOTO 8
33 DO 5 K=1,KN
34 1FIHIN,K.1J.lT.1.1*HDRY) GO TO 5
35 X=FlOAHK-ll*OX
36 CAll STORMIX,TIMEI
31 CAll OPHEAO
38 CAll GEOMI2.A,HlN.K,1l.R,T,D,1,I,XJ
39 TAN=C I 11 * VIN. K,11 +SG PT I C11 I. I C111-1. h VIN ,K.lJ,,2 +Cl IJ .C l 20). lO.
40 SC(9)/Cl51+0PHJI
41 IFlABSlTANI.lT.ACCUJ GOTO 5
42 OTT=OX/TAN/CI9J .
43 IFlDTT.lT.DTM1NI DTHIN=OTT
44 5 CONTINUE
45 8 IFlNN.EQ.lJ GOTO 11
46 .IFIITYPE.EQ.3J GO TO 11
~7 10 CONTINUE
48 11 OT=OTMIN*FACTOR
49 IFIDT.GT.DTMAX) DT=DTMAX
50 IF(DT.GT.DT~QI DT=DTEQ
51 10=100
52 1FlDT.lT.ACCU) SS=SQRTl-1eJ
53 RETURN
54 END
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1 SUBROUTINE FRICIW.HH.F.P..RE.REC.IR.NT.X)
2 C EVALUATE THE FRICTIONAL COEFICIENT
3 COMMON IB11 B(40).CI 4010 Z(10).TIME.OPH.NN.N.NCH.RSL.CURVE
4 COMMON 1831 NKI27t .NJ121 ).OX.DT.DIST.HMIN.VHIN,ITVPE,IO.0(;(27.10)
5 $S.OS
6 COMMON IB81 ACCU,ACCUX.ACCUV,HORV.CC
7 C IR=REGIONS OF FRICTION CC£FFICIENT VS •. REVNOLDS NUMBER
8 SF=C(8)
9 CC=C(36)'SF'.CI31)

10 IF(CC.LT.24.) CC=24o
11 FHAX=1./ACCU"3
12 IFIHH.GT.HORY*1.0l) GOTO 1
13 20 IR=O
14 F=FHAX
15 REC=O.
16 RE=CC/FMAX
11 RETURN
18 1 RE=ABSIVV'R.B(14»
19 IFlRE.LT.ACCU) GOTO 20
20 fB2=1./12 •• ALOGI012••B(21)+1.741 •• 2
21 IFIR.LE.8IZ1'CI231 I GOTO 15
22 C RELS IS THE SOLUTION OF F= C/RE AND I/SGRT IF J =2'AL OGI0IRE'
23 C SQRTIF1J+0.404
24 IFICC.LE.24.J RELS=418.22
25 IFICC.LE.24.1 GOTO 4
26 REl=500.
27 NCT=O
28 2 fl=RE1-CC.IAlOG10IREll+ALOG10ICC1+0.404h'2
29 f2=1.-2. *SQRTCCCII I AlOG I 10. J 'SGRTfRE11 J
30 RE2=REl-fl/F2
31 IFlRE2.LT.1.1 RE2=l.
32 IFIABSIREl-RE2).LT.ACCU) GO TO 3
33 NCT=NCT+l
34 IFlNCT.GT.ZOI SS=SGRTl-l.1
35 REl=REZ
36 GO TO 2
37 3 RELS=RE2
38 4 IFIC(Z31.L T.ACCU) GO TO 7
39 C RElR IS THE SOLUTION OF R::C/RE AND 1/SGRTfn=I.AlOGI012.R/K)+1.7 f;
40 RELR=CC.. IZ •• ALOG10IZ •• R/C(231)+1.74)**2
41 C CHECK THE EXISTENCE OF RElS
42. IFIRElS.CT.RELRI GO TO 6
43 C THERE EXIST eoru' REL S AN 0 RESR
44 C RESR IS THE SOLUTION OF lISGRHFJ=2.ALOGIOIRE.SGRTlFJI+0.404 AND
45 C 1/SGRTIF)=2.ALOGI012.P/KI+1.74
46 RESR =2 ." RIC ( 23 I • ( 2 •• AI.. aG 10 I Z•• RIC I 23 I I +1. 74 J'10., • O. 668
47 IFIRE.LT.RESRI GO TO 7
48 C F FOR TURBULENT FLOW ON RJ UGH SURFACE
49 IR=3
50 REC=RESR
51 5 F=I./(Z •• ALOGIO(Z ...R/CIZ311+1.74 ....Z
52 RETURN
53 C THERE EXISTS RELR ONLY
54 6 RfC=RELR
55 !FIRE.LT.RElR) GO TO 10
56 IR=5



57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

GO TO 5
7 REC=RELS

IFIRE.LT.RELS) GO TO 11
C TURBULENT FLOW ON SMOOTH SURFACE

IR=2
r=0.lE-3
NCT=O

8 F1=-1./F+2.*ALOG10IRE*FI+O.404
F2=1./F**2+2./IF*ALOGIIO.11
FNEW=F-F lIFZ
IFIFNEW.LT.ACCUI FNEW=ACCU
IFIABSIF-FNEWI.LT.ACCUI GO TO 9
NCT=NCT+l
IFINCT.GT.ZOI SS=SGRTl.:..l.J
r=FNEW
GO TO 8

9 F=FNEW*FNEW
RETURN

C LAMINAR FLOW
10 IR=4

F=CC/RE
IFIF.GT.FMAXI F=FMAX
RETURN

11 IR=1
F-=CC/RE
IF(F.GT.FMAX) F=FMAX
RETURN

15 IR=6
REC=CC/FB2
F-=CC/RE
IF(F.GT.FMAXJ F-=FMAX
RETURN
END
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1
2
3
4
5
6
1
8
9

10
11
12

c
c
C

FUNCTION FRTSTC v.n.o P, C1.CS. C9 .C20 .10)
TUE EQUATION OF FROUDr NUMBER
10=1 TO TEST FROUDE NUMBER
10=Z TO FINO FROUDE NUMBER
n=C1*ABS( VI
TZ=SQRTl C1.-rc i -a , t *v -v+C 1* CZO* (O-C 9/C5+ OP) )
GO TO 11.Z1,10

1 FRTST=T1-TZ
RETURN

Z FRTST=T1/T2
RETURN
END
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TO fIND CENTROID HD (RETURNED BY R)

A IS GIVEN
Y IS GIVEN
R IS GIVEN
T IS GIV EN
o IS GlV EN
Y IS GIVEN

SUBROUTINE GEOMIID,A,Y,R,T,O,IDIM.NT,X)
COMPUTE THE MAGNITUDES Of CHANNEL GEOMETRIES
10

1
2
3
4
5
6

101M
1 fOR DIMENSIONLESS V~.RIABLES

2 FOR DIMENSIONAL VARIABLES
COM MO N IS 11 B 140 I, C14G I • Z 11 0 I • TIM E, OPH, NN ,N , NCH.RSL. CURV E
COMMON 1821 HIZ7.27,21,VIZ7.27.21,HLI27.l0.21.HRI27,10,2J,

SVRI27,lO,21.VLI27,10.21.VJI27.10.21.XJI27.10.2I,JII27.27,2J,KN,N.U
COM M0 NIB 31 NK I Z7 I • NJ I 27 It DX , nT, D IS T , HtHN •V HIN, IT YP E , 10 ,0 C( 27,10) ,

SS,DS
COM MO N I B41 1HZ7,2 I, XI 127,2 I , HII 27, 2J ,VI 127.2) ,a If 2 7,2 J • WI 127,2 J, ,

$C1I27.21,CHIZ7,ZI.CVI27,2I,
COHMON/B6/AA1,8B1,CC1,SNK,IDG.S?1.XPG1,SP2,XPG2
COMMON 1881 ACCU.ACCUX,ACCUY,HDRY,CC
COMMON IB91 TLllO.21.TRllO,21
COMMON IRIO/DXCH,DXRS,DDXCH,DDXRS
GAI A1, A2 , A3. UI =-1 A1* U** 3 ./3. +A 2*U*U/2. +A3.U I
GYIAl,A2.A3.UI=-IA1*U*U+A2*U+A31
GSIA1.A2·. UI=12.*A1*U+AZI/14.*All*SORTl4.*A1*A1*U*U+4.*Al*A2*U+A'

S2*A2+1.I+l./14 •• SQRTlAl*Alll*ALOGI8.*Al*Al*U+4.*Al*A2+4.*saRTIAl*A
SlJ*SQRTI4.*Al*Al*U*U*+4.*Al*A2*U+A2*A2+1.)I-A2/14.*AlI*SGRTIA2*A2+
$1.1-1./14.*SQRTIA1*A111*ALOGI4.*A1*A2+4.*SGRTIA1*A11*SGRTIA2*A2+1.
$) I
GHIA1,A2.A3,UI=A1*Al*U**S./5.+Al*A2*U**4.12.+IA2*A2+2.*A1*A31*U.*3

S./3.+A2*A3*U*U+A3*A3*U
IFIN.EQ.NCHI GO TO 20
FOR OVERLAND FLOW IN.LT.NCH.AND.N=NCH+11
IFIIDIM.EG.2J GO TO 6
GO TOl1.2.3.4,5.21.IO
CHANGE DIMENSIONLESS PArAMETERS TO DIMENSIONAL HYORAULIC DEPTH D

1 D=A*BI 18 I
GO TO 11

2D=Y.SI16J*CI91/CISI
GO TO 11

3D=R*81171
GO TO 11

4 SS=SGRTl-l.1
5 D=D*BI 16 I

GO TO 11
CHANGE ALL DIMENSIONAL PARAMETERS TO DIMENSIONAL HYDRAULIC DEPTH 0

6 GO TO l7.8.9.10.11.8ItID
7 D=A

GO TO 11
8D=V*CI91

GO TO 11
9 D=R

GO TO 11
10 SS=SGRTl -1. I
11 A=D

C

c

C

c
'C
C
C
C
C
C
C
C
C
C

1
2
3
4
5
6
7
8
9

10
11
12
13
1.4
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
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57 Y=0/C191
58 R=O
59 T=I.
60 TfIIO.EO.61 R=Y/2.
61 IfIIDIM.EG.2) RETURN
62 A=A/81181
63 Y=Y*CI51/8(16)
64 R=R/B(17)
65 T=T/BII0)
66 0=0/B(15)
67 IFIIO.EG.6) R=Y/~.

68 RETURN
69 C fOR GUTTER fLOW
70 20 IfIIOG.EO.ll GO TO 40.
71 C CHANNEL TYPE CUTTER FLOW CROSS-SECTION Of CHANNEL IS ?FT OF
72 C EOTTEM WITH 1:1 SlOE SLOPE 1fT HIGH
73 IfIIOIM.EO.2) GO TO 26
74 GO TO 121.22.23.24,25.221.10
75 21 Y=(SQRTl1.+A*SI18))-1.)/CIS)
7 6 GO TO 31
77 22 Y=Y.BI161/CI5)
78 GO TO 31
79 23 R=R.BI17)
80 GO TO 29
81 24 Y=IT*81101/2.-1.I/C(5)
82 GO TO 31
83 250=0*BI161
811 GO TO 28'
85 26 GO TO IZ7,31,29,30,2e,31lrIO
86 27 Y=ISQRTll.+AI-1.I/CI51
87 GO TO 31
88 28 Y=110-l.)+SORTI0*0+1.1)/CI5)
8') GO TO 31
90 29 Y=I 1.414*R-1. +SGRTl 11.-1.414*R J•• 2+2 .*RJ J IC lSI
'H GO TO 31
92 30 Y=IT/2.-1.)/CI5)
93 31 00= Y*C15 I
94 A=12.+001*DD
95 Y=D 01 CI 5 I
96 R=A/12.+2.828*DOI
97 T=2.+2.*00
98 O=A/T
99 TfIIO.EO.GI R=OO*OO.(1.+DO/3.I/A

100 IFI IDIM.EO.21 RETURN
101 A=A/BI181
lUZ Y=V.CI51/81151
lU3 R=R/BI17J
104 T=T/BII0)
105 0=0/81161
106 IrIIO.EO.51 R=DD*OO*ll.+0r/3.I/IA.SI18))
107 RETURN
lU8 C CURB TYPE GUTTER FLOW
103 40 XJJ=XJIN,NJJ,NTI
110 IFINJINCHI.LT.11 GO TO 54
111 IfIITYPE.EQ.2.ANO.X.LT.XJJ) GO TO 54
112 IfIITYPE.EG.Z.AND.X.GE.XJJ1 GOTO 52
113 54 XDX=XlDXC H
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lIlt DOX-=XDX-AINTlXDX-O.00001)
115 K-=XOX+1.99999
116 IFIK.GT.NN) K=NN
117 IFtK.EQ.ll GOTO 59
118 IFINJJ.EQ.O) GO TO 58
119 IFtJIlN.K,NTI.EQ.OI GO TO 58
120 XK=FLOATIK-ll *OXCH
121 XK1=XK-DXCH
122 DO 55 J=l.NJJ
123 XJJ=XJIN.J.NT)
124 IFIXJJ.GT.XK1.ANP.XJJ.LT.XK) GO TO 56
125 55 CONTINUE
126 GO TO 58
127 56 IFIXJJ.LE.X) GOTO 57
128 IFIIXJJ-XKll.LT.ACCUI GOTO 81
129 T=TLIJ,NTI+ICTIK-l.NT)-TLIJ.NTI)*IXJJ-XI/(XJJ-XKli
130 GOTO 61
131 81 T=TLIJ.NTI
132 GO TO 61
133 57 IFIIXK-XJJ).LT.ACCUI GOTO 82
134 T=TRIJ.NTI+ICHK.NT)-TRIJ.NTl)*UJJ-X)/IXJJ-XK)
135 GOTO 61
136 82 T=TRIJ.NT)
137 GOTO 61
138 58 K1=K-1
139 T=CTIK1.NTI+ICTIK.NT)-CTIK1.NTI)*ODX
140 GOTO 61'
141 59 T=CTll.NTI
142 61 DXPG1=XPG1/S(11)
143 DXPG2=XPGZ/B(11)
144 XXI=C 122 I +OXP G1+0X PG 2-T*~ lID liB 1111
145 IFIXXI.GE.CI2ZI) GOTO 62
146 XXIO=XXI*8(11)
147 HY=GYIAA1,3Bl.CCl.8(221)
148 AS=GAIAAl.U81.CCl.B(22»-GAIAA1.9BI.CCI.XXIO)
14 9 HS= 1GHI AAl • B8 1 • CC1 • B122) I-G HI AAI, 861 • CCI, XX 10 ) IIAS
150 SX=RSL-GSI AAl,B81,XXID)
151 62 T=T*BII0)
152 TANl=TAN 1 ASIN ISPl»
153 TANZ=TANIASINISP211
154 SECl=1./COSIASINISP111
155 SECZ=1./COSIASINISP21)
156 IrIIDIM.EQ.21 GOTO 46
157 C CHANGE DIMENSIONLESS PARAMETERS TO DIMENSIONAL ONES
158 A=A*B(18) .
153 Y=Y*B 116l/C 15 I
160 R=R*8117)
161 0=0*81161
1(;2 C THE FOLLOWING EXPRESSIONS ARE ALL OIMENSI CNAL
1(;3 46 GO TO 147.48,49,50,51.48),ID
164 47 O=AIT
165 GO TO 51
166 48 IFIT.LE.XPC2) O=Y*CI51-TI2.*TAN2
167 IFIT.GT.XPG2.ANO.T.Lf.IXPG1+XPG211 0=12.*Y*CIS)-XPG2*TANZ)*XPG2/TI
168 $Z.+IZ.*Y*CI51-2.*XPGZ*TA~2-IT-XPG2)*TAN1)*IT-XPG21/TI2.

169 IFIT.GT.IXPG1+XPG2Il0=IZ.*Y*C(5)-XPGZ*TANZI*XPGZ/T/Z.+IZ.*Y.CIS)-2
170 $.*XPGZ*TANZ-XPG1*TANll*XPGI/T/Z.+AS/T+IY*CIS)-XPG2*TANZ-XPG1*TAN1-

192



171
172
173
174
175
176
177
l7B
179
180
181
182
183
184
18 S
1a6
181
188
189
190
191
19Z
193
194
195
196
197
198
199
ZOO
201
ZOZ
203
204
205
206
207
ZU8
209
ZID
211
21z
Z13
Z14
215
Z16
Z17
218
219
2Z0
ZZI
2Z Z
ZZ 3
ZZ4
ZZ5

$HY)*lT-XPGI-XPGZI/T
GOTO 51

49 IF(T.LE.XPGZI D=R*lTANZ/2.+SECZl/l1.-R/TI
IFlT.GT.XPG2.AND.T.LE.IXPCl+XPGZIIO=I(T-XPGZ/Z.)/T*XPGZ*TANZ+lT-XP

$GZI/IZ. *1I * IT-XPGZI* TAtH +XP GZ* SEG2+ l T- XPG Z) *SEC11 *R/I T-R)
IFIT.GT.(XPGI+XPG21ID=(IT-XPG2/2.I/T*XPG2*TAN2+(T-XPG1 I Z. - XPG2 1/ T*

$XPG 1 *T AN 1+ l T-XPGI-XPG2 1/1* HY+ ASIT +XP G2~SE CZ+XPG1* SECI +SXI *R/( T-RI
GOTO 51

50 SS=SQRTl-l.1
51 A=T*O

IF(T.LE.XPGZI Y=lD+T/Z.*TANZI/Cl51
IF (T • GT • XPG 2. AN O. T.LE .1 XPC 1 +XP GZI ) Y= I 0+ IT -x PG2IZ. )11* XP G2*1 ANZ+ IT

S XPG2 II l 2 • * T) * IT-X PGZI *.TAN1 I rt: ( 5 1
IFlT.GT.lXPG1+XPG21IY=ID+lT-XPG2/Z.I/T*XPGZ*TANZ+(T-XPGI / Z. - XPGZ )I

$T*XPG1*TANl+(T-XPCI-XPG21/T*HY-AS/TI/Cl51
IF(T.LE.XPGZ) R=A/IY*CIS)+T*SEC21
IF( T. GT • XP GZ. AN D. T• LE• I XPC 1 +XP GZI ) R= AI l Y* C151 +XPG 2* SECZ +( T-XP G21 *5

SECl 1
I F( T. GT. (XPGl +XPG2 I 1R=AIt Y*C151 +XPGZ *SEC2 +X PGl*SE Cl+SX)
IFllO.[Q.6) GOTO 70
GOTO 11

70 I F( T• LE• XPG2) R= I (Y*CIS) - T* TAN Z) ** Z. +T*TANZ * I Y* C( 5) - Z.1 3 • *T*TAN Z I )
S/IZ.*Y*C(SI-T.TANZI

IF(T.GT.XPGZ.ANO.T.LE.IXPG1+XPGZ))R=(XPGZ*IY*CIS)-XPGZ*TANZI**z+XP
$G2*XPGZ*TAN2*IY*CISI-2./3.*XPGZ*TANZI+(T-XPGZ)*(Y*CIS)-XPGZ*TANZ-(
$T-XPG2 1*TANl) "Z. +1 T-XPG2)* .z.* TANI* IY*CI51-XPGZ* TANZ-Z ./3. *( T-XPG
$ZI*TANll'1/IZ••A)

IF(T.GT.(XPGl+XPG2))R=IXPGZ*IY*CI51-XPGZ*TANZ)**Z/Z.+XPGZ*XPGZ*TAN
S2*IY*CISI-2./3.*XPGZ*TAN2)/2.+XPGl*IY*CISI-XPGI.TANI-XPGZ*TANZ).*2
$./2.+XPG1*XPGl*TAN1.IY*C(5)-Z./3.*XPGl*TANI-XPGZ.TAN2)/2.+(T-XPG1
$XPG21*IY*C (5) -XPGl.TANl-XPGZ*TANZ-HY ).*Z./Z.+AS.( Y.CI5 )-XPG1*TA~1

$XPGZ*TANZ-HY+HS) IIA
Her D=R

11 IFIIDIM.EQ.2) RETURN
A=A/B(18)
Y=V.C(SI/8116)
R=R/Bll1)
T=T/B(10)
D=D/B( 16)
IFIIO.EG.6) R=HCTD*C(S)/BI161
RETURN

52 IFIID.[Q.SI Y=Z.*O
T=Y*S(161/CI5)*CCS(ASINISPZII/SP2/BII01
A=Y*BI161/CISI*T*SIIOI/2./B(10)
0=A·PI181/IT*DIIOII/BIIGI
P=Y/SP2+Y.
R=A*B(18)/P/BI17)
IFllO.EQ.61 R=Y/3.
IF(IOIM.EQ.1) RETURN
T=T*BI101
A=A*SI1BI
D=0*B(161
R=R*BI111
RETURN
ENO "
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SUBROUTINE GOON
SUBSTITUTE THE VALUES OF ALL VARIABLES OBTAINED AT TIME LEVEL 2
INTO THE CORRESPONDING V mIABLEs AT TIME LEVEL 1
COMMON IB11 BI401,CI401,ZI101,TIME,OPH.NN.N.NCH.RSL.CURVE
COMMON 1'32/ HI27,27. ZI.VC27.27.2).HlCZ7.10,21.HR(27.10.2).

S VR127.10 ,Z I. Vlt 27. 10 .2 I , VJ 127.10,2 It XJ 127.10.21 • .1 Il2 7.27.2 I. KN. NJJ
COMMON /83/ NK 1211 ,NJ 127 It OX ,OT. DIST .!'!MIN. VMIN. IT YPE. IC,O ct 27.10 I.

SS.OS
COMMON /84/ IIl27.21.XIlZ7,2ltHIl27,21,VII27.21.GI!27.21.WII27.21.

SCTlZ7.Z1,CHlZ7.ZItCVIZ7.21
COMMON IBS I ACCU .ACCUX .ACCUY .HDRY, CC
COMMON /B9/ Tlt10.21 ,TRllD.21
NS=NCH+1
DO 10 N=l. NS
KN=NKIN)
00 1 K=l,KN
HIN.K,11=HIN,K.ZI
VIN.K.ll=VIN.K.21
.1IIN,K,11=JIIN.K,21
IFIHIN.K.11.lT.HDRYl HIN.'K.ll=HDRY

1 CONTINUE
IFIN.Ea.NSI GOTO 3
IIlN.11=IIlN.21
HIlN.l1=HIIN.21
QIIN.11=GIIN.21
WIlN.11:;:WIlN.21
XI IN, 11= XII N. 21
VICN,ll=VIlthZ)
CTIN.11=CTIN,ZI
CHlN,11=CHlN,21
CVIN,ll=CVIN,ZI
IflCT( N, ll.l T.ACCU I CT IN ,11=ACCU.0.9 9

8 DO Z .1=1,10
XJIN.J.11=XJIN.J,21
VJIN,J,ll=VJIN,J,ZI
VLIN,J,11=VlIN,J,21
VRIN,J,l)=VRlN,.1.ZI
HRIN.J.11=HRIII!,J.21
HllN,J.1)=HlIN,J.21

2 CONTINUE
IFINN.EG.11 CO TO 5

10 CONTINUE
DO 30 .1=1,10
Tll.1.ll=TUJ.21
TRlJ,ll=TRIJ,ZI

30 CONTINUE
5 DO 20 N=l.NS

KN=NKINI
DO 11 K=l,KN
HlN.K,21=0.
VlN,K.71=O.
JIIII!,K.21=0
CONTINUE
IfIN.EG.NSI GOTO 9
CVfN,ZI=O.
CH IN ,21=0.

11

1
2
3
4"
S
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
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57
58
59
60
6.1
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

CTlN.2J=CTlN.1J
XI IN, 2 )=XIt N.1 J
WIlN.2)=O.
GIlN,2J=O.
VIIN.2J=O.
HIIN.21=O.
IIIN.ZI=O

9 DO 12 J= 1. 10
HLIN.J.2J=0.
HRIN.J.2J=0.
VRIN.J.2J=0.
VL(N.J.2J=0.
VJIN.J.21=0.
XJIN.J.2J=0.

12 CONTINUE
IFINN.EG.1J RETURN

20 CONTINUE
DO 21 J=1.10
TLIJ.2J=TL(J.1J
TR(J,2J=TRIJ,lJ

21 CONTINUE
RETURN
END



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
21
28
29
30
31
32
33
34
35
36
37
38
39
4U
41
112
43
44
45
46
47
48
49
50
51
52
53
54
55
56

C
C
C
C
C
C

C
C
C

SU8ROUTINE IN8DYlID,XCH,HCH,TCH,NT)
SOLVE THE INTERNAL BOUND.ftRY-VALUE PROBLEM BETWEEN ROAD SURFACE
FLOW AND GUTTER FLOW
ID=IND[X FOR COMPUTING INTERNAL BOUNDARY FLOW CON DITrONS

1 FOR GRID POINT
2 DOWNSTREAM
3 UPSTREAM

COMMON IBll Bl401,C(40),Zfl0),TIME,OPH,NN,N,NCH,RSL,CURVf
COMMON 1821 HlZ7,Z7,21,VI27,27,Z),HLlZ7,10,ZI,HRlZ7,lO,2),
SVRl27,10,Z),VLlZ7'lO,21,VJl27,lO,ZI,XJlZ7,1U,Z),JIl27,Z7,21,KN,N~

COMMON 1831 NKIZ71,NJIZ7),DX,OT,OIST,HMIN,VMIN,ITYPE,IC,OCIZ7,lOI,
SS,DS .

COMMON IBIfI IIlZ7,ZI,XIIZ7,ZI,HIlZ7,ZI,VIlZ1,21,aHZ7,ZI,Wlf27,2),
SCHZ7,21,CHIZ7,2ltCVI27,21 .

COMMON/86/AAl,B81.CCl,SNK,IOG.SPl,XPGl,SPZ,XPG2
COMMON 18s1 ACCU,ACCUX,ACCUY,HDRY,CC
COMMON IBI01 DXCH,DXRS,DDXCH,DDXRS
COMMON 1811f/ IIIETlZ71
DIMENSION FIZl,XlZl
DATA TMIN/O.Oll
IFA=INDEX FOR ASSUMPTION OF INTERNAL BOUNDARY

1. ASSUME CONTINUOUS WATER SURFACE
2, ASSUME DISCONTINUOUS WATER SURFACE, IF ANY

IFA::1
DXPGl=XPGl/Sllll
OXPGZ=XPGZ/31111
IFIITYPE.EO.2.ANr.IO.fG.l.ANO.HINCH.N,21oLT.HORY*1.01) RETURN
IFf lTVPE. NE.S .OR.ID .EO .21 GO TO 1
XW=TIME*C(30)
PW=CIZII-XW
Nl=N
IFIIO.EQ.3) N1=1
XN=FLOATINl-ll*OXCH
IFlXN.LT.PWl CTINl,ZI=ACCU*O.99
IFlXN.LT.PWl RETURN

1 IFINN.EG.ll SSS=-l.
IFINN.EO.ll SSS::SQRTISSS)
NNN=N
OISTT=DIST
GO TO 17,6.81,10

8 N=l
GOTO 7

6 N=NN
7 IFl IDG.EO.Zl GO TO 30

K=NKIN)-l
M=K
XK=FLOATlK-ZI*OXRS
CALL STORMlXK,TIMEl
HKKK=HIN,K-l,ZI
VKKK=VlN,K-l.Z)
NKKK=O
IFIBIZGl.LT.ACCU.ANO.HIN,K-l.ll.LT.lo1*HDRY) NKKK:::;l
IFINKKK.EQ.ll HlN,K-l,2)=~IN,K.Z)

IFINKKK.EQ.ll VlN,K-l,Z)=VI~.K.2)
5 XK::FLOATIK-ll*DXRS

XKl=XK-DXRS
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57
58
59
60
61·
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
9Z
93
94
95
96
97
98
99

IOU
101
1UZ
103
104
105
1U6
1U7
108
109
110
111
llZ
113

HH=HINCH,N,21 ,
YZ2=AA1*ICI221*Bl1111**Z.+BB1*CI221*Bl111+CC1
IFIIFA.EG.ll GOTO 10
IFIIIIN.ll.EG.OI GO TO 15

C THERE IS A DISCONTINUITY 8ETWEEN ROAOSURFACE FLOW AND CHANNEL FL (\0

XIIN,ZI=XIIN.1)+OT*WIIN,l)
YXI=AA1*IXIIN,ZI*311111**Z.+BBl*XIIN,21*BI111+CC1
YH=YXI-Y22
CALL STORMIXIIN.21.TIMEI
IFIXIIN.21.GE.ICI221+0XPGI) I IlRR=HH-TANIASINISPZI 1*ICIZZI+DXPG1+[))

$PGZ-XIIN.211*SI111*CI51/81161
IFIXIIN,Z).GE.CI221.AND.XIIN,Z).LT.ICI221+DXPGI11 HRR=HH-TANIASINI

SSP 11 I * I C12 Z1+OX pel-XI IN, 21 1* BI111 * C151/ BI 16 1-TA NC AS IN IS PZI 1*0 XPG2 *
$B01 hCI 511fll161

IFCXIIN,21.lT.C(22» HRR=HH-YH*CISI/BI161-TANCASINISP111*OXPG1*Bf1
Sll*CISI/OI1ol-TANIASINISP211*OXPG2*BI111*CISI/B(16) .

CAll GEOMI6.ARR.HRR.HHR.TRR,DRR,l,2,XIIN,2)1
OXK=XIIN,2)-XK
HlL=H IN. K, 21+ IH IN. K, Z1-fUN, K-1 ,21 1*0 XKI OX RS
VlL=VIN,K'21+IVI~,K,2)-VIN;K-1,ZII*OXK/OXRS
CALL GECMI6,ALL,HLL,HHL,TL~,DLL,l,2,XIIN,211
IFCALL*ARR.LT.O.I GO TO 10
VRR=VLl-ABSIALL-ARRI*SQRTICI11*CI201/fALL*ARRI*IIALL*HHl-ARR*HHR

$/IAlL-ARRI*ICI~I/CISII**2+0PHII

XJT=IAlL*VLL-ARR*VRRI/IALL-ARRJ
IFIHRR-HLLI 9,10.3

3 FRL=FRTSTIIVLL-XJTI,OlL.OPH,Cl11.Cf5I,CI91,CI20I,11
FRR=FRTS T( I VRR- XJ T) ,DRR• OP H• CI 11 , CIS I • CI9 I , CI 20 I , 11
IFIFRL.LT.O •• CR.FRR.GT.O.I GO TO 10

4 HIlN,ZI=HLL
VII/J,2)=VLL
WIIN,Z)=XJT
GIl N.21=ALL*VLL
IIIN,21=1
CHIN.21=HRR
CVIN,ZI=VRR
GO TO 12

9 FRL=FRTSTlIXJT-VLLI,DLL.OPH,CI11.CISI,CI9I,CI20),lJ
FRR=FRTSTIIXJT-VRQI.DPR.OPH.Clll,CfSI,CI91.CI201,lJ
IFIFRL.GT.O •• OR.FRR.LT.O.I GOTO 10
GOTO 4

C FOR CONTINUOUS WATER SUUFACE
10 YXK=AA1*IXK*Bll111**2.+S81*XK*Bll11+CC1

YK=YXK-Y22
IFI XK.GE.I C1221 +DXPG11 1 HK=HI N.K,21+TAN fA SINISP21 h fC 122 )+DXPGl+DX

$PG2-XK)*81111*CI51/0f161-HH
I F I XK.CE. C122 ) • AN D. XK .L T. I C122 1+0 XP G1) I HK=H I N, K, 2 I +TAN (ASI NfSP1 1)

$ * I CI 22 )+0 xPG1-XKI *8 I 11 I *Cf S II BI 16 )+ TAN I AS IN 1S P2 I) .0xPG2 *B111 I *CI5 I
$/8116I-HH

I FI XK. LT. C1221 1 HK =HIN. K.2 1+YK* CI 511 B(16) +T AN I AsI N1sP II 1* OX PG 1* B( 1·
$11 *CI 5 liB 116) +TAt; I ASIN I SP2 ) ) * DX PG 2 *8 I11) * CI 51 I B1161- H~

YXKl=AA1*IXK1*B(111)**2.+BB1*XK1*Blll)+CCl
YI\l=YXK1-Y22
I F I XK1. GE • I CI 2Z1+nXPCl ) 1 HK l=H IN, K-1 ,2 I +TAN I ASI NI SPZ II * I CIZ2) +DXP G

$1+DXPG2-XK11*8(11)*CI51/~1161-HH

IFIXKl.GE.CI2ZI.AMD.XKl.LT. ICIZ21+DXPGI11 HKl=HIN.K-l,21+TANIASINI
$SPII I * I C12 21+ OX PG1 -XK1 1*8 111 1*CI 51 / B11 6 )+ TAN 1AS IN IS P2 ) I *DXP G2 *B111
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114 $J*ClSI/8116l-HH
115 IFIXI<l.LT.CI22ll HK1=HlN.K-1.2J+YK1*CISl/8116l+TANlASINlSP1Jl*DXPG
116 $1*81111*CI5l/BI161+TANIASINISP2JJ*DXPG2*Bl11J*C(S)/~116)-HH
117 IFIHK.LT.O.1 K=K-1
118 IFIK.LE.OI GOTO 19
119 IFIHK.LT.O.1 GO TO S
120 19 DXK=HK*DXRS/IHK1-HKJ
121 XIIN.2l=XK+DXK
122 CTMIN=HMIN*SI16J/CISl/TANIASINISP2JJ/BI10l
123 IFIXIIN.21.LE.D.1 XIIN.21=ACCU
124 IFlXIIN.ZI.GE.ICI2ZI+DXPGi+DXPG2-CTMIN*BlI0J/BIIIJl) X!lN.2)=Cl22J
125 $+DXPG1+DXPG2-CTMIN*SI101!B(11)
1Z6 DXK=XIIN.Zl-XK
127 HIlN.ZJ=HIN.K.Zl-OXK*IHI~.K-l.2l-HlN.K.Zll/DXRS

128 IFlHIIN.21.LT.HIN.K.211 HIIN.21=HIN.K.21
129 CALL GEOMI2.AI.HIIN.~I.RI.TI.DI.1.2.XIIN.211

130 VIlN,21=VIN.K ,Zl-DXK* IVlN.K-l. z r-vr N.K.211/DXRS
131 IFIVIIN.ZI.LT.VIN.K.ZII VIlN,21=VIN.K.21
132 11 WIlN.21=0.
133 GIlN.Zl=VIlN,21*AI
134 IIlN.21=0
135 12 CTIN.21=ICl221+DXPGl+DXPr,2-XIIN.21)*Bl11J/BllOJ
136 121 DIST=XIlN.Zl
137 NKINl=DIST/DXRS+I.99999
138 KN=NKINl
139 KNl=KN-l
140 00 13 K=3.~N1

141 IFIHIN.K.21.GT.HOPY/2.1 GOTO 13
142 DXK=XIfN ,Zl-FLOAT IK-Zl*OXRS
143 HlN.K.21=HlN,K-l.Z1+IH!lN,ZI-HIN.K-l,211*DXRS/OXK
144 VlN.K.Zl=VlN,K-l,ZI+IVIlN.2J-VIN.K-l.211*OXRS/OXK
145 13 CONTINUE
145 14 IFlNKKK.EQ.11 HIN.M-l.2J=HKKK
147 IFINKKK.[Q.ll VIN,M-l.21=VKKK
148 N=NNN
149 KN=NKlNI
150 IF! N. EG.NCHI DIST=DISTT
151 RETURN
152 C FOR GENERATION OF DISCONTINUITY
153 15 1=1
154 NCT=O
155 Xll1=XIIN.l'-XK
156 16 HLL=HIN.K.ZI-IH(N~K-l.ZI-HIN.K.211.XIIJ/DXRS
157 VLL=VIN.K.Zl-IVIN.K-l.ZI-VIN.K.Zll*XlII/DXRS
158 XE=XK+XIIl
153 YXE=AAl*IXE*Blll11**Z.+BBl*XE*Blll)+CCl
160 YE=YXE"Y22
161 IFlXE.GE.ICI221+DXPGl+DXPG21.0R.XE.LE.0.1 GCTO 10
162 IFlXE.GE.ICI221+DXPGl11 HRR=HH-TANIASINISP211*ICl221+DXPGl+0XPGZ')
163 $EI.BI111.CI51/BIIGI
164 IFIXE.GE.CI221.ANO.Xf':.LT.ICI221+[)XPGl11 HRR=HH-TANlASINlSPIIJ*lCl2
165 $ZI" DXPGI-XE I * Sl III * C151 IB I161- TAN I AS IN I SP21 It OX PG 2* BIll 1* CI 51/B lIE
166 $1
16 7 I F I XE• LT• CI 2Z I 1 HRR=HH- YE*CI 51 I Bl 1 61 - TAN I AS IN ISPI l J *OX PG1 *B(1lJ *CI
168 $51/B1161-TANI ASINISP2Il*rXPGZ*SlllhCI51/Bl161
169 CALL GEOMIG.ALL.HLL.HHL.TLL.DLL.l.2.XXl
17U CALL GEOMI6.ARR,HRR.HHR.TRR.DRR.l.2.XXl
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."

171 CALL STORMIXE,TIMEI
172 CAll OPHEAO
173 IFIAlL.ARR.lT.O.) GO TO 10
17~ VRR=VLL-ABSIALl-ARR)'SQRTICl11.CI201/IAll*ARRI.IIALl'HHL-ARR.HHR
175 S/IALl-ARR).ICI91/CI5)1 •• 2+OPHI)
17& XJT=IALL*VlL-ARR*VRR)/IAll-ARR)
177 IFIHRR-HlLI25,lO.25
118 25 FIII=XIIN.11+0T*XJT/2.-XE
179 1FIABSIFII)I.lT.ACCUI GO TO 18
180 IFII.EQ.ll GO TO 11
181 NCT=NCT+1
182 1FINCT.GT.20) GO TO 10
183 1FIABSIFI1l-F(2)).LT.ACCU.ACCUI GO TO 20
184 XX=IF(1).XI2)-FI21*Xl1)1/IFIII-FIZ)1
185 X(1)=X121
186 XI21=XX
187 Fl11=F(2)
183 GO TO 16
189 17 1=2
190 XI21=Xll)*I.1
191 GO TO 16
192 20 IF ( ABS I F I r )} • GT• ill • * ACCU) WRIT((6 • 20 2) F I II
193 202 FORMATI/' AT INBOY Flll=FI21=·,E1S.8)
194 18 1FIHll.GT.HRR) GOTO 26
195 FRl=FRTST(IVLl-XJTI,Dll.OPH.Cll),CIS).CIS).CI20I,11
196 FRR=FRTST(IVRR-XJT),ORR.OPH.Clll,CIS).CI91.CI20J.l1
197 1FIFRl.lT.O •• OR.FRR.GT.O.) GO TO 10
198 GOTO 27 .
199 26 FRl=FRTSTIIXJT-Vll).CLL.OPH.Cl1),CI5).CI91.CIZO).11
ZOO FRR=FRTST!IXJT-VRRI.DRR,OPH.Clll,CIS),CI9hCIZO),l)
201 IFIFRl.GT.O •• OR.FRR.lT.O.) GOTO 10
202 27 1FIXE.GE.ICI2Z)+DXPGl+DXPG21.0R.XE.lE.0.) GOTO 10
203 X!IN.2)=XE
204 GO TO 4
205 C FOR CHANNEL TYPE GUTTER FLOW
206 30 CALL PREP
201 CAll DBOY
208 XIIN,ZI=XIIN,I)
209 HIIN,Z)=HIN.KN.2)
Z10 VIIN.2)=VIN,KN.2)
211 CALL GEOMIZ.AI.HIIN.2),RI.TI.DI.I.2.D1ST)
212 01IN.Z)=AI*V1IN.2)
213 IIIN.Z)=O
214 N=NNN
215 KN=NKIN)
216 1FIN.EQ.NCH) 01ST=015T1
217 RETURN
218 END
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57
58
59
60
61
62
63
6~

65
66
67
68
69
70
71
72
73
7~

75
76
77
78
79
80
81
82
83
8~

85
86
87
88
89

GOTOlli
17 Tl=TFPOL

GOTO Iii
15 IFlTFPDL.GE.TO*60••B(12)1B111)I GOTO 13

TFPDL= TFPDL+O OT
GOT.O 16

18 TP=TFPDL*B(11)/BI12)/60.
GOTO 20

13 WRITEI6,150)
150 FORMATII' THERE IS NO RUt-J:lFF ON SIDESLOPE')

TP=l./ACCU ..ACCU
20 TO=ALPHA.TP

WRITEI E, 20U) FINF, BETTA, ALPHA, TO,TP, SPI
200 FORMATCI' SOIL INFILTRATION PARAMETERS .ARE FINF = ',FS.2,' IIN./fF

$) BETTA:: ',FB.Z,' ALPHA ~ ',FS.2,· TO = ',EI0.1i,' (MIN.) TP = ',E,
$10.4/' IMIN.) SPI = ',FB.2,' IINCHESI')

RETURN
z TST=TMLS.BI11)/BllZ)/60.

CALL RAINI2,TMLSI
IFITST.LE.TP) BI27)~BI32)

IFlTST.GT.TP) BI27)=FINF+BETTll.lTST-TO)",(-AlPHA)
RETURN

3 CAll RAINI3,TMLSI
RMNS::RMN
TPL=TP.60.*S(1211B111)
CAll RAINI3,TPLl
RMNP=RMN .
TST=TMLS.Bl1ll/B1121 16 O.
IFlTST.lE.TP) VSF=RMNS*TST/60.
rr r1ST. GT. TP I VSF:: RMNP. TP/60. + (FI NF. IT ST- TP )48ETT A/( 1. -ALPHA I.e ( TS

$ T-TO 1•• ( 1. -ALPHA I-lTP-TO I'" (1. -AL PHA)) lIED.
RETURN
END

201



,I'

1 SUBROUTINE INPT
2 C COMPUTE V AND H AT INTERIO R GRID POINTS
3 COMMON 1811 BI40JtCI40ItZ(lOJtTIHE.0I'H.NN.N.NCH,P.SL.CURV[
4 COMMON IB21 HIZ7.27.21.VI27.21.ZI.HLIZ7.10.ZItHRIZ7.10.21.
5 $ VI? 127,10 .2 I • VL12 7. 10. Z ). VJ IZ 7.10.2 It XJ 127.10.2) ,J Il2 7. 27.2), KN. NJ J
6 COHM ON I B31 NK 12 71 .NJ 127 I. OX.O T. OIST .HMIN., VHIN. IT YPE .10 ,0 C127.10),
1 $S.OS
8 COMMON IB41 IIl27.21.XII21.2ltHH27.2),VII27.2).QII27.2ltWI(21.2lt
9 $CTI27.21.CHI27.2ltCVI27.2)

10 COMMON IB51 NG127. 27lt SG127. 271.fG 121. 211 ,NF,SF,FFF
11 COMMON/B 61 A1l1. BBl. CC1. SNK. lOG. SP1. XPGl. SP 2, XPG2
12 COMMON IB81 ACCU.ACCUX.ACCUV,HORV,CC
13 COMMON /BI01 DXCH. OXRS .OOX CH.DOXRS
14 COMMON 18141 IWET1271
15 DIMENSION VVI21.FFIZ)
16 C lOCATE THE MOVING DISCONTINUITIES. IF ANY
11 IFIITYPE.EG.11 GO TO 1
18 IFlITYPE.EG.2 .AND.N.LT .Nm 1 GO TO 30
19 IFIITYPE.EQ.5.ANO.N.LT.NOl) GO TO 30
20 GOTO 1
21 30 IFIIWETINI.EQ.1) GO TO 1
22 Xf\l=FLOAHN-l hDXCH
23 XW=TIHE*C(30)
24 PW=C(21)-XW
25 IfIXW.LT.XN.AND.ITYPE.EQoZ) GO TO 32
26 IFCITYPE.Et1.5.AND.PW.GT.)tf'l) GO TO 32
27 HO=HMEll< Cl 26) *C 119 hB 111 hC (5) IBUG)
28 HN=KO.!XW-XN)/XW
29 IFI!TYPE.fG.S) HN=HO*IXN-PWI/XW
30 IfIHN.LT.BI311*HMINI GO TO 32
31 DO 31 K=l.KN
32 HIN,K.2)=HN
33 XK=FLOAT IK-1) *DXRS
34 CALL STORMIXK.O.I
35 NCT=O
36 1=1
37 VVlll=O.l
38 CALL GEOMI2.A.HN.R.T.D.1.1.XKI
39 35 VN=VVI I)
40 36 CALL FRICIVN.HN.F.R.RE.RfC.IR.1.XKl
41 FFII)=CI8)-CI41*F/S(13I*ff>SIVNI*VN/R
42 IfIABSIFfl1II.LT.ACCU)GO TO 38
43 IFII.EG.ll GO TO 31
44 NCT=NCT+1
liS IFINCT.GT.50 I GO TO 38
46 V"I=IFFfll*VV(2)-FFI2hVVIlIIIIFFl1)-Ff(2H
47 VVll)=VVI2)
1i8 VVI21=VN
49 Ff(1)=FFI21
50 GO TO 36
51 37 1=2
52 VVI21=O.OOOl
53 GO TO 35
54 38 ViN.K.2)=VN
55 31 CONTINUE
56 IWETINI=l
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57 IFlN.EG.NN.AND.ITYPE.EG.2) ITYPE=l
58 IFHTYPE.EQ.5.AND.N.EG.1) ITYP[=l
59 RETURN
60 3 2 00 3 3 K=1 • KN
61 HIN.K.2)=HDRY
62 VIN.K.ZI=O.
63 33 CONTINUE
64 IWETlN)=O
65 XI IN. Z )= XI l N.1 )
66 HIIN.Z)=HIlN.1)
67 VIIN.Z)=VIlN,1)
68 RETURN
69 1 NJP=NJJ
10 IFINJP.[Q.O) GO TO 4
11 2 DO 3 .J=l,NJP
12 CAll JUMPlJ)
73 ::; CONTIN UE
74 C COMPUTE V AND H AT GRID PO1NT
75 It KUP=Z
16 KNN=KN-1
17 DO Z3 K=2, KNN
'18 IFlHlN,K,n.GT.HDRYlZ.) GO TO 23
19 Xa=FlOAT lK-l) *DX
80 TIH=TIME-DT
81 CAll STORMl XB. TIM)
82 .IFICl261.GT.ACCUI GO TO 5
83 IFHTYPE.NE:.1.AND.JIlN,Z,1).GT.0) CO TO 5
84 IFlK.EG'.KUP.AND.HI N.K.l).l T.HDRY-Z.) GO TO':: Z
85 5 CALL OPHEAD
86 CAll GEOMI Z.AB ,HIN ,K ,1), ffi ,TB, DB.l ,1 ,XB)
87 TSTK=FRTSTlVlN,K ,11.DR.OPH .Cll).CI51 ,C(9) .C(201.1)
88 IFlN.EQ.l.OR.N.GE.NCH) GOTO 51
89 IFlITYPE.EQ.21 GO TO ~1

90 IFIABSIHIN,K.II-HIN-l,K, 1I1.GT.ACCUI GO TO 51
91 IFIABSIVIN,K.II-VIN-1,K,111.GT.ACCUI GO TO 51
92 IFIHlN-l.K,Z).lT.HDRY) GO TO 51
93 IFITSTK.GT.O.I GO TO 25
94 51 XA=XB-OX
95 XC=XB+OX
96 HC=HIN,K+l,l)
97 VC=VIN,K+l,l)
98 IFIK.LT.KNNI GOTO 34
99 IFIN.GE.NCHI XC=015T

100 IFIN.GE.NCH) GOTO 34
101 IFlNN.EQ.l) GO TO 34
lU2 XC=XIIN.11
103 YC=HIIN,11
104 VC=VIIN.1)
105 34 CAll GEOMIZ,AA,H(N,K-l,11,RA,TA.OA,1,1,XA)
1U6 CAll GEOMIZ,AC,HC.RC.TC.OC,l,l,XC)
107 IFlNJJ.EO.OI GO TO 17
108 00 6 ..1=1 .NJJ
109 IFlXJIN.J.lIoGT.XB.AND.XJIN,J.ZJ.GT.O.) GO TO 7
110 6 CONTINUE
111 GO TO 20
lIZ 7 00 8 J Z= 1 • NJ J
113 IFlXJIN.JZ,ZI.GT.XBI GO TO '3
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114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
1110
141
142
143
144
145
146
147
1118
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164

8 CONTINUE
J2=NJJ+l
GOTO 15

'3 IFlJ2-Jl 10.11.15
10 CAll JUXB,J2,VCN.K,ZI,HCN,K,2ltS23,21

GO TO 24
11 IFIXJCN.J.ll-·OX.lT.XBl GO TO 10

IFCJ.EG.ll GO TO 17
Jl=J-l

12 DO 13 JJ=l.Jl
J3=JI-JJ+l
IFeXJeN.J3.2J.GT.0.1 GO TO 14

13 CONTINUE
GO TO 17

14 If( I ..12-J I • 8T. 0 I GO TO 26
IFIIXJIN.J3.11+0Xl.LT.XBI GOTO 17

26 Jl="J3
so r o 16

15 J1=J2-1
GO TO 12 •

16 CALL JRIXB,Jl,VCN,K,2J.HCN,K,2ltS23,21
GO TO 24

17 CALL CSll.,XA,Xa.XO,XB.DA.DB,DD,VeN,·K-l,11,VeN,K,lJ,VOI
IFCTSTK.lT.O.l GO TO 18
CALL CSC-l.,XA,XE.XE,XB,DA,DB,DE,VCN,K-1,ll,veN,K.1I,VEl
GO TO 19

18 CALL CSI-l •.,XB.XC,XE,XB.DC,DC,DE,VCN,K,lJ,VC,VEI
19 CALL CEQSeVO.00,VE,DE,VCN.K,21,HeN.K,21.XD,XE.DT,OT,XBl
24 NGIN.KI=NF

SGCN,KI=SF
fCCN,Kl=FFf
GO TO 23

25 Nl=N-l
HeN,K,21=HCNl,K.21
VCN.K,21=VINl.K.21
NGIN.KI=NGCNl.KI
FGCN.Kl=FGINl,KJ
SGIN,K I=SGCNl.KI
GO TO 23

20 DO 21 J2=l,NJJ
IFO(JeN,J2.2).GT.XB) GO TO 10

21 CONTINUE
IFlXJ(N.NJJ.IHOX.L:T.XB.CR.XJCN,NJJ, 21.LT.ACCUJ GO TO 17
Jl=NJJ
GO TO 16

22 HeN,K.21=HORY
VeN.K.21=0.
KUP=KUP+ 1

23 CONTINUE
RETURN
END
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1 SUBROUTINE INTAL
2 C SET UP INITIAL CONDITIONS
3 COMMON /t111 BI40ltC(l10).ZI10),TIME.OPH,NN,N.NCH,RSL,CURVf
4 COMMON 182/ HI27,27,21,VI27,27.2J.HLIZ7,10.2J,HRI27,lU,2J.
5 $VRI27~10.2J,VLI27.1U,ZJ.VJI27,10,2J,XJIZ7.10,2J.JII27.27.21.KN,NJJ

6 COMMON /83/ NKI27IoNJ(27),OX,OT.OIST.HMIN.VMIN,ITYPE,IO.OCI27.10J.
1 $S,OS
8 COMMON 184/ IIl27.2IoXII27,2lrHIIZ7.2lrVII27,2HGIl27,2J.WII27.21o
9 $CTl27,Z) .CHIZ7,2).CVIZ7.ZJ

10 COMMON/86/AAl,B31,CCl,SNK,IOG,SPl.XPGl.SP2,XPG2
11 COMMON IB81 ACCU,ACCUX,ACCUY,HORV.CC
12 COMMON 1891 TLIIO,2J.TRII0,2)
13 COMMON /B10/ DXCH.OXRS.DOXCH.ODXRS
14 COMMON 1811/ HRR,VRR
15 COMMON IBI4/ IIIET(27)
16 COMMON/B16/AAA,383.CCC.TO.RTO.RMN.RAV
11 OIMENSION VVIZI.F(2),VVVI27J.TMTIZI
18 DXCH=DDXCH/BI11J
19 OXRS=DDXRS/8(11)
ZO OX=OXRS
21 OXPG1=XPGI/BII1J
Z2 OXPGZ=XPG2/BIlll
23 OT=O.
24 NKK=ICI22J+DXPGl+0XPG2)/OX+l.99999
25 DO 4 N=1.NN
26 NJINJ=O
27 NKIN)=NKK
28 HfETlNJ=O
29 DO 4 NT=l.Z
30 XI( N. NT! =CI 22)+ DXPG1+ DXPG2
31 IIIN,NTJ=O
32 HIIN,NT)=O.
33 VIIN,NT)=O.
34 GIIN.NTJ=O.
35 IIIIN.NT)=O.
36 CTIN.NT)=ACCU.O.99
37 DO 1 K=1,27
38 HIN.K,NT)=O.
39 VIN.K.NT)=O.
40 JIIN.K,NTI=O
41 • 1 CONTINUE
42 DOli J =1.10
43 XJIN,J.NT)=O.
4 4 VJ IN, J , NT I =0.
4 5 VLIN, J , NTI =0.
46 VRIN,J.NT)=O.
47 HRIN,J.NTI=O.
48 HLIN.J,NT)=O.
49 4 CONTINUE
50 NKINCHJ=NN
51 NJI NCH J=O
52 DO 3 NT=1,2
53 XIINCH.NT)=CI21)
54 DO 2 K=l,NN
55 HINCH.K,NT1=O~

56 VINCH.K.NTJ=O.
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. ,~

57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
79
79
80
81
82
83
84
95
86
87
89
89
90
91
92
93
94
95
96
97
98
99

lOU
101
102
103
104

. '105
106
101
103
109
110
111
112
113

JII NCH.K• NT) =0
2 CONTINUE

00 3 J=1.10
XJINCH.J.Nn=O.
VJI!IlCH.J.NTI=O.
VU NCH.J .NT 1=0.
VRINCH.J.NTI=O.
HRINCH.J.NTI=O.
HUNCH.J.NTI=O.

3 CONTINUE
C INITIAL CONDITIONS FOR FLOW ON SIDESlOPE

NS=NCH+1
NJI NS) =0
NKINSI=CI33)/DXRS+l.99999
NKS=NKINSI
00 33 NT=1.2
XHNSdH)=Ct331
DO 32 K=l.NKS
HINS.K.NTI=O.
VINS. K• NTI =0.
JIINS.K.NT)=O.

32 CONTINUE
DO 33 J=1.10
XJINS.J.NT)=O.
VJINS.J.NTI=O.
VU NS • J. NT) =0 •
...RI illS. J. NTI ='0 •
H1H NS.J. NTI=O.
HUNS.J.NTI·=O.

33 CONTINUE
CALL RAINI3.0.11
N=l
IFI8(23).LT.ACCU) GO TO 6
HI1IN=B12310CI 5)/131 16)
5T=81231
CALL PREP
IFIITYPE.EG.3) GO TO 60
IFIITYPE.EG.6) GO TO 80
CALL STORMIDXRS.O.11
QO=ODXRSoRAV/43200.
ST1=ICC/6.oQOoS(24)/132.Z·CI8») •• 11./3.1
ST1=STl/5.
IF(ST.GT.ST1) ST=ST1
GO TO 1

C ST IS DIMENSIONAL STARTING DEPTH
C SH IS DIMENSIONLESS STARTING DEPTH
C SV IS DIMENSIONLESS STARTING VELOCITY

6 HMIN=HDRY
ST=U.1oSI11IoC(19).RMN/BI191

1 TIHE=ST/18111I oC(19)oRHN/BI1911
NCT=O
1=1
THH I) =TIME

42 CALL RAINI3.TMTCIII
FIII=TMT(II-ST/leI111.CI19).RMN/BI1~JJ

IFIABSIFIIII.LT.ACCUI GOTO 44
If( r.EQ.lI GOTO 1j3
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114 NCT=NCT+1
115 1FINCT.GT.201 GDTD 99
116 1FlABSlFl1,-FI211.lT.ACCU' GOTO 44
117 1HH=lfI11*TMTI2'-FI21*TM11111/1Flll-FI2IJ
118 111Tl11=TMT121
119 TMTl21=T'1M
120 ~111=FI21

121 GOTD 42
122 43 1=2
123 TI11121=1.1*TIME
124 GOTO 42
125 44 TIME=TMTI1,
126 SH=ST*CISI/B(16)
127 SV=O.
128 IFISH.LT.HMINI HM1N=SH
129 VIUN=SV
130 CHH=2.*SH
131 IFlIDG.EQ.2' CHH=SH
132 IFlNN.EQ.1' GO TO 10
133 CX~ICHH-SH'/SP2.BI161/CI51

134 CTT=CX*SQRTll.-SPZ**21/Bl101
135 IFIIDG.EQ.21 CTT=O.
136 9 0IST=X1IN.II-CTT*BI101/BI111
137 NM=NN
138 IFI1TYPE.EG.21 NM=2
139 IFIITYPE.EQ.51 GOTO S
1110 C FOR UN1FOFIM RAINFALL IHYPE=11
I'll DO 8 N=I,NM
142 HIIN,II=SH
143 XIlN.ll=DIST
144 CTIN.ll=CTT
1115 I WE Tl N1=1
146 8 CONTINUE
147 GO TO 10
1'18 5 CTINN,ll=CTT
149 C COMPUTE H AND V FOR ALL NAND K AT N1=1
150 10 IFI1DG.EG.11 NKK=NKK-l
151 DO 15 K=I.NKK
152 XK=FlOATlK-1JoOXf,S
153 CALL STORMIXK.T1MEI
154 NCT=O
155 1=1
156 VVl11=0.1
157 SSH=SH
153 CALL GEOMIZ.A.SSH.R.T.D.l.l.XKI
159 11 $V=VVl11
16U 12 CALL FRIClSV.SSH.FF.n.RE.REC.1R.l.XKI
161 Fl1I=ClBI-CI41*FF/BI131*ftBSISVI*SV/R
102 1FlABSIFlII'.lT.ACCUI GO TO 14
163 1FII.EQ.ll GO TO 13
1(,4 NCT=NCT+l
165 IFINCT.GT.501 GO TO 99
166 SV=IFlll*VVI21-FlZI.VVllll/IFlll-FI211
167 VVlll=VVI21
168 VVI21=SV
169 Flll=Fl21
170 GO TO 12
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171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
166
187
188
189
190
191
192
193
194
195
196
197
198
199
2UO
201
202
203
204
Z05
ZU6
ZU7
Z08
209
Z10
Z11
Z12
Z13
214
215
216
217
Z18
Z19
220
221
222
223
224
225
226
227

13 1=2
YVlZl=0.0001
GO TO 11

'14 VVVlK)=SV
15 CONTINUE

N=NCH
CALL STORMl1 •• T1MEl
NCT=O
1=1
VVlU=O.1
CALL GEOMl2.A.CHH.R.T.O,1,1,1.l
1FlITYPE.EG.Zl CALL GEOHf2.A,CHH,R,T,O,1,1,O.)

16 SV=VVlI 1
11 CALL FRIClSV.CHH.Ff,R.RE,REC,IR.1.1.l .

FlI,=CC8l-CI4l*Ff/BlI3)*ABSlSV)*SV/R
1FIABSIFlIll.LT.ACCU) GOTO 19
1Ft I.EG.1) GOTO 18
NCT=NCT+1
IFlNCT.GT.50l GOTO 99
SV=lFlll*VVlZl-FlZl*VV11)l/lFl1l-FlZ))
VVlU=VVlZl .
VVlZl=SV
f(1)=FlZl
GOTO 17

18 1=2
VVlZl=O.OOOl
GOiO 16

19 SVV=SV
IFIITYPE.EG.S) GOTO 70

ZO DO 22 N=l.NM
00 21 K=l.NKK
HlN,K.ll=SH
VlN,K.lI=VVVlK'

21 CONTINUE
IrlNN.EG.11 GO TO 24
OXK=XIlN.ll-FLOATlNKK-l'*DXRS
V1lN,1)=VIN,NKK.11+IVlN,NKK.1l-VlN,NKK-1,1JJ*OXK/CXRS
CALL GEOMI2.A,HIIN,11.R,T.O,1,1,XIlN,111
Q1IN,11=V1lN.11*A

22 CONTINUE
00 23 K=l,NM
HlNCH.K.ll=CHH
Vl NCH. K. 1) =SVV

23 CONTINUE
1FIITYPE.EG.Z) GOTO ~O

N::NS
CALL STO~HlO•• TIMEI
NCT=O
1=1
VVI1J=0.1
SSH=SH
CALL GEOMI2.A.SSH.R,T.0.l.1.01

26 SV=VVII)
27 CALL FRICISV.SSH,FF.R.RE.P.EC,IR,I.01

FlII=CI81-Cl41*FF/B(131*ABSlS:I·SV/R
IFIABSlFl1ll.lT.ACCUI GOTO 29
Ifl1.EG.ll GOTO 23
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228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
2"16
247
24 a
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
261
268
269
270
271
272
273
214
275
276
277
278
279
280
281
282
283
284

NCT=NCT+l
IFINCT.GT.501 GOTO 99
SV=IFl11*VVI21-F(2)*VVl1))/IFl1)-FI2))
VVI1l=VV(2)
VVI21=SV
Ffll=F(2)
GOTO 27

28 1=2
VVI 2 )=0.0001
GOTO 26

29 SVS=SV
DO 25 K=l.NKS
HINS.K.l)=SH
VINS.K.l)=SVS

2S CONTINUE
24 GOTO 90

C FOR MOVING RAINSTORM THE DIRECTION OF MOVING RAINSTORM COINCIDES
C WITH THAT OF CHANNEL FLOW IITYPE=2)

50 HRR=B(31)*HHIN
VRR=O.
XINTAL=l.S
CNK=SGRTll.-SP2··2)
N KKK=NKK
DO 501 N=3.NCH
IFIN.EG.NCH) NKKK=NN
DO 500 K=l. NKKK
HIN.K.ll=HDRY
VI N. K.ll =0.

500 CONTINUE
IFIN.EG.NCH) GOTO 501
HIIN.l)=HORY
VIlN.l)=O.
CTIN.l)=HRR,CNK/SP2*SllS)/BI10)/CIS)
XII N.1 ) = C(22) +0 XPG 1 +DX PG2- C11 N,1) • B110 liB Ill)

5U1 CONTINUE
HLlNCH,l.ll=CHH
VLlNCH.l.l1=SVV
HRINCH.l.1)=HRR
VRINCH.1.11=VRR
VJI NCH .1.11=SVV
XJINCH.1.11=XINTAL·OXCH
JIINCH.3.11=1
NJINCHl=l
IWETlNCHI=l
TLl1.1 )=CTT
TR 11.1 I=H RR'C NK/ SP 2. P 116 )1 B (10) IC 15)
C(26)=1.
TIME=SGRTISH'XINTAL'DXCH.8(16)/~0.5'CISI'CI261'CI191'C(30).811111
GOTO 9U

C FOR TYPE 3 MOVING RAINSTORM. THE DIRECTION of MOVING STORM IS THE
C SAME AS THAT OF ROAD SURFACE FLOW

60 TIME=OXRS/CI3UI
Hl=TIME.RMN/BI191.C(19).8111).CI5)/BI16)
XINTAL=1.5
VO=Hl.DXRSI2.
HH=VO/IXINTAL·OXRSI
00 61 K=l r3
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285 XK=FLOATIK-ll*OXRS
286 IFIK.EQ.31 XK=XINTAL.OXRS
287 CALL STORMIXK.TI~EI

288 CALL GEOMI2.A.HH.R.T,D.l.1.XKI
289' VIN.K,II=CI81!8.*3Z.2*R*R*BI171**Z/ICC*BI241*B(121)
29U HIN.K.l)=HH
291 61 CONTINUE
292 HRR=B(31)*HMIN
293 VRR=U.
294 HLIN.l.11=HH
295 VLIN.l.11=VIN.3.11
296 CALL GEOMI6.ARR.H~R~HHR.TRR.ORR.l.l.XJJ)
297 VJIN,l.II=IA*VLIN.l.l)-ARR*VRR)/IA-ARR)
298 XJIN.1,II=XINTAL*OXRS
299 NJINI=1
3UO JIIN,3.1J=1
301 VRIN.l,II=VRR
302 HRIN,l.II=HRR
303 63 00 64 K=3,NKK
304 HIN.K.IJ=HDRY
3U5 VIN.K.IJ=O.
306 64 CONTINUE
3U7 GO TO 90
308 C FOR TYPE 5 MOVING STORM
3U9 70 N=NN
310 DO 71 K=I.NKK
311 HIN.K.ll~SH

312 VIN.K.l)=VVVIK)
313 71 CONTINUE
314 HlNCH.NN,11=CHH
315 VINCH.NN.IJ=SVV
316 CTINN.IJ=CTT
317 IfIIDG.E~.21 C1T=0.
318 XIINN.IJ=C(22)+OXPGI+0XPG2-CTT*BI10)/BI11)
319 HIINN.l1=SH
320 DXK=XIINN.l1-flOATINKK-11*OXRS
321 VIINN.l1=VINN.NKK.IJ+IVINN.NKK.I'-VINN.NKK-I.1»*OXK/DXRS
322 CALL GEOMIZ.A.HIIN.l"R,T.D.l.1.XIIN,1»
323 GIINN,ll=VIINN.l)*A
324 NM=NN-l
325 DO 73 N=I.NM
326 DO 72 K=l,NKK
327 HIN.K.ll=HDRY
328 VIN.K.ll=O.
329 72 CONTINUE
330 HINCH,N.l1=HORY
331 VINCH,N,11=O.
332 CTIN,II=ACCU*0.9~

333 IFIIOG.EG.21 CTIN,II=D.
334 73 CONTINUE
335 IWETINNI=l
336 IWETINCHI=1
337 GO TO 90
338 C fOR TYPE 6 MOVINC STORM
339 30 CONTINUE :
340 OXl=CI2ZI+DXPG1+OXPG2-AINTI CC(22)+OXPG1+DXPGZ)/OXRS)*OXRS
341 IFIOXl.LE.ACCU.OR.IOC.EQ.2) OXl=OXRS
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342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
36U
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398

TIHE=OX1/CI301
N=NCH
CALL STORHIOXCH,TIHE)
CC=C(361*CI81**CI371
IF(CC.LT.24.) CC=24.
Hl=TIHE*RMN/81191*C(19)*OI111*C(SI/B(161
A=H1*BI161/CI51*OX1*Bll11/2./81181
CNK=SQRTl1.-SP2**21
HH=SGRTI2.*A*BI1P.I*SP2/CNKI*CI51/BI161
T=HH*CNK/SP2/CISI*BI161/BII0)
XRS=C(22)+DXPG1+DXPG2-T*OI10)/B(11)
NKK=XRS/DXRS+1.9~999

P=HH/CIS)*OI161*11.+1.ISPZ)
R=A*SllBI/P/BI171
IF(IOG.EG.21 CALL GEOMI1,A,HH.R.T,D,1.1.DXCH)

401 VCH=C(81*8.*32.2*R*R*OU7)**21ICC*S(24)*B I1Z»
DO 81 K=I,NN
HI NCH. K.11 =HH
VINCH. K. II = '1C H
IFIIDG.EQ.ZI GOTO 402
XII K.ll=XRS
HII K,ll=HORY.
VIlK,I)=O.
CTIK,ll=T
CHIK.l)=HDRY
CV(K,ll=O.
GOTO 81

402 XI(K,11=CIZ21+DXPG1+DXPG2
HIIK,11=HIK,NKK,11
VI(K,11=VIK,NKK,11
CTl K,11=0.

81 CONTINUE
DO 83 N=1.NN
DO 82 K=l,NKK
H(N,K,ll=HDRY
V(N,K,ll=O.

82 CONTINUE
83 CONTINUE

ITYPE=1
90 CALL ERRI 11

CALL OPHEAD
WRITE16.2001 HMIN.VMIN,OPH,CC

200 FORMATI' HMIN =',F9.5,· VMIN =',F9.5,' OPH =',£10.4,' C =',E11.6
TDIM=TIME*B(111/0112)
Wr-ITE(6,2011 TIHE,TDIH .

201 FORMATllHl' THE INITIAL CONDITIONS ARE :'1' TIME =',F9.3,SX,
$'IOIHENSIONAL TIME =',F9.3,' SEC.)')

10=1
IFINN.EQ.11 CO TO 96
IF(ITYPE.EQ.21 N=NCH
IF(ITYPE.EQ.2) KJ=3
TLl1,21=TLll,11
TRI l,21=TRI 1,11
XJI N,l,21=XJI N,l,l)
VJI N,l,21=VJI N,l,ll
VLIN,l,21=VLIN,1,ll
VRIN,1,21=VRIN,l~ll

. 211



399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
U9
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
41t 9
450
451
452
453
454
455

HRIN,l,21=HRIN,l,1)
HlIN,l.21=HLIN,l,1)
JIIN,KJ,ZI=JIIN.KJ,l)
IfIITYPE.EQ.31 GO-TO 96
00 95 IN=l.NN
XIIIN,21=XIIIN.1)
HIIIN.Z)=HIIIN.1)
VIIIN,ZI=VIIIN,11
QIIIN,2)=GIIIN.11
WIIIN,Z)=WIIIN.ll
IIIIN,Z)=IIIIN.11
CTIIN,Z)=CTIIN,ll
CHIIN.ZI=CHIIN.11
CVCIN,ZI=CVIIN.1)

-95 CONTINUE
96 00931=1.3

IfII.EG.11 N=l
IfIITYPE.EO.5.ANO.I.[Q.11 N=NN
IFtIoEO.2} N=NCH
If! Y. EO.31 N=NS
CALL PREP
IFIN*ITYPE.EO.11 URITfC6~02)'

202 fORMATl10X,'ALSO fOR ALL SECTIONS OF ROAD SURFACE FLOW"
DO 91 K=l.KN
HIN,K,2)=HIN.K,l)
VIN,K.Z)=VIN.K,ll

91 CONTINUE
Z(3)=1.
IFIN.EG.NCHI Z(3)=O.
IFtNoEG.NSI ZI31=0.
IFIITYPE.EG.31 ZC31=O.
CAll OUPT
DO 92 K=l,KN
HCN,K,21=0.
VIN.K,21=O.

92 CONTI NUE
IF! NN.EG.l) RETURN
XJIN.1.21:::0.
VJIN,l.21=O.
VLI N.1.2 )=U.
VRIN.1,21=O.
HRCN.1.ZI=U.
HLIN,l,ZI=U.
J I! N, KJ, 2 1=U
IfIITYPE.EG.31 RETURN

93 CONTINUE
TLC1,21=TLll,lI
TRC1,Z)=TRI1.ll
DC. 94 IN=l,NN
XIIIN,Z)=XIIIN,l)
HIIIN,21=O.
VI! IN,2)=O.
GIIlN,21=O.
IHIIN,21=0.
I I I IN , 21 =0 •
CTCIN,2):::CTlIN,11
CHIIN,21=O.
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'156
457
'158
459
460·
4Gl

CVIIN.Zl=O.
94 CONTINUE

RETURN
99 555=-1.

SS=SGRTl SSS)
E NO

.
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1
2
~
4
5
G
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
3S
36
37
38
39
40
41
42
43
44
45
IlG
47
48
49
50
51
52
53
54
55
56

SUBROUTINE JLCXP.J .Vll.Hll.S .10'
c COMPUTE V AND H ON REGION 'l' OF' THE DIS,CONTINUIT'y

• C 10=1 COMPUTE Vl. HL AT DISCONTINUITY WHEN Al IS lESS THAtl AR
C 10=2 COMPUTE v» H AT GRID POINT IN lEFT-HAND SIDE OF DISCONTINUI Y

COMMON 1811 Be40Jtcelj(),.zelOI.TIME.OPH.NN.N.NCH.RSl.CURVf.
COHMON IB21 H(27.27.21.VI27.27.21.Hll?7.10.21.HRe27.10.2J.

$ VR (27.10 .2 I. VL127. 10 .2 , • VJ e 2 7.10. 21t XJ e 27 .10 .21 .J HZ 7.27. 21.K N. NJJ
COMMON 1831 NKe171.NJ(17).Dx.DT.OIST.HMIN.VMIN.ITYPE.Io.oce27.1DI.

SS.DS
COMMON IB81 ACCU.ACCUX'ACCUV.HORY.CC

C 55=1. FOR C+
C 55=-1. FOR C

010=01
DTE=or
55=-1.
XJ1= XJ eN.J .11
K=XJI/DX+l.99999
Xl=XJ1
Xl=FLOATIK-l)*OX
XJ2=0.
JJ=J

16 IFIJJ.LE.O) GO TO 15
IF IXJI N. JJ -1.11.GT.0 .. AN 0. XJI N.JJ-l. 21 .lT .OIST' XJ2=XJ( N. JJ-lt U
IFIXJ2.GT.O.1 GO TO 15
JJ=JJ-1
GO TO 16

15 VZ=VUN.J.lJ
CALL GEOMI 2. A2 .HU N. J. 11 oR 2. T2 .02.1, 10 XJU
IFlX2-Xl.LT.ACCUX) GOTO 4

1 IF(XJ1.GT.Xl) GO TO 5
Vl=VIN.K-l.ll
CAll GECMI2.Al.HIN.K-l,lJ,Rl.Tl,OI.1.1.Xll

2 CAll CSISS.Xl.Xl.XC.XP,Ol.02.0C,Vl.Vl.VC)
14 IFIID.EQ.21 GO TO 10
13 IfIXC.LT.XJ1.ANO.XJeN.JJ-i.21.GT.O.J GOTO 12

IFIXC.GT.X21 GOTO 6
IFCXC.LT.Xll GOTO 4

3 IFISS.LT.O.1 GO TO 8
9 C4ll CEGSIVC.OC.VE.OE.Vll.HLl,XC.XE.OTD.OTE,XP'

IFIID.[Q.1.OR.ITYPE.EG.11 RETURN
OXl=XJeN.J.l)-Xl
VLL1=V IN.K -1.2 1"+1 VIN .K-l .2 I-V IN .K-2. 21 »*0 XI/OX
HLll=HIN.K-l.2)+IHIN.K-1.2 )-HIN.K-l.21 ..DXI/0X
IFCVLL.LT.VLLlI VLl=VLLI
IFeHll.GT .tlLLll HLL=HLLl
RETURN

4 K=K-l
Xl=XI-DX
GO TO 1

5 n=XJ2
IFIABSIXI-X2,.LT.ACCUXJ I£TURN 5
Vl=VReN.JJ-1.1J
CALL GEOM(2.Al.HRIN.JJ-l.1J.Rl.Tl.01.1,1.Xll
GO TO 2

6 XC=X2
OC=02
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57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
14
75
76
77
78

VC=V2
GO TO 3

8 SS=I.
XE=XC
VE=VC
DE=OC
OTE=OTO
GO TO 2

10 IFIXC.GT.XJlJ GOTO 11
GOTO 13

11 XPC=XP-XC
CALL CROSSIXP,J,2,VC,DC,>PC.DTD.SS)
XC=XP-XPC
IrISS.LT.O.) GOTO 8
GOTO 9

12 XPC=xp-XC
JM=JJ-l
CALL ,CROSS I XP, JH ,1 'V C, DC -xPC,DTD. SSt
XC=XP-XPC
IrISS.Ll.O.) GOTO 8'
GO TO 9
[NO
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1
2
:3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21.
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

"0
41
42
"3
44
45
46
47
48
49
50
51
52
53
54
55
56

SUBROUTINE ..ILlI XP• .i. III...l. Hll. VRR. HRR.SJ
C USE C+ CHARACTERISTIC EGUATION AND ONE OF THE EG~ATIONS OF
C DISCONTINUITY TO SOLVE Vl AND Hl

COMMON /81)' B (40 I • ct 40 J • ZI 10 I. TIME. CPH. NN .N .NCH.R Sl. CURV r
COMMON' iBZ)' H(27.27.21.VI27.27.21.HU27.10.21.HRIZ7.10.21.

$ VI? (27,10 .2 Iv VU 27, 10 ,2 I. YJ (27.10.2 It lIJ (27.10 ,2 1 • ..1 HZ 7. 27 , Z" KN,NJ
COMMON IB3/NK(27 J .NJ( 27 h,DX ,OT.DIST .HP1IN .VKIN.n YPE .IO.OC( 27.101.

$S.DS
COMMON 187 I NU 27.10 It NR (27.10 I, SU2 7.10 I .SR( 27,10 If FU2 7.10,.

SFR(21,10J,NFJ.SFJ.FFJ
COMMON /B3/ ACCU.ACCUX .ACCUY ,HDRY,CC
DIMENSION F(2J.HH(21
OTO=D7
CALL GEOMI E;,ARR.HRR.HHR.1RR.ORR.lt'2. XPJ
XJ1=XJlN.J.1 I
NlHlt.J)=n
K=XJ1/DX+1.99999
)(2=XJ1
Xl=FlOAT(K-11*DX
XJ2=0.
JJ=J

1& IFfJJ.lE.1 I GOTO 15
IF (XJ( N, ..1..1-1 .Z J .GT.O •• AN fl. XJ( N,..1..1-1.21 .IT .OIST I X J2=XJ( N• ..1..1-1.11
IFfXJ2.GT.O •• ANO.XJ2.lT.CISTJ GOTO 15
JJ=JJ-l
GOTO 16,

15 \l2=Vl( N• ..I,ll
CALL GfOMI2.A2.HlIN,J.U.R1.TZ.01.hl.XJ(N.J.1IJ
IFlX2-)(1.LT.ACCUX) GOTO e

1 IF(XJ2.GT.Xl) GO TO ~

Vl=Y(N.K-l.lJ
CALL GEOMI1.Al.HIN.K-1,lJoRl.Tl.Dl.1.1.XlJ

2 CALL csr i ••Xl.X2.XO,XP.Ol.02.00.Vl.V2.VOI
IF(DO.LT.HDRY' OO=HORY
IFIXD.GT.X21 GO TO 10
IFIXD.lT.Xl1 GOTO 12

3 CALL GEOMI5.AO.HD,RD.rO.OD.l.1.XDI
T=TIME-DTO
CALL STORMIXO.TJ
CAll FRICIYD.HD.FO.RO,REO.REC,KD,l,XOJ
CALL OPHEAO
SFDO=CI4J*fD*VO*A8S(VDI/l?(131*RD)

C SO. 52 ARE ENERGY COEFICIENTS AT POINTS 0 AND 1
50=1.
52=1.
OX01=X2-XO
IFIABSlOX02J.lT.ACCUXJ SF02=C(SI
IFlAB510X021.LT.ACCUXI c or c 20
SF02=C I 8 1+ l at 16 I * I HD -HL I N• ..I.11 I IC ( 51 +8 (11 I"2* (SO .VO *VO-S2*V1* V1,

S/64. 41 II DXD2*1J(1111*CI 91
20 IFlABSISFODI.LT.t.8SlSFD21J GOTO 4
31 SFD=SFD2

NlCN.JI=l
GO TO 14

4 SfD=ISFDD+$FD21/2.
14 OSO=SQ RTf C I 1 1*1 C11 1-1. h VD * VO+C fll -C 12 OJ. lOO-C (9 IIC( 51 + OPHI I
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51
58
59
60
61
62
&3
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
10Z
103
104
105
106
101

C7=CI7J*OTO/OT ,
C1=CC11J *OTO.IC( 1).C 12 01 *IC 181-SFOJ+CI 261 IOO-CU9 1*( C1*C(25)*CI6 I

S/CI91-Cl1I tVO+DSQI*C(91*C(51+CIZ71/DOoCI191*ICI11*VO-DSGI.CISI*

SC ( 5) +8 1161 IBI 101 *C 1291 I ITO *001. «C( 31 *C I ZI *C (24 I-C III *y D+DSQ I I
1=1
NCT=O
HHlll=HliN.~.11.1.1

5 HLL=HHIII
CALL GEOMI 6.ALI.• HLL.HHL. TLL.OLL.l.lo XPI
ALR=ALL-ARR
AHLR=ALl*HHL-ARR*HHR
HSG=SQRTIC(11*CI201/IALL*ARRJ*IAHLR/ALR*ICI91/CI5IJ.*Z+OPHIJ
fIII=CI91/ICI51*DOI*II1.-e(1)I*VO+DSG}*(HLL-HDI+VRR+ALR*HSQ-YO-C
IFIABSlrlIII.LT.ACCUI GO TO 7
IFII.EQ.lI GO TO 6
IflABSIFIlI-FI2J1.LT.ACCUoACCUI GO TO 7
NCT=NCT+1
If INCT.GT. 20 I SS=SQRH -l.l
HLL=IFI1I*HH(Zl-FIZl*HH(ll J/IF(l)-f"(Zll
HHI1 J=HHIZ 1
HHIZI=HLL
FIlI=FIZI
GO TO 5

6 I=Z
HHI2l=HLIN.~.11*1.05

GO TO 5
7 VLL=VRR+ALR*HSQ

CALL GEOHI 2. AlL.HlL. R.L. TLL .OLL .1oZ. XP I
CALL FRICIVLL.HLL.fLL.RLL.REL.REC.IRL.Z.XPJ
FL IN.J 3=FLL
SL I N.~ I=CI 41*FLL *VLL *ABS (YlUII SI 131 *RLU
RETURN

8 K=K-l
Xl=Xl-DX
GO TO 1

9 X1=X~Z

IFIASSIX1-X2l.LT.ACCUXl R£TURN 7
V1=VR( N. ~J-1.11
CALL GEOMIZ.A1.HR(N.JJ-l.11.R1.Tl.Dl.1.1.Xll
GO TO Z

10 XD=XZ
[lO=OZ
VO=VZ
GO TO 3

12 IFIX~2.lT.X1l GOTO 8
XPO=XP-XD
JH=JJ-1
CALL CROSSeXp.JH.1.VO.OO.XPO.OTD.1l
XD=XP-XPO
GOTO 3
END
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1
:2
3
If
5
6
1
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
Z5
26
2.7
28
29
30
31
32
33
31f
35
36
37
38
39
qO
41
42
143
44
45
46
47
118
49
50
51
52
53
54
55
56

SUBROUTINE JRfXP.J.VRR.HI\R.$.IDJ
C COMPUTE V AND H ON RECION 0 ROOF THE DISCONTINUITY
C 10=1 COMPUTE VRAND HR AT DISCONTINUITY WHEN AL IS GREATfn THAN R
C ID=Z COMPUTE V AND HAT (RID POINT IN RIGHT-HAND SIDE OF OISCONTle

COMMON res:» BCIfOI.C(IjOI.7.(10).TI",E.OPH.NN.N.NCH.RSl.CURVr
COMMON /82/ H(21.27021.VI17.Z7.ZJtHUZ7.10.2hHRI21.10.2Jr

$ VR (Z 7.10.2 h VLlZ 7. 10 .2 ). VJ( Z 7.10.2 It XJ i 27 .10.:2) • .1HZ 7.21. ZI. KN. N.1J
COMMON 193/ NKIZ71.NJ(271.DX.DT.DIST.HMIN.VHIN.ITYPE.IO.OCI27.101.

SS.DS
COHMON IB8/ ACCU.ACCUX.ACCUV.HDRV.CC
IQQ=O

~ 55=1. FOR C+
C SS=-1. FOR C

OTO=OT
oTE=OT
55=1.
XJ1:::XJIN.J.l)
K=XJI/DX+l.99999
Xl=XJ1
X2=FLOATIKJ*OX
XJ2=OIST
JJ=J

16 IF(.1.1.GE.N.1JJ GO TO 15
If (XJ( N• .1.1+1.2 J. OT.O •• AN D. X.1e N. J.1+tt 2) .IT .OIST J XJ2=XJ( N.JJ+l.1 J
IFCX.12.lT.OIST-ACCUXI GO TO 15
..1..1=..1.1+1 .
GO ,0 16

15 Vl=VRUh J,1J
CALL GEOMe2,Al.HReN • ..1.lJ.Rl.T1.Dl.l.1.XJ1)
IFCX2-Xl.L T.ACCUXI GOTO IJ

1 IfeX..1Z.lTeX2J GO TO 5
V2=VeN.K.1)
CAll GECMeZ.A2.HIN.K.IJ.r.2.Tz.OZ.1.1.XZJ

2 CAll CS(SS.XloXZ.XC.XP.Ol.02.DC.Vl.V2.VC)
14 IfCID.EG.2J GO TO 10
13 IrcXC.GT.XJ2.AND.XJ(N.J..1+l.2).GT.O.) GOTO 12

IfeXC.lT.Xll GOTO 6
IF(XC.GT.XZ) GOTO 4

3 IfeSS.GT.O.) GO TO 8
9 CALL CEQSeVO.DD.VC.OC.VRR.HRR.XO.XC.OTO.DTE,xP)

RETURN
4 XZ=XZ+OX

K=K+l
GO TO 1

5 X2=XJ2
IFCABSeXI-X2).LT.ACCUX) RETURN 5
V2=VLC N, ..1..1+1.1)
CALL GEOMeZ.AZ.HlfN,..1J+l,I).R2.TZ.02.1.1.XZ)
GO TO 2

6 XC=X1
VC=V1
OC=Ol
GO TO 3

6 55=-1.
XO=XC
VO=VC
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,-

57
58
59
60
61
62
63
64
65
66
67
68
69
70
11
72
73

DD=DC
DTO=DTE
GO TO 2

10 IF I XC. LT .. XJU GOTO 11
GOTO 13

11 XPC=XP-XC
CAL L CR0 SS I XP • J. 10 VC •DC. )f' C. DT E • S S I
XC=Xp- xrc
IFISS.GT.O.I GOTO 8
GOTO 9

12 XPC=XP-XC
JP=JJ+l
CALL CROSSUP.JP.2,VC.DC.XPC.DTE.SSI
XC=XP-XPC
IFiSS.GT.O.1 GOTO 8
GO TO '3
(ND
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1
2
:3
4'
5
6
71
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
271
28
29
30
31
32
33
34
35
36
37
38
39
4D
41
li2
43
li4
liS
46
li7
li8
49
50
51
52
53
54
55
56

SUBROUTINE JRl1 XP. J. ILL. HLL • VR R. HRR. $)

C USE C- CHARACTERISTIC EQUATION AND ONE Of THE EQUATIONS OF
C DISCONTINUITY TO SOL VE liP AND HR

COHMON /91/ SI401.CI401.Z1101.TIME.CPH.NN.N.NCH.RSL.CURVE
COMMON /BZ/ HIZ1.27.21.VI27.27.2).HL(21.10.ZJ.HR(27.10.21.

S VR (27.10.2,. VLlZ 7.10.2 I. VJ I 21.10.2," X.H 21.10.2) .J r r27.21.2'. KN. NJ
COMMON IB3/ NKI271.NJ(211.0X.DT.DIST.HHIN.VMI~.ITYPE.IO.OCI27.10).

$S.DS
COMMON IB7/ NL127.10.). NR (27.10 JoSU2 7.101 .SR(27.10J .FLl27.10 h

SFP.127.101.NFJ.SFJ.FFJ
COMMON IS81 ACCU.ACCUX.ACCUV.HDRV.CC
DIMENSION f(ZI.HHI21
D1E=DT
CALL GEOMI6.IILl.HLL.HHL.TLL.OLL.lt2.XP,
XJ1-=XJ IN.J .1)
NRO"JI:::O
K=XJ1FOX+1.99999
X1=XJl
X2=fLOATIKI*OX
XJ2-=OIST
JJ=J

16 IftJJ.GE.NJJ J GOTO 15
IflXJI N.JJ+l.2 I .GT.O •• ANO. XJIN.JJ+l. 21 .LT .DIST I XJ2-=XJI N.JJ+l.lt
IfIXJ2.GT.O •• AND.XJ2.LT.OISTI GOTO 15
JJ=JJ+l
GOTO 16

15 1I1=VRIN.J.1)
CALL GEOMI2.A1.HRIN.J.1I <Rl.Tl.Dltl.1.XJlI
IFlX2-Xl.l T.ACCUXJ GOTO 8

1 IFIXJ2.LT.Xl) CO TO S
V2=VIN.K.ll
CALL GEOMI2.A2.HIN.K.1J.P.2.TZ.OZ.1.1.X21

Z CALL CSI -1 •• Xl ,X2. XE .XP. 01.02. DE.Vl. V2.VEI
IFIDE.LT.HDRYI DE=HDRY
IFIXE.LT.X11 GO TO 10
!FIXE.GT.X21 GOTO 12

3 CALL GEOMI 5.AE.HE.RE ,TE.OE ,1.1.XEt
T=TIHE-DTE
CALL STORMIXE.TI
CALL fRICIVE.HE.FE.RE.REE.REC.KE.I.XEI
CALL OPHEAD
SFEE=CI41*FE*VE*AOSIVFI/181131*REI

C SE.S1 ARE THE ENERGY COEFICIENTS OF POINTS E AND 1
SE=1.
Sl=l.
DX1E=XE-Xl
IFl ABS IDXIEI.L T.ACCU XI s.n E=CI 81
IFIABSlDXlEI.LT.ACCUXI GOTO 20
Sf1E=C 181+ I a11 GI. I H( N. K • 1) -HE) IC 151+8 1121 .. 2* (SI* VI. V1-S [- VE-V EI

$/64./j1 II OX1E*f!1111 .. C(9)
20 IFlABSISfEEI.LT.ABSISFIEII GOTO II
31 SFE=SFlE

NRIN,JI-=l
GO TO 14

If SFE=ISFEE+SFIEJ/2.
lit DSQ=SQRT rc11 I - I CI 1 )- 1. h VE. VE+C 11 J -c 12 OJ. IDE- C(9 I IC 15 I + OPH) I
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51
58
59
60
61
62
63
64
65
66
61
68
69
10
11
72
13
74
75
76
17
78
19
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107

C7=C(7)*DTE/DT
Cl=Cll11*DTE*IClll*CI201*IC(8)-SFE)+CI26)/OE:CI19)*IC7*C(25)*CI6

$/CI91-Cll)*VE-OSQI*CI~)*CI5)+CC27)/DE*CI191*ICll1*V[+OSQI*CIS)*
$C 15) +B (16) 18(10) *C12 'H 111£ * DE) * I C (3) .C I 2) *C 124 )-C C11 .VE-OSO ) I

1=1
NCT=O
HHll )=HR IN.J.l»

5 HRR=HHII)
CALL GEOMI 6. ARR.HRR. HHR. TRR.ORR.1.10 XP)
ALR=ALL-ARR
AHLR=ALL*HHL-ARR*HHR
HSQ=SQRTICll)*CIZO)/IALL*ARR)oCAHLR/ALR*ICC9)/CI5)).*2+OPH))
FCII=C(9)/ICIS)*CE)*III.-CIII).VE-DSQ).CHRR-HE)+VLL+ALR*HSQ-VE-Cl
1FIABSIFII»).LT.ACCUI GO TO 7
1FCI.EO.l) GO TO S
1FCABSIFll)-FCZ).LT.ACCU*ACCU) GO TO 7
NCT=NCT+:
1FCNCT.GT.ZOI SS=SGRTl-l.)
HRR= I Fill' HHI 2 )-F (2) .HH I 1) ) II F ll) -F (2) )
HHCl)=HHIZ)
HHI21=HRR
Fll)=FC2)
GO TO 5

6 1=2
HHC21=HHll)*1.01
GO TO 5

7 VRR=VLL+AlR*HSG
CALL GEOMI2.ARR.HRR. RRR.1RR.DRR.102. XP)
CALL FR1CIVRR.HRR.FRR.RRR.RER,REC,IRR,Z.XP)
FRIN.JI=FRR
SR IN,J )=CI4) *FRR'VRR*ABS IVRR )/IBI13) *RRR)
RETURN

8 X2=XZ+OX
K=K+l
GO TO 1

9 XZ=XJZ
1FIABSIXI-XZI.LT.ACCUX) RETURN 7
VZ=VLl N. JJ+l.1)
CALL GEOMI2,AZ,HlIN.JJ+l.1).R2,T2.D2.1.1.X2)
GO TO Z

10 XE=Xl
OE=OI
VE=Vl
GO TO 3

12 IflXJZoGTeXZ) GOTO 8
XPE=XP-XE
JP=JJ+ 1
CALL CROSSIXP,JP,2.VE,OE.XPE,DTE,-l)
XE=XP-XPE
GOlO 3
END
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1 SUBROUTINE JUMP(J)
2 C COMPUTE XJ AND VJ OF THE DISCONTINUITY
3 COMMON /B1/ B(40),CI40ltZII0hTIME,CPH,NN,N,NCH,RSL,CURVr
4 COMMON /B21 HIZ7,Z7.2).,VIZ7.27.1),HlI17.10,ll.HRI27.10.1),
5 SVRI27,10.11.VLIZ7.10,2).VJI17.10.21,XJI17.10,21.JIIZ7.27.11.KN,NJ
6 COMMON /831 NKIZ7).NJI17),DX,OT,OIST,HMIN.VMIN.ITYPE,IO,OCI27,10),
7 SS,OS
8 COMMON /B81 ACCU,ACCUX,ACCUV,HORV.CC
9 COMMON/B91 TL(10,ZI,TRII0,1)

10 DATA NAME/'JUMP'/
11 IF(J.EG.l1 J2=0
12 IFIJ2.GT.01 GO TO SO
13 IFIABSIHLCN.J,I'-HRIN.J.lI I.LT.ACCU) RETURN
14 Jl=J
15 J3=J
16 Kl=XJIN,Jl,I)/OX+l.99999
17 XE1=XJIN.Jl,II+VJIN.JI,I)*OT
18 IFIXE2.lT.0.1 GO TO 7
19 IFIJl.EG.NJJ) GO TO 1
20 Xf3=XJIN,Jl+l,U+VJIN.Jl+l,i)*OT
21 IFIXE2.LT.XE31 GO TO 1
22 C TWO DISCONTINUITIES CROSS EACH OTHER TO PRODUCE A NEW OISCONTINUI ,
23 J2=Jl+l
24 J3=J2
25 DTT=OT
26 OT=(XJIN.~Z,11-XJIN,Jl,IJI/(VJIN,Jl,1)-VJ(N,J2.1JI

27 TIME=TIME-OTT+DT
28 XE2=XJIN .J2.1 )+VJI N, J2 ,11*OT
29 KK2=XE2/DX+l.99999
30 KKl=KKZ-l
31 Hl=HIN,KKl,ll
32 Vl=V(N,KKl,l)
33 XJl=XJIN,Jl,l)
34 VJI=VJ IN,JI,l!
35 VLI=VLIN.JI,11
36 VRl=VRIN.Jl,ll
37 HR1=HRIN,Jl,11
38 HlI=HlIN.J1,11
39 HL2=HlIN,JZ.l1
40 HR2=HRIN,J2,1)
41 VR2=VRIN.J2,1)
4Z VlZ=VLIN,J2.11
43 VJZ=VJIN.J2,1)
44 XJZ=XJIN,J2,11
45 Vl=VIN.KK2.11
46 HZ=HIN,KK1,1)
47 CAll GEOMIZ.ALl,HlloIiL1,1l1,Ollol.I.XJ11
48 CALL GEOMI 2,ARZ,HRZ, RRZ, 1RZ,CR2.1,10 XJZ)
49 IFIAll.OT.ARZI 00 TO 19
50 CALL JLCXEZ,Jl,Vll.HLl.$ZS,lI
51 CAll JRl IXEZ,JZ, Vll,HlL. II? R,HRR,S261
52 GO TO 20
53 19 CAll JR(XE2.J2,VRR.HRR.$26,11
54 CALL Jll IXEZ,J1. VLl, Hll, VRR,HRR.S251
55 20 XKKZ=FLOATIKK2-11*OX
56 XKKl=XKK2-0X
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57
58
59
(,0

61
62
63
64
65
66
67
68
69
70
71
72
73
74
15
76
71
78
79
80
81
82
83
&4
85
86
81
8B
89
90
91
92
93
9li
95
96
97
98
99

100
101
102
103
104
105
106
107
100
109
110
111
112
113

C

CALL JLIXKKl.Jl,VIN.KKl,21.HIN.KK1.2I,S49,21
CALL JRIXKK2.J2.V(N.KK2.21.H(N.KK2.2I,$49,21
CALL GEO~ll 2. ALL. HLL. RLL. 1LL. DLL.1.2. X[21
CALL G[OM(2.ARR.HRR~RRR.TRR,ORR,l.2,X£21

XJT=IALL*VLL-ARR*VRRII I ALL-ARR I
OT=OTT-01
TIHE=TIME+DT
HLCN.J2.11=HLL
HRIN.J2.11=HRR
VRIN,J2.11=VRR
VLC N• ..12.11 =VLL
VJCN.J2.11 =XJT
XJIN.J2.11=XE2
XJIN.Jl.11=D.
X£2=XE2+XJT.DT
IFlXE2.GT.DISTI CO TO 11
CALL CONJIXE2,J2.VLL.HLL.VRR.HRR.$71
OT=DTT
VIN.KK1, 11 =Vl
IHN.KK1.1l=Hl
HIN.KK2.11=HZ
V(N.KK2.11=V2
XJIN.Jl.11=XJl
VJI N.Jl.ll =VJl
VLCN.Jl.ll=VLl
VR(N.Jl.11=VRl
HRIN.Jl.ll=HRI
HLCN.Jltll=HLl
HLIN.J2.11=HL2
HRIN,J2.11=HR2
VRIN.J2.11=VRZ
VLIN.J2.11=VL2
VJIN.J2,11=VJ2
XJIN.J2,ll=XJ2
GO TO 4
THERE IS SINGLE DISCONTINUITY

1 ..12=0
..13=..1
IFIXE2.GT.DISTl GO TO 11
CIILL CONJ I XE2. J. VLl. Hl L, I.RR , HR R. s 7 I

4 IFIVLL.LT.VRRI GO TO 7
CALL GEOMIZ,ALL.HLL,RLL,1LL,DLL,1.2,XE21
CALL GEOMI2.ARR,HRR.RRR,TRR.DRR,l.Z,XE21
XJT=IALL*VLL-ARR,VRRI/IALL-ARRI
CALL STORM(XE2.TI~EI

CALL OPHEAa
IFIALL.GT.ARRI GOTO 6
FRR=FRTSTC IVRR-XJTI. DRR, (J'H.Clll.CI51.C(SI.CI201.11
FRL=FRTSTl 1VLL -XJT I. DLL, OPH. C(11 • C (5 It e 191 • C120 1.1 J
IFIFRL.GT.O •• AND.FRR.LT.O.I GOTO 8
GOTO 7

6 FRR=FRTSTlIXJT-VRRI.I'RR.CPH,CI1l.CI5I,C(9) .eI201.11
F RL:: F RTS 11 I XJ T-v LL 1 , DLL • OPH • C( 1) • C (5 It C ( 9) • CI 201 , 11
IF1FRL.LT.O •• AND.FRR.GT.O.IGO TO 8

7 DO 9 JJ=Jl,J3
XJIN.JJ.21=D.

9 CONTINUE
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1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

SUBROUTINE NEWJ
C TO SEARCH NEW DISCONTINUITY. IF ANY

COMMON /B11 B(40).CIQO),?110).TIME.OPH.NN.N.NCH.RSL-.CURVE
COHt~ON 18Z/ HI27.27,ZI.VI27.27.2).HLI27.10,2).HRl27.10.2lt

S VR 127.10 .2 J• Vl! 27.10.2 I , VJ 127,10. Z I. XJ 127.10.2) .J 112 7.27.21. K N. N J
COMMON /831 NK(27),NJI27),DX.DT.DIST,HHIN.VMIN,ITYPE,IO.OCl27.10).

SS,DS
COHMON / B4 I I II 27. 2 I •XI I Z! , 2 It HII 21. 2) • VI 121 • 2 ) • Q Il2 1. 2 ) • WI l 2 7 • 2 ) •

$CTI27,2) .CHI27.2ltCVlZ7.2)
COHMON/B6/AA1,Bnl,CC1.SNK,IDG.SPl.XPG1.SP2.XPGZ
COMMON 1881 ACCU,ACCUX,ACCUy.HDRV.CC
COMMON 1891 TLl10,2lrTRflO,21
COHf10N /P101 DXCH,DXRS .DDX CH.DDXRS
DIMENSION FIZI.XlZ)
DATA NAME/'N[WJ'I
KNN=KN-1
DO 30 K=3. KNN
IFlJIIN.K.21.GT.0l GO TO 3D
IFIIIIN.K.21.GT.'JlN.K-1.2l-ACCU) GO TO 30
DXA=DX
DXC=DX
KA=K-l
KAA=K-Z
KC=K+1
HA=HIN.KA.Z)
VIl.=VIN.KA.Z)
HB=HlN.K~2)

V13=VIN.K.2)
HAA=HlN,KI\A.ZI
VAA=VIN.KAA.Z)
HC=HIN.KC.2)
VC=VIN,KC,Z)

1 IF«J1lN.KC.2) .GT.O) GO TO 15
2 IFIJIIN.KA.21.GT.O) GO TO 18

21 1=1
NCT=O
XI1l=0.

3 XX=X(1)
HRR=HB+lHB-HC)*XX/DXC
VRR=VB+I VB-VC I 'XX/DX C
HLL=HA+IHA-HAAJ.lDX-XXl/OXA
VLL=VA+IVA-VAA).IDX-XX)/DXA
XJZ=FLOATlKA).DX-XX
CALL STORMlXJZ.TIHEJ
CALL OPHEAD
CALL GEONI 6.ARR,HRR. HHR.lRR.ORR.1.2, XJ2)
CALL GEOHI6.ALL.HLL,HHL.TLL.DLL.1.2.XJ2J
IfIABS{ARR-ALL).LT.ACCU) GO TO 30
IFIALL$ARR.LT.O.l GOTO 3D
F I 1) =EQOI S I ALL. VLL .HHL • ARR • VRR. HHR .OPH. ell) • CI 5» • Cl 9). CI 20) »
IFIABSIFlIIJ.LT.ACCUI GO TO 5
IFI1.EQ.l1 GO TO ~

IFiNCT.EG.O.AND.Fll).fl2J.GT.O.) GO TO 30
N CT=NCT+ 1
I FI NCT. GT • 20 J GOT 0 3lJ
XX=IFIII-XlZ)-flZI*XI1)l/lFll)-FlZII
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58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
7S
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
91
98
99

100
101
102
103
104
105
106
101
108
109
110
111
112
113

1F(XX.LT.O •• OR.XX.GT.OXI GO TO 30
XU} =X(Z 1
X( 21 =XX
FU) =F (2 J
GO TO 3

4 1=2
)((21=OX
GO TO 3

S IF(HLL.LT.HHIN.OR.HRR.LToHHINJ GO TO 30
XJT=(AlL-VLl-ARR-VRRI'(ALL-ARRI
If(ALl.GT.ARRI GOTO 6
fRl=fRTSTt (VLl-XJT I. OlL, lP H. C(11 .C (5 It C(91 .C (20) oll
rRR=rRTS T( (VRR-XJT I. DRR, OPH. C(11 .C (5 J. C(9 J • cr 20 J .1 J
If(FRL.LT.O •• OR.FRR.(:T.O ..) GOTO 30
GOTO 1

6 rRl=fRTSTlIXJT-VLlJ.r.lL.lPH.CUJ.CfS}.CI9J.C(20J.1}
FRR=fRTST(IXJT-VRRI.CRR.OPH.C(11.C(S).CI9}.CI20).1J
IF(FRL.GT .0•• OR.fQR. LT.O.J GOTO 30

1 JI(N,K.ZI=l
If(NJJ.GT.O) GO TO 8
..1=1
GO TO 12

8 DO 9 J=I.NJJ
I F I XJ ( N. J. 2) • GT• XJ 2} GO 10 10

9 CONTINUE
J=NJJ+l
GO TO 12

10 DO 11 JJJ=J' NJJ
JJ=NJJ-JJJ+J
XJ(N.JJ+1.2)=XJ(N.JJ.2J
VJ(N.JJ+l.2)=VJ(N.JJ.21
Vl(N.JJ+1.21=VllN.JJ.2J
VRlN,JJ+1.21=VRlN.JJ.2}
HRfN,JJ+l.21=HRIN.JJ.21
Hl(N,JJ+1.21=HlIN.JJ.2J
OCfN.JJ+1}=OCfN.JJ)

11 CONTINUE
12 NJJ=NJJ+ 1

NJlNI=NJJ
XJ(N,J.2 )=XJ2
VJ(N.J,21=XJT
VL(N,J.21=Vll
VRfN.J,21=VRR
HRIN.J.21=HRR
HLIN,J.21=HLl
OC(N,JJ=NAHE
GO TO 30

15 XK=FLOATIK-I1-0X
00 16 ..1=1, NJJ
IF l XJ IN. J, 2 J • GT• XK J GO T 0 17

16 CONTINUE
17 I-lC=HLlN,J.21

VC=VLlN.J.2J
OXC=XJ(N,J,2}-XK
GO TO 2

18 XKA=FLOAT(KA-IJ-OX
00 19 JJ=1,NJJ
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114 J=NJJ-JJ+1
115 IFlXJIN.J.Z).LT.XKA) GO 10 20
116 19 CONTINUE
117 20 HAA=HRIN,J,21
118 VAA=VRIN,J,Z)
119 DXA=XKA-XJIN,J.2)
120 GO TO 21
121 30 CONTINUE
122 C TO CALCULATE THE TOP WIDTH OF DISCONTINUITIES OF GUTTRT FLOW
123 IfINN.EQ.ll RETURN
124 IfIIDG.NE.l) RET~RN

125 IfIN.NE.NCH.OR.NJJ.EG.O) RETURN
126 DO 40 J=I.NJJ
127 K=XJINCH.J.Z)/DXCH+O.99999
128 XK=fLOATIK-l).DXCH
129 OXKJ=XJINCH,J,21-XK
130 IfIJ.EQ.l) GO TO 31
131 IfIXJINCH.J-l.2).LT.XK-DJlCH) GO TO 31
132 OX JIK=XK -XJ 1NCH. ,J-lr 21
133 TL 1..1 .2 )=CT 1K.2 1+1CTl K. 21 -T R1..1-1.2) I. DXK J/DXJIK
134 GO TO 32
135 31 TlIJ,21=CTIK.21+ICTlK.2) -CHK-l.2) hDXKJ/OXCH
136 32 OXJKl=XK+DXCH-XJINCH,J,2)
137 IFIJ.EQ.NJJI GO TO 33
138 IFIXJINCH.J+I.21.GT.XK+2 •• 0XCH) GO TO 33
139 DXKIJl=XJI NCH.J+l.11-XK-DXCH
1110 TR1..1.2 I=CT IK+1,2)+ 1CTlK + 10 21-TL 1..1+1,1) hD XJKl/0XK 1..11
141 GO TO 40
142 33 TRIJ.2)=CTl'K+l.2)+ICHK+1oZ)-CHK+2.2) ).DXJKl/OXCH
143 IFlK.GE.NN-ll TRI.J,2)=TRI.J.U .
1411 40 CONTINUE
145 RETURN
146 END

227 I'
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2
3
4
5
6
7

c
SUBROUTINE OPHEAD

COMPUTE THE OVERPRES SURE HEAD DUE TO RAINDROP IMPACT
COHMON /B1/ B (35). C( 35).2(10 h TIltE .OPH.~lN.N.NCH.RSl. CURV E
B68=B( 6H-B (8)

OPH=C( 7) 'B( 20 I .. Z'C ( 26 h C( 19 hC (25 h COS(B681 /C U J
RETURN
[NO

228
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1
2
3
4.
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
4S
46
47
48
49
50
51
52
53
54
55
56

SUBROUTINE OUPT
C OUTPUT THE RESUL TS 0 r CDMP UTATION

COHMON IBII BI4DI,ClIfOJ,ZI10ItTIME.OPH.NN.N.NCH.RSL.CURVE
COMMON 1821 HI27,27.21.VI27.27.2J.HLI27.10.21.HRI27.1D.2Jr

S VR127.10 .2 J. VLl2 7, 10 ,2 I • VJ I Z 7.10. Z h XJ 127.10, Z J .J IlZ 7,27,2 I. KN,N J
COMMON 1831 NKI27J,NJIZ7hOX,DT,OIST,HMIN,VHIN.ITYPE,IO.OCI27.101.

SS,DS
COMMON 1841 1II27,ZI,XIlZl,2),HII27.2)~VII27.:n,QIl21,21.1II(21,2J.

$CTIZ7.2J ,CHI27.2ltCVI27.21
COMMON 1851 NGIZ7,27J.SGI27,27J.fCGIZ7,27J,NF,SF.FF
COHMON/BC/AAI.BBI,CCl,SNK,IDG,SPl.XPGl.SP2,XPG2
COHMON 1831 ACCU,ACCUX.ACCUY,HDRY,CC
IFIKN.LT.2J RETURN
NS=NCH+l
CALL RAINIZ,TIMEJ
8IZ7J=0.
IFIN.EQ.NCH.ANO~815J.G1.0.3J CALL INFlHZ,TII1EJ
IFIN.GT.NCH.AND.BI351.GT.0.3J CALL INFlTIZ.TIME)
WRITEIG,100101321.6127J

100 FORMATII' RAINFALL INTENSI,TY = ',F6.2.' IIN./HR) INfIlTRAION RAT'
S= ·.E8.3.· IIN./flRI' J

CALL CRISEC
IFINJJ.GT.OJ CALL WRITJ
WRITEI 6, ~OOJ

ZOO FORMATI/4X.·X·.6X,'V'.7X,'H'.7X.'Q',5X.'fROUDE·.ZX,·REYNOLDS'.2X.
S'CRT RE' ,2X. 'f·.3X.'FRIC·, 4X,'SLOPE F" .2X.'E'.3X. 'VIFPSJ ',3X.
S'HIFTJ ',4X.·QICFSI'J

KNM=KN
IfIN.LT.NCH.ANO.IDG.EQ.l I KNM=KN-l
DO 10 K=l,KNM
IFIITYPE.EQ.5.AND.N.EQ.NCH.AND.K.EQ.1) GO TO 10
HH=HIN,K,21
IFIHH.lT.HDRY"1.01) GO TO 10

1 VV=VIN,K,21
XK=FLOATIK-l)*DX
CALL GEOMIZ,A,HH,R,T.D,I,2,XKJ
CALL STORMIXK.TIME)
CALL OPHEAD
G=VV*A
CALL FRICIVV.HH.F.R,RE,REC.Kf.2,XK)
VEL=VV"SI121
HEI=P.H*S(16)/CISI
FR=FRTST(VV,D.OPH.CI 11 ,C(5 ),CIS) ,CI201.2)
FLOW=VEl"A"SI181
IFIK.EG.ll GO TO 14
WR ITE 1£,,2011 XK .v V. HH,a , FR, RE.R EC. KF. FG I N, KI, SG I N. KI. NGIN. KJ. VEL

,.HEI,FlOIi
201 FORMATIF6.3.2F8.4,E~.3,Fe.4.2E9.3,I3,2ES.3,I3.3E9.31

GO TO 10
14 WRITEIG.207IXK,VV.HH,Q.FR,RE.REC,Kf.VEL.HEI,FlOW

207 FORMATIFG.3,2Fa.4,E9.3,FP.4.2E9.3.13.4X,'--'.7X.'--'.sx,'-·.3E9.3l
10 CONTINUE
16 IFINN.EQ.l1 RETURN

IFIZt3I.LT.O.51 GO TO 15
WRITEI 6. 2021

202 FORMATI/541' "'1/' THE CONDITIONS ON ;INTER BOUNDARY ARE:'j' N'.

.
229 I
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57
58
59
GO
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91

S4X.'X' ,6X. 'H',6X,' V' ,7X. 'G ',1X ,'FR L', sx- 'FR R',3X,'CNJ H'.2X,
S'CNJ V',3X,'XJDOT',SX,'T') ,

NNN=N
DO 12 N=1,NN
IFlCTlN,Z).LT.ACCUIGO TO 12
CALL STORMlXIlN,21 ,TIMEt
CALL OPHEAD
CALL GEOHIZ,A,HIlN,ZltR,T.O.1t2.XIIN.Z»·
CALL GEOMIZ,A.CHIN.Z),RRR.TRR,DRR,l,Z,XIIN,Z)J
FR=fRTSTIVIIN,Z),D,OPH,Cll),CIS),CI9t,CIZO),Z)
IFlIIIN,Z).EG.O) GO TO 11-
IFlCHIN,2)-HIlN,2) 19,11, 3

9 fRL=FRTST(IWIIN,2t-VI<N,a I,O,OPH,C(ll,C(S),CI9t,CIZOI,Z)
FR R=FR TSTl I WI IN, Z) -c V( N. Ll I , OR R,O PH, Cf1 I , CIS), C(9 I • CI ZO) ,2 I
GOTO 4 I

3 FRL=fRTST(IVIIN,?I-WIlN,21),O,OPH,C(l),CISI,C(9J,CIZO),Z)
FR R=fRTSTl I CV IN, 21 -wIl N, :a ) , DR R,O PH, C111 ,C IS) ,C (9) ,C I 20) ,Z)

4 WRITEJ6,Z03)N,XIIN,2),HIIN,Z),VIIN,Z),aICN,2),FRL,fRR,
SC HIN. Z " CVIN, Z ) , iolIIN .2 ) , cr IN, 2 I

203 FORHATII4,3F1.4.2E9.3,E9.3,ZF7.4.2F8.4)
GO TO 12 •

11 WR I TEl 6, 20 5) N• XII N,2 It HI IN , 2 ) • VIC N, Z " GIl N. Z ) , f R, eTC N, Z )
205 rORMATII4.3F7.4,2E9.3,5X,'-',5X,'-',SX,'-',6X,'-',F10.4)
12 CONTINUE

N=NNN
RETURN

15 IFIN.NE.N~H) RETURN
IFCVINCH,NN,Z).LT.ACCU) RETURN
QINLET=Q-CI28 I
QOIN:::FLOW-BI281
WRITE16.2041 QINLET,QDIN

204 FORMATII' FLOW THROUGH INLET IS Q =',E9.3,' CDII'!ENSIONAL DISCH R
SeE Q =',E9.3,' CFS)')

RETURN
END

230
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1
Z C
3
II

5
&
1
8
9

10
11
~Z

13
14
15
16
17
18
19
20
21
ZZ
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

SUBROUTINE PACKJ
ELIMINATE ANY DISCON UNU IT Y WHICH DISAPPE ARS
COMMON /B1/ BI401,ClQO),ZI101,TIME,OPH.NN,N,NCH.RSL,CURVF
COMMON /82/ HI27,Z7,21 ,V(27,27,21,HLl27,lO,21,HRI27,10,2lo

SVRI27.10,2 I,VLl27.10.2), VJI27,10,21o XJlZ7,lD.21 .JIl27.27,ZI.KN,NJJ
COMMON 183/ NKI271,NJI271,OX,DT,OIST.HHIN.VMIN,ITYPE,IO.OCI27,10),

SS,OS .
COMMON 187/ NU27,10 I, NR (2 7,10) ,SU21, 10) ,SRI21,10hFLlZ1.101,

SFRI21,101,NFJ,SFJ,FFJ
COMMON /B8/ ACCU ,ACCUX,ACCUY ,HORY, CC
IFlNJJ.LT.ll RETURN

20 IFlNJJ.EG.l1 GO TO 24
.NJP=NJJ-l
00 23 J=l, NJP
IFIXJ(N,J,2).GT.DISTl GOTO 19
IFlXJlN,J,21.GT.0 •• AND.ABS(XJIN,J+I,2)-XJIN,J,2)).GT.ACCUIGO TO 2

19 00 21 JJ=J,NJP
XJlN.JJ,21=XJlN,JU+1,21
VJlN,JJ,21=VJIN,JJ+l,ZI
VLlN,JJ,ZI=VLlN,JJ+l,ZI
VRlN,JJ,21=VRlN,JJ+l,21
HRIN,JJ,Z)=HRIN.JJ+l,21
HLlN.JJ.Z)=HLIN.JJ+l,2)
OClN,JJI=OClN,JJ+l1
NLlN,JJI=NLlN,JJ+11
NRIN.JJI=NRIN.JJ+l1
FRIN,JJI=FRlN,~J+l1

FLIN,JJI=FLlN.JJ+11
SLIN.JJI=SLIN,JJ+11
SRIN,JJI=SRlN,JJ+l1

21 CONTINUE
22 NJJ=NJP

IFlJ.LT.NJP) GO TO 20
23 CONTINUE
24 NJINI=NJJ

Iff XJl N, NJJ, 2) • GT. or ST.0 R. XJ IN, NJ J,2 I. LT. ACC UX) NJ I NI=N J( til-I
NJJ=NJINI
IFINJINI.EG.OI RETURN
DO 25 J=l,NJJ
K=XJIN,J,ZI/OX+l.999S9
JIlN,K,21=1

25 CONTINUE
RETURN
END

231



1 SUBROUTINE PARA
2 C COMPUTE VARIABLE C'S VALUES
3 COMMON IBll 8PIOI,CII;OI,ZIIOI.TIHE,OPH.NN.N.NCH.RSL,CURVE
~ COMHON/B6/AA1,SBl.CCl.SNK.IDG,SP1,XPGl.SPZ,XPGZ
S COHMON/B13/STR
6 COMMON/B16/AA A, B!3::heCC,TD. RTO, RMN ,RAV
7 DIMENSION AlleOl,AZleO)
8 DATA All' BETA',' '.' EPSIl·,·ON·.· BETA'.·L·,' THETA',' 0',2.' '.
9 I' PHI Z·.' '.' DELTA'.' ',' THETA'.' Z',Z.· '.' TO'.' '.' L 0',

1 U 2' '.' V 0'.' '.' F 0'.' '.' RE 0',' '.' H 0'.' '.' 0 0'.' '.' R O'
11 3.' '.' A 0'.' '.' RAIN','O',' FR 0'.' '.' L CH'.' ',' L RS·.· '.
12 4' K'.· '.' NU',' '.' DAMDA·.· '.' RAIN'.' '.' r·.· '.' Q IN'.' '.
13 S' Q L'.· ',' 1,'.' ',' HR IHM • ,. IN' .' R IFO·.· R HS I'.' FT'.' '.' P E
1~ GRCE·.·NT·.· FT'.' ·.e,.· '.' IS IN',' 'I
IS DATA AZ/' BETA· .• • '.' lAN p',·sr·.' SETA·.·L·.· SIN B·.·4·.
1 6 l' COS B',' I; • .' SIN 8'.' 6 +S 8 ' .' C R'.· ',' SIN B'.' 8' .' CO S B'.' 8 '.
17 22.' ',' LO/DO·.'/CS· .1~.· '.' RO/~3·.·200/va·.· 1/FRO·.· ••2·.
18 3' L CH·,· .. '.' L 1'5·.· .. ••• K "'.' '.' u •••• '.' DAMOA·.· .'.
19 ~·RAIN','.'.· I ~',' ',' Q IN·.·.·.· Q L •••• '.' II .·.s.· '.' LS.
2U s·.· '.' THETA'.' S ..... KS ...... ·.to.· '1
21 GGIA.B.X)=SQRTI4.*A*A*X*X+4.*A*B*X+8.S+1. I
2Z IFI ABS IAAll.L T.O.lE-ZeJl GOTO 12
23 RSL=12 •• AA1*B(221+8311/14•• AA1)*GGIAA1,BB1.81221)+1./C4 •• SQRTCAA1.
24 $A All hAL 0 G18. *AAl *AA1. 8 122 ) +4. * AA 1.BB1 +4. *S GRT 1 AA 1* AAll .G G1 AA1. BB1
2S $.8122111-8Bl/14.*AA11*GGIAA1.BB1.0.1~1./14.*SQRTIAA1.AA1».ALOG(4.

26 $*AA1*Bbl+4.!SQRT(AA1*AAll.GGIAA1.0B1.0.1)
27 GOTO 13
28 12 RSL=SQRTIB81 ••2+1.).SI22)
29 13 C(1)=811)
30 C(21=SINIATANISINIBI4»/SPZ»
31 C(3)=B13)
32 CI71=1.5*8IZ6)/160,.60 ••8171)*0.01.81111/BI12)
33 CIIOI=BI91/B(11)
3~ C(11)=BI111/BI161/CCS)
35 C11Z1=B151/B1171
36 C(19)=BI1~1/143200•• BI121)
37 CI201=1./8IZ01**2
38 C1211=81Z1I/81l1l
39 C1221=81221/B1111
~o CI231=81231/Bl171
~1 C1251=B1251/BI121
42 CIZ61=81261/B1191
~3 CIZ71=BI271/B119J
~4 CI231=812elIlEI121*B1l8»
~S C1291=B(29).CISI/IBI121*BI16)1
~6 C1301=B1301/B1121
~7 C1331=[l1331/EJl1ll
48 C1341=ATAN1813411
~9 CI351=BI351/B(17)
50 C1361=B1361
Sl C1371=81371
52 C(40)=BII;OI.CI51/BI1£1
53 C T4E FOLLOWING TWO STATEMENTS ARE SET TO CHANGE TO BY STR 10IMENS!-
S~ C CNLESS TIM~ FOR RAIN TO STOP)
55 STR=5.
56 IFITO.60,.BI121/B(11).GT.STRI TD=STR.B(11)/BI1Z)/60.
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57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

WRITEl6,2001
20U FORMATl/' TABLE OF INPUT IJATA AND DIMENSIONLESS PARAMETERS:'

$//5X ,'I' ,11X, 'B II I ',20 X, -c l I) '/)
DO 1U 1=1,40
1111=2*1
III=IIII-l
WRITEl6,201II,BlII,AIIIII),A1lIIII),ClI),A2lIII),A2lI1III

201 FORMATII5,2X.2IF11,4,lX,2A6)1
IFlI/S-S,EG,I) WRIT£16,202)

202 FORMATllXI
10 CONTINUE

WRlTEI[,,2031 RSL
203 FORMATl/' RSL = ',F6,2,' FT'I

RETURN
END
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1 SUBROUTINE PREP
2 C SET UP THE VALUES OF THOSE PARAMETERS WHICH CHANGE WITH SECTION N
3 COMMON /81/ B 140 loC I ~O I. ZI 10 I. TIME ,OPH. NN .N.NCH.RSL. CURVE
4 COMMON /B2/ HIZ7.27,ZI,VI27.Z7,ZhHLlZ7,10,ZI,HRI27.10.21,
5 1; VR127.10 .2 It VLlZ 7. 10 ,2 I. VJ (27,10. Z I. XJ I Z7,10,2 I. J IlZ 7. 27.2), KN. NJJ
6 COMMON IS3/ NK(27),NJI271.DX.DT.DIST.HHIN.VMIN.ITYPE,!O,OCI27.10).
7 $S.DS
8 COMMON /B41 IIlZ7.ZI,XIl27,Z),HIlZ7.Z),VIIZ7.2ltGH27.2ltWII27.z).
9 $CTI27.Z1 ,CHI27,ZltCVIZ7. 2)

10 COMMON/B6/AA1.BB1.CC1.SNK.IDG.SP1.Y.PG1.SPZ.XPG2
11 COMMON IB101 DXCH,DXRS.DDXCH.DOXRS
12 DIMENSION STARI1E)
13 DATA STAR/l8 .. ' ~ .. $'/
14 DATA ZIZI/O.1
15 DATA 10/01
16 CI71=1.5.'1IZ61/160.*60.$B(71)~DhBI11}/Br121

17 IFlZIZ).GT.Oe I QIN=BlZ8)
18 Z(2)=0.
19 NJJ=NJlNI
20 IFlN-NCHI2,3.2
21 C FOR CHANNEL FLOW
2Z 3 DX=OXCH
23 B(28)=GIN
24 C1281=BlZ81/1S11Z1oB1181 I
25 OIST=CI211
26 KN=NN
27 IFIIO.EQ.1J WRITE(6.200) STAR
28 200 FORMAT 1118A61" FOR CHANNEL FLOW')
29 RETURN
30 C FOR OVERLAND FLOW
31 Z IFIN.GT.NCHI XIIN.ZI=C(33)
32 OIST=XIIN.21
33 DXPG1=XPG1/Bll11
311 DXPG2=xPG2/B(11)
35 IFIITYPE.EG.3) DIST=CIZZI+DXPG1+DXPGZ
36 IFlNN.EQ.lJ DIST=CIZ21+DXPG1+0XPGZ
37 OX=OXRS
38 KN=DIST/DX+1.99999
39 B(28)=0.
40 ClZ8J=0.
41 IFIIO.EQ.ll WRITEl6.2011 STAR.N
112 201 rORMAT<lBA6/' rOR.OVERL/lND FLOII.SECTION'.I31
113 IFIIO.EQ.0.OR.ZI11.LT.O.CD011 RETURN
44 OZl=ZI11*8C111/BI121
45 WRITEl6,202lZ11l,DZl
46 202 FORMATII5X.76I'.')/5X,'. AT TIME =',F9.3.5X.'IOIMENSIONAL TIME ='
47 SF9.3,' SEC.) RAINFALL STirS .'/5X.76I'."»
48 1111=-1.
49 RETURN
50 END
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1 SUBROUTINE RAINIIR,TMDL)
Z C COMPUTE RAINFALL INTENSITY
3 COMMON IB11 B(40lfCI40),Z(10IoTIME,CPH,NN.N,NCH,RSL.CURVE
4 COMMON/B16/AAA,BBB,CCC,TD,RTO,RMN,RAV
5 C INDEX IR=l. COMPUTE AVERAGE RAINFAll INTENSITY. RAV. IN./HR
6 C 2. COMPUTE INSTANT RAINFALL INTENSITY. RINT. IN./HR
7 C 3. COMPUTE TEMPORAL MEAN RAINFALL INTE~SITY, RMN. IN./HR
8 C USE THE RATE-DURATION-FREQUENCY FORMULA.
9 C RAV=AAA/(TD+BBB)"CCC

10 c RTO=SKEWNESS OF STORM PA TT ERN
11 C TO=TIME DURATION. MINUTES
12 C AAA, BBB, CCC=PARAMETERS
13 C cec MUST BE LESS THAN UNITY IN CASE THAT BBB IS lESS THAN ZER 0
14 GO TOl1,2,3).IR
15 1 READIS,100) AAA,BBB,ceC,TO,RTO
16 100 FORMATI8F10.0)
17 WRITEI6.200) AAA,BBB,CCC.TO.RTO
18 200 FORMATI/' RAINFALL PARAMETERS ARE A = ',FB.2,' B = ',F8.2,' C = '
19 S,FB.2,' TIME DURATION ITDI :; ',FS.2,· IMINUTES) RATIO IR) = ',F8.3
20 $)

21 IFIBBB.LE.O.) GOTO 11
22 RAV=AAA/ITD+BBB) •• CCC
23 B(26)=RAV
24 RETURN
25 11 BBB=-BBB
26 IFICCC.GE.'l.) SSS::SQRT(-1.1
27 RAV=AAA/ITO-BBB)"CCC
28 IF ITD.LE.2 •• BBB/U .-eCC» RAV=AAA/BBB•• ccC'.( (l.-cee) I( 1.+CCC) )uce
29 $C
30 BI261=RAV
31 RETURN
32 2 TTT=TMDL.B(11)/BI121/60.
33 IFITTT.LE.TDI GOTO 20
34 RINT=O.
35 BI321=RINT
36 RETURN
37 20 IF I BB B.LE .0. I GOTO 21
38 IFIRTO.LE.O.1 RINT=AAA.II1.-CCCI.TTT+BBBI/ITTT +BBBI •• l1.+CCCI
39 IFIRTO.GE.l.I RINT=AAA.I(l.-CCC)'ITD-TTTJ+BBB)/I(TD-TTT)+BSBlul1.
40 $+CCC)
41 IFIRTO.GT .0•• AND.RTO.L T.1•• AND. TTT.LE .RTO 'TD) RINT=AAA. I (l.-CCCh
42 $lTO-TTTlRTOI+BBB )/1 (TD-TTT IRTOI +BBB)" I 1. +CCC)
43 HIRTO.GT.U •• AND.RTO.LTol•• ANO.TTT.GT.RTO'TD.AND.TTT.LE.TO) RINT=
44 SAAA.ll1.-CCC).ITTT-RTO'TOI/11.-RTO)+BBBI/IITTT-RTO'TD1/11.-RTO)+
45 SBBB) •• ll.+CCCI
46 BI321=RINT
47 RETURN
48 21 BBB=-BBB
49 IFlceC.GE.l.) SSS::SQRTI-1.)
50 IFIRTO.LE.U.1 GOTO 22
51 IFIRTO.GE.l.1 GOTO 23
52 GOTO 24
53 22 IFITTT.LE.2 •• BBB/(1.-CCCII RINT=AAA/BBB*.ceC*(11.-CCCI/I1.+CCCII ••
54 SCCC
55 IF lTTT.GT .2.'BB91 I l.-CCC) .AND. TTT .LE .TOI RI NT=AAA *1 I 1.-CCCI *TTT-
56 $BBB)/ITTT-BBB).*11.+CCCI

\
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59
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63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
lU2
103
lU4
105
106
107
108
109
110
111
112
113

B«32)=RINl'
RETURN

23 IF«TTT.LE.ITD-2.-SBB/ll.-CCClll RINT=AAA.««l.-eeel*«~O-TTTI-BBBI/(

$(TD-TTT1-SSSl.*11.+CCCI
IF H TT • GT • t TD- 2 •• BBBI «1. -C CCI I • AN O. TTT• l£ • TOI R IN T=AAAI BBB* *e ce*
$(ll.-CCCI/II.+CCCII.~CCC

Bi321=RINT
RETURN

24 IF nTT .LE.I RTO"TD-2.-A8B»R TO/( I.-CCC)) I RINT=AAA* (( 1.-ecc 1* lTO-TTT
$/RTO)-BBBI/I(TD-TTT/RTOI-BBBI**(l.+CCCI

IF«TTT.GT.IRTO$TD-2 •• gSB*RTO/ll.-CCCII.AND.TTT.LE.IRTO*TO+2.*BBB*(
$1. -RIO II t i .-C cc I II RIN T=AA AlBSSu CCC * I 11.-C CC)/ U .+CCC I 1**CCC

IFfTTT.GT.IRTO-TD+2 •• BBB-11.-RTOI/I1.-CCCII.ANO.TTT.LE.TDJ RINT=
SAAA. 1«1. -cec 1* ( T TT -RTO-TO 11« 1. -RT 0 I-BBB I I «I TTT-RT O*TD I I (l.-RT 01
$BBBi**Il ... CCCi

B«321=RINT
RETURN

3 TTT=THDL.8(111/81121/60.
IFfTTT.LT.TDI GOTO 30
RMN=AAA. T 01 sr 0+ 88 BI" "CCCIT TT,
RETURN

30 IFITTT.LE.O.IE-61 GOTO 35
IFfBBB.LE.D.I GOTO 31
IFIRTO.L E.O. I RM N=AA A/lT n ... B8S) ... CCC
IF(RTO.G[.~.IRMN=IAAA*TD/ITD"'BBBI**CCC-AAA.ITO-TTTI/IT0-TT1"'B8BJ**

$CCCIITTT
IF I RTO. GT .0 •• AND. RTO.L T.1•• AN O. TTT.L E.R TO *T0 J RMN = I AAA* RT O*TO II TO'"

$BBB)*$CCC-AAA"RTO*ITO-TTT/RTOI/ITO-TTT/RTO~B9BI**CCC)ITTT

IF IRTO. GT .0 •• AN O.R TO .L T.1•• AN D. TTT.f? T.R TO *T O. AN D. TTT. LE • TO I RMN=(
$AAA*RTO*TOII10"'B6B I **CCC+A AA.1 TTT-RTO*TDI II ITTT-RTO*TOiIl1.-RTO I'"
saSBI uCCC llTTT

RETURN
31 BBB=-BBB

IFICCC.G[.1.1 SSS=SQRTt-lol
IFIRTO.LE.O.J GOTO 32
IFIRTO.GE.1.1 GOTO 33
GOTO 34

32 IFITTT.LE.2."'BBB/11.-CCCIl RMN=AAA/BBB**CCC.I(l.-CCC)/«1 .... CCCI)**C
Sec

IFITTT.GT.2.*SBB/11.-CCCI.AND.TTT.LE.TOl RHN=AAA/(TTT-BBB1**cec
RETURN

33 IF nTT .LE. I TD-2. -BBBlll. -C CC II I RMN= tAAA* TOI lTO-B BB I uCCC-AM *(10
STTT! I I TO-TTT-BBB lucce II rr T

I Fl TTT. GT • I TO -2 ••8 BBIll. -c CC J I • AN D. TTT. LE •TDI RMN = 1AAA *TOil To-a BB I
$**CCC-AAA/SBB**CCC*111.-~CCI/ll."'CCC)I*-CCC*ITO-TTTIIITTT

RETURN
34 IFITTT.LE.IRTO*TD-2 ••SBB*RTO/I1.-CCCIII Rm=IAAA*RTO*TD/rTO-BBBlu

SCCC-AAA*RTO*ITO-TTT/RTOI/(TD-TTT/RTO-8BBI**CCCI/TTT
IF (TTT. GT • I RT 0*TO- 2•• 8BB*RTO/« l.-CCC II • AN O. TT T.LE .1 RTO .TO +2.* BBB* I

$1.-RTOI/11.-CCCI)) RMN=IAAA*RTO*TD/ITO-8BBI,,*CCC"'AAA/BBB**CCC*II1.
$ -CCC 1/11. -ccc I I ... CC C* (T TT- RTO *TO II IT TT

IFfTTT.GT.(RTO*TD+2.*888.11.-RTOJ/(1.-CCCI).AND.TTT.L£.TDl RMN=
$fAAA*RTO.TD/(TD-B8BI**CCC+AAA*(TTT-RTO*TD)/ffTTT-RTO*TO)/(l.-RTOI
S8BBI**CCC I ITTT

RETURN
35 RMN=O.

RETURN
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1 SUBROUTINE REF
2 C COMPUTE THE REFERENCE PAP.~METERS

3 COMMON IBll SIIjOI.ClIjOI,Z(10).TIME.OPH,NN.N.NCH,RSL.CURVE
4' COMMON/B6/AAl.BBl,CCl.SNK.IDC.SPl.XPGl,SP2.XPG2
5 COMMON 1'2.81 ACCU,ACCUX,ACCUY,HDRV,CC
6 DIMENSION FlZl,Yl2ltPRl21
7 C REFERENCE FL0W IS ASSUMED AS UNIFORM Flow PER,UNIT WIDTH AT THE
8 C EQUILIBRIUM STATE AT THE INLET
9 B{111=BI211

10 N=l
11 ACCU=0.1E-6
12 HDRY=0.lE-4
13 ACCUX=ACCU/Bllll
14 Bl41=ASINlB(4)1
15 B{SI=Bl41
16 B{ 32 )=8126 I
17 CI41=SIN{BI411
18 C{51=COSlBl411
19 C{61=SINlBI61+BP))
20 C{81=SINlBl8~1

21 Cl91=COS{B(81)
22 SC=ABSlCl411
2 3 IF( C l 4 I. GT• 0.) GOT a 22
24 CC=O.
25 GOTO 23
26 22 CC=BI361~CI41**BI371

27 23 IFlCC.LT.24.1 CC=24.
28 AREA=BI2U*lS{221+XPG1+XFC2+S1331+BlSII*C{SI
29 QO=BI261*AREA/112 ••EO"61~I+Bl281
30 Bl191=12.*60.*60./AREA'QO
31 IFlBl231.LT.ACCUI GO TO 4
32 C WHEN ROUGHNESS SIZE KIS LARGER THAN ACCU, ASSUME TURBULENT FLOW
33 C ON ROUGH SURFACE
34 r=1
35 NCT=O
36 Yl11=0.1
37 1 HO=YlIl
38 CALL GEOMl 2. AO,HO, RO ,T O. 00 ,2,1,11
39 Fl=Z.*ALOG.1012.*PO/BI2311+1.74
40 F l I I =2 57 • 6 *A0 * Aa•R0 * so • F 19 F 1 -Q 0 *Q0
41 IFlABSlFlIll.LT.ACCUl GO TO 3
4Z IFlI.EG.U GO TO·2
113 NCT=NCT+1
114 IFlNCT.GT.ZOI SS=SQRT(-1.1
45 IFIABSlFll'-FI2,I.LT.ACCU.ACCU' GO TO 3
46 HO=lF{11*YlZI-FI21'YllllIlFll)-F{211
47 Yll1=Y(2)
48 Y{21=HO
49 Fl11=F(2)
50 GO TO 1
51 2 1=2
52 Y{21=O.5
53 GO TO 1
511 3 B{121=GO/AO
55 B{ 14 I=Bl 12 hRO/Bl:' 41
56 C CALCULATE THE CRITICAL RENOLDS NUMBER BETWEEN TURBUl[NT FLOW ON
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57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

IOU
101
102
103
104
lU5
106
107
108
1U9
110
111
112
113

C SMOOTH SURFACE AND LAMIN I'P. FLOW
4 REC=500.

NCT=O
5 F 1 =REC-C C* I AL 0 G1 0 IRE C I +A LO G1 0 ICC 1 + o, Ij(J 41* *2

F2 =1.- 2. *S QRT I CC III ALOG lID .1 *SQRT IRE CI 1
RE CC=REC -F 1/F 2
IFIABSIRECC-RECI.LT.ACCUI GO TO 6
NCT=NCT+1
IF INCT .GT. 20 I SS=S QRTl-1.1
REC=RECC
GO TO 5

6 RELS=RECC
1FIBI231.LT.ACCUI GO TO '3

C CALCULATE THE CRITICAL REN OLDS NUMBER BETWEEN TURBULENT FLOW ON
C ROUGH SURFACE AND LAMINAR FLOW

F 1 =2 • * AL0 G10 12 • * ROI B 12 3 I 1+1. 74
RELR=CC*F1*Fl
1FIRELS.GT.RELRI GO TO 7

C RESR=THE CRITICAL REYNOLDS NO. BETWEEN TURBULENT FLOW ON SMOOTH
C SURFACE AND THAT ON POUGH SURFACE

RES R=9 • 3 12 *R0 *F1 18 12 31
1FCRESR-BI14118,8,9

7 1FIRELR.GT.B1141 1 GO TO 15
8 BI131=1./Fl**2

GO TO 20
C ASSUME TURBULENT FLOW ON SMOOTH SURFACE

9 1=1
NCT=O
RRll 1= ICC*QO*QO/1257.6*SO*RELSII** 11./3.1

10 RO=RRI II
CALL GEOMI 3, AO ,HO. PO .TO, CO,2,1,1 1
Fl=SGRH 257.6*RO*SOI *1\0/00
F I I 1 =2 • * ALOG 1 0 I Q 0*R0 II AD of' 12 Ii I h F1 1+ O. Ii 0 4 -1 • IF 1
IFIABSIFIIII.LT.ACCUI GO TO 12
1FII.EG.l1 GO TO 11
NCT=NCT+ 1
1FINCT.GT.201 SS=SQRTl-l.1
RO=C Fl II * R R12 I -F I: 1* RR 11 " I (F 111 -F 12 II
RR 111= RR 121
RRI21=RO
r 111 =F 121
GO TO 10

11 1=2
RR 12 I=RO*1.2
GO TO 10

12 BI121=QO/AO
BI14I=BI121*RO/BI241
1FIBl1lil.LT.RELSI GO TO 15
B I 13 1=Fl * F 1
GO TO 20

C COMPUTE F AND R FOR LAMINAR FLOW, F=C/RE AND O=8*G*S*R*R*A/IC*NU 1
15 RRlll=ICC/8.*GO*BI241/137.2*SOII .... ll./3.1

1=1
NCT=O

16 RO=RRIIl
CALL GEOMI 3. AO .HO. flO ,TO, ro.2,1,1 1
rr I 1 =32. 2*RO* .. 2*SO*1\01 I cel 8."8« 24 11- GO

2-39
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114
115
116
111
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

IF IA BS IF! I)j • L r , AC CU I GO TO 18
IFII.Ea.l» GO TO 17
NCT= NCH 1
IfINCT.GT.201 SS=50RTl-l.1
RO=IFI 11 "PRI21-FI21"'RRllII/IFI1l-FIZIl
RR 111= RR121
RRI21=RO
F I II =F 121
GO TO 16

17 1=2
RRIZI=RO*I.Z
GO TO 16

18 BI121=QO/AO
BI 14 I=BI 121 "RO/B 12 41
BI131=CC/Bllljl
TFIRElS.lT.BI1411 SS=SQRT{-I.1

20 B1151=HO
Ell 10 1= TO
Bf H 1=00
Bll1l=RO
B1181=AO
BI 20 1= B1 12 II S QRT 13 2. 2* B I 16 I '"CI 51 I B (1 II
ACCUV=ACCU*CI51/B(161
RETURN
END
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1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

C

C
C
C

SUBROUTINE SLOPE
COMPUTE RUNOFF DISCHARGE FROM SIO(SLOPE
COHMO N / P1/ B l 40 I • C l 40 I • Z110 I • T1ME • 0PH. NN • N• NCH• RS L • CURVE
COMMON /82/ H(21.21.21.V(21.21.21.HLl27.10.21.HRI21.10.21.

$ VR l 27.10.2 I. VLl 27.10 .2 }. VJ l 27.10.2 I. XJ l 27,10.21 • J 1121.21.2 I • KN. NJJ
COMMON IB3/ NKlZ11.NJl211.DX.DT.DIST.HMIN.VMIN.ITYPE.IO.OCl27.101.

$S.DS
COMMON /B4/ IIf21.ZI.XIl21.21.HIl27.21'-VIIZ1.2,J.GIl27.21.WIl27.21.

$CTl27.21.CHIZ1,·ZltCVI27.21
IFC=INDEX FOR COMPUTATION OF NEWLY OCCURRING SHOCK WAVES

1. ASSUME NO NEW SHOCK WAVES
2. OTHERWISE

IFC=1
CALL PREP
IFlKN.lT.21 RETURN
CAll INPT
CAll UBDY
CAll DBDY
IFlNJJ.GT.OI CALL PACKJ
IFIIFC.EG.ZI CAll NEWJ
CAll GEOM(Z.AS.HlN.KN.21.RS.TS.DS.lt2.DISTl
GS=VIN.KN.ZI*AS
00 1 K=l.NN
GIlK.11=GIlK.11+QS

1 CONTINUE
RETURN
END

241



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

c
C

C
C

SUBROUTINE STORMIX.TTTTI
SE.T UP THE VALUES Of THOSE PARAMETERS WHICH CHANGE .WITH THE
LONGITUDINAL COORDINATE
COMMON 181/ B 140 I. CI 40 I ,ZI 10 I. TIME.OPH. NN.N .NCH .RSL .CURVE
CO~lMON 1821 H 127.27.21 .VI27. 27 .21.HLl27 .10.21 ,HRI27.10.21.

$VRI27.10.2J.VLlZ7.10.21.VJlZ7.10,ZI.XJI27.10.21.JIlZ7.Z7.ZI.KN.NJJ
COMMON 1831 NKI271.NJI271,DX.DT.DIST.HHJN.VMIN.ITVPE.IO.OCI27.l01.

SS.DS
COMMON 1841 IH27.21.XII27.21.HIl27.21.VII21.21.QII27.21.WII21.21.

SCTIZ7.21.CHI27.21.CVlZ7.21
COMMON/86/AA1.881.CC1,SNK.IDG.SP1.XPG1.SPZ.XPG2
COHMON 1831 ACCU.ACCUX.ACCUV.HDRV.CC
COMMON /B101 DXCH.DXRS.DDXCH.DDXRS
COMMON/816/AAA,B88.CCC.TD.RTC.RMN.RAV
COMMON/B17/FINF,8ETTA.ALPHA.TO.TP.VSF.SPI
DATA IITVPElOI
DATA ZI1'/O.1
GGIA.B.V)=SGRTi4.*A*A*V*V+4.*A*B*Y+8*8+l.1
FCTA=AREA MODIFICATION FACTOR DUE TO CURVED ROADWAV
RADLS=DIMENSICNLESS RADIUS ~F CURVATURE IRADIUS/BIIlll
rFICURVE.GT.O.IE-51 RADLS=l./CURVE/Bllll
DXPG1=XPGI/BI111
DXPGZ=XPGZ/Oll11
IFICURVE.GT.O.IE-51 FCTA=1.+ICCZZ)+DXPG1+DXPGZ-XI/RADLS
IFIIITVPE.EQ.OI IITVPE=ITVPE
IFlTTTT.GT.T~*60.*BI1Z)/BI111.AND.ABSIZllll.LT~O.OOOll2(1)=TO*6 ~

$"5(12)/8111.1
K=X/DX+l.99999
XRAIN=CI301*TTTT
IFIN-NCHI 2.10,13

2 CC241=O.
81291=0.
IFIX.OT.CIZZI) GOTO 4
XL=X*BC1l1
IFIABSIAA11.LT.O.1E-201 COTO 1
SATO=BB1/14.*AA1I*SGRTI9B1*BB1+1.1+1./14.*SQRTIAA1*AAlII*ALOGC4.*A

$A1*BB1+4.*SGRTIAAl*AA11*SQRTlBB1*B61+1.11
RSX=12.*AA1*XL+9011/14.*AA11*GGIAAl.BBl.XL)+1./14.*SQRTIAA1*AAlll*

$ALOGI8.*AA1*AA1*XL+4.*AA1*BBl+4.*SORTIAAl*AA11*GGCAA1.BB1.XLII-SAT
$0

GOTO 9
1 RSX=SQRTI88l**Z+1.I*XL
9 S=RSX/BI111
3 TAN=-IZ.*AA1*XL+B911

B I 81 =·A TAN I TAN I
DS=DX/COSli3ISII
GOTO 5

4 IFIINTlXPGlI. EG.OI cor o 7
IFlX.LE.lCI221+0XPGlll GOTO 6

7 SI81=ASINISPZ)
$=RSL/81111+1X--ClZ21 lICOSlBlSl1
DS=DX/COSISI811
GOTO 5

6 BI81=ASINlSPll
S=RSL/Bllll+C X-CI2ZII/COSIB (81)
DS=DX/COSlBI8JI
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~

1111 22
115
116
111
118 61
119
120 23
121 15
122
123 13
124
125 16
126
121 11
128
129
130
131
132
133
134
135
136
131
138
139
1'+0
lIl1
142
143
144
H.5 .
146
141
14 a
149
150
151

IFIK.GE.2i GOTO 61
81291=GIIK.ll~8(181~81121

CI241=vIlK.1l
GOTO 23
81291 = I GII K. 11-1 GIl K .1 1- QII K-l .1 II *0 XI/0X 1* 8 /181* aU21
CI241=VIIK~lJ-IVIIK.11-VIIK-1.111*OXl/0X
IFIX-PRAINI 15.15.16
81261=0.
GO TO 17
CI241=O.
81291=0.
61261=81321
IFlITYPE.EG.ll CALL RAINI2.TTTTI
CI261=B{261/BI191
C1231=B1231/B1171
IFIN.EG.NCHI C1231=C1121
IFlN.GT.NCHI C1231=C1351
BI271=0.
IFIN.EQ.NCH.ANO.BlSI.GE.U.31 CALL INFlTIZ.TTTTI
IFlN.GT.NCH.ANO.BI351;GE.O.31 CAll INFLTIZ,TTTTI
CIZ71=61271/B1191
IFlN.NE.NCHI BI291=0.
CI291=BI291/1911Bl*811211
IFlN.GT.NCHI B181=C1341
CI61=SINIBI61+BI811
C181=SINIB1811
C191=COS181311
CIZI=SINIATAN (SINIBIlll I/C(81))
C1361=B1361
C1311=B1371
IFlN.EG.NCH.ANO.BI51.GE.0.31 C1361=B1381
IFIN.EQ.NCH.AND.BI51.GE.O.31 C1371=B1391
IFIN.GT.NCH.AND.BI3SI.GE.O.31 C1361=B1381
IFIN.GT.NCH.ANO.81351.GE.O.31 C1371=B1391
IFICURVE.GT.O.1E-5.ANO.N.NE.NCHI CI261=FCTA*CIZ61
IFICURVE.GT.0.IE-5.AND.N.NE.NCHI CI271=FCTA*CIZ11
RETURN
END
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1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
Z5
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
111

42
43
44
45
46
li7
48
49
50
51
52
53
54
55
56

SUBROUTINE TYPE4
C SET UP THE GUTTER FLOW CCfWITIONS FOR TYPE 3 MOVING RAINSTORM
C THE ADVANCING WAVEFRONT REACHES THE ROAD CURB

COMMON /B1/ B(40),CI40),ZI10),TIME,OPH.NN,N,NCH.RSL,CURVE
COMMON /B2/ HI27.27,2),VI27.27.Z),HlI27,10,Z),HRIZ7.10.2),

$ VR 127, 10 .2 I , Vl I Z7, 10 ,2) • VJ I Z 7, 10 • Z ), XJ I 27 ,10, Z ) ,J r rz 7, Z7 , Z ) • KN • NJJ
COMMON /B3/ NKIZ71,NJ(27),DX,DT,DIST,HMIN.VMIN.ITYPE.IO.OCIZ7,lO),

$S.DS
COMMON 184/ IIIZ7,ZI.XIIZ7.Z).HIIZ7.Z).VI(Z7.2).GII27.2).WII27,Z).

$CT(27,2) ,CHI27.ZltCVIZ7,Z)
COMMON IB81 ACCU.ACCUX,ACCUY,HORY,CC
COMMON /BIOI DXCH,OXRS,DOXCH,DDXRS
DIMENSION VVIZI.FF(2)
ITYPE=1
CALL INBOYll,XX.HH.TT,2)
N=NCH
CAll STORMIO.,TIME)
NCT=O
HP=HINCH.1.Z)
1=1
VVf! )=0.1
CALL GEOMI2,A.HP,R,T,D,1.2,0.)

82 CALL FRICIVVII),HP,F,P,Rf,REC.IR.2,O.)
F F I I )= CI 8) -C (4).r18 I 13 '* Ie S I VV I IJ ) -V VI I) r R
1FfABSIFFlI)).LT.ACCU) GO TO 84
IFII.EG.1) GO TO 83
NCT=NCT+1
IFINCT.GT.20) SS=SQRTl-l.1
VVV= I FF I 1) -VV I Z) -FF I 2) *V VI 11 JI I FF I 11 -FF (2) )
VVU )=VV IZ I
VVIZ)=VVV
FFU)=rFI21
GO TO 82

83 1=2
VVIZ)=O.OOOl
GO TO 82

84 VINCH.I.2)=VVII)
KN=XIIl, 2) IOXRS+1. 00 00 1
Xlll,1 )=XIll, 2)
00 10 N=2,NN
00 9 K=I,KN
HIN.K,Z)=Hl1,K,Z)
VIN,K.Z)=VIl,K,ZI
JIIN,K,Z)=JII1,K.Z)

9 CONTINUE
NKIN )=KN
HIlN,21=HIll,ZI
VIIN,ZI=VIU.ZI
IIIN,ZI=IIC1,Z)
CTlN,2)=CTll,Z)
CHI N,2 )=CHCl,2)
CVIN,Z)=CVIl,Z)
WIIN,2)=WIl1,Z)
XIIN,2)=XIll,Z) ~

GIIN,Z)=GIIl,ZI
XIIN,ll=XIIl,l)
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57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

HINCH.N.ZI=HINCH.l.21
VINCH.N.21=VINCH.1.Z1
rFINJJ.EGeOI GO TO 10
NJINI=NJJ
DO 8 J=l.NJJ
XJIN.J.21=XJll.J.ZI
VJIN.J.21=VJll,J.21
VRIN,J.21=VRll.J.21
VLIN,J,21=Vlll.J.21
HLIN.J.21=Hlll.J.ZI
HRIN,J,21=HRll.J.21

8 CONTINUE
10 CONTINUE

RETURN
END
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1 SUBROUTINE UBOY
2 C SET UP UPSTREAM BOUNQARY CONDITIONS
3 COHMON /01/ B(I!OJoC(40ltZ(10hTIME,OPH.NN,N.NCH.RSL,CURVE
Ii COMMON /B2/ H(21.21,21.VI21.27.2ItHLl21.10.21.HR(27.10.21.
5 SVR (21.10,2 J, VU21.10,2 I, VJI 21.10.2), XJI 27.10.2 I,J IC21. 21.2 J .KN,NJ
6 COMMON /83/ NK(27J,NJ(21ItDX.OT.DIST.HMIN.VMIN.ITYPE.IO.OCI21.10J.·
1 SS. OS
8 COHMON /B8/ ACCU,ACCUX.ACCUY.HORV.CC
9 COMMON /811l/ IWETl211

10 IFIITYPE.EO.2.AND.IW[TINJ.EO.OJ HIN,I.2,=HORY
11 IF(ITYPE.EO.5.ANO.IWET(NI.EQ.OJ HIN,I,21=HDRY
12 CALL STORMIO •• TIMEI
13 IFIBI261.LT.ACCU.ANO.HIN.I.11.LT.1.1*HORYI H(N.l.21=HORY
14 I F I HI N,I ,2 I • GT • ACCUY IRE TU R N
15 XJ2=XJ(N,I.21
16 IFlXJ2.GT.0 •• AND.XJ2.L T.DXI JI(N.2,21=1
17 IF(JICN.2,ll.EQ.ll GOTO 20
18 IFlJIIN,2.21.EQ.11 GOTO 10
19 IF(ITYPE.EQ.21 GO TO 5
20 IF(N.EQ.l.0R.N.EQ.NCHI GO TO 5
21 N1=N-l
22 IFlABSIHIN.l.1I-HIN1,l.111.GT.ACCUI GO TO S
23 IF(ABSIVIN,l.11-VINl,I,lll.GT.ACCUI GO TO 5
24 IF(ABSIVIN.2.11-VINl,2.111.GT.ACCUI GO TO 5
25 IFIABS(HIN,2,II-HINl.2,lll.GT.ACCUI GO TO 5
26 IF(ABSIHIN.2.21-HINl,2,211.GT.ACCUI GO TO 5
27 IFIABS(VIN.2,2J-VINl.2,211.GT.ACCUI GO TO 5
28 HIN.l.21=HIN1,1.2J
29 VIN.l,21=V(N1,1.21
30 RETURN
31 5 CALL UPT(HIN,l,II.V(N.l.lJ ,H(N.2.1J,V(N,2.1JoHfN,Z.2ltVIN.2,2J,
32 SOX I
33 RETURN
31l 10 IFlXJ2.LT.ACCllXI GO TO 12
35 H2=H (N ,1,1 J+ I HI N,2,1 J-H I N.1.11 J*XJ2/0X
36 V2=VIN,l,IJ+IVIN,2,II-VIN,1.1JI*XJZ/OX
37 11 CALL UPT(H(N.l,lltVIN.l.1I,H2,V2.HLlN.1.2J.VL(N.l,2J .XJ21
38 RETURN
39 12 H(N.l,21=HL(N,I,2J
110 VIN,I,21=VLIN,I,21
41 RETURN
42 20 IF(JIIN,2.21.EQ.OJ GOTO 22
43 IFIXJIN,I.11.LT.ACCUXI GO TO 21
44 H2=H(N,I,II+fHLIN,hll-HfN,l,IJJ*XJ2IXJ(N.I,11
45 V2=V(N,I.11+IIlLIN.l,II-VlN,l,lll*XJ2IXJIN.l,lI
46 GO TO 11
47 21 CALL UPTIHUN,1.lJ,VUN,1tll,O •• 0.,HLlN.1.21,VL(N.1,2ItXJ21
48 RETURN
49 22 IF(VJIN.l,ll.LT.O.1 GO TO 23
50 HZ=HIN,l,II+IHLIN.l,ll-HIN,I,l)I*OX/XJIN,I,IJ
51 VZ=V(N,l,lJ+IVLIN.1,11-VIN,l,I)).OX/XJfN.1,11
52 CALL UPTIH(N,l.1J.VIN.l,1I,H2.V2.H(N,2.2J.V(N,2.2I,DXJ
S3 RETURN
54 23 Hl=HIN,2.1J+IHRfN,I,ll-HIN,2,IJI*OX/IOX-XJIN.l,IJ J
55 V1 =v IN ,2 ,1 1+ ( VRIN. 1, II -v IN ,2,1 J I * 0 X/ to X-X Jl N,l, 11 J
S6 CALL lJPTIHltVl.HIN,2,II.VIN.2.1I.HIN,2.2ItV(N,2.2J,OXI
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RETURN
END
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1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
3U
31
32
33
3'1
35
36
37
38
39
40
41
42
'13
44
45
46
47
48
49
50
51
52
53
54
55
56

C
SUBROUTINE UPTIHl,Vl,H2.It::',H3,V3,X)
COMPUTE V AND H AT THE UPSTREAM GRID POINT
COMMON /B1/ 8(40), C(40). ZI 10), TIME ,OPH ,NN, t"NCH ,RSL, CURVE
COM/iON /82/ HI27.27.2) ,VIZ7,27,Z),HLIZ7,10,2I,HRI27,10,21.

$ VRI Z 7, 10 ,2), Vl I Z 7,10.2 I, VJ I27.10,2" XJ I 27,10,2) ,J I12 7,27,21, K N, NJJ
COMMON /83/ NKIZ71 ,NJI27IoDX.DT,DIST ,HMIN,VMIN,ITYPE,IO,OCI27,10).

$S.DS
COMMON /84/ III27'2I,XII27,21,HIIZ7.2),VIIZ7,z'),OI!Z7'21,\lII27.2).

$CTIZ7,2) .CHI27,2),CVI27,21
COMMON /8 6/ AAl, B81. CC1, SNK. ID G. SPI. XPGl • SP 2. XPG2
COMMON /88/ ACCU.ACCUX.ACCUY,HDRY,CC
DA TA C22/0. /
IF I lOG. EO .1. ANO. N. EO .N CH) eTM IN =H MIN*8116) / CIS 1 /T AN I ASI NI SF'2) J /B II

SO)
IF IIDG. E0.1. ANO. N. EO .N CH.A ND.C T 11, ZI .L T.e TM IN I CT I 1.21 =CT MI N
IFIN.EO.NCH) CALL GEOMI2 .AMIN.HHIN.R .T,O,I,2.0.1
CALL GEOMIZ,ADRY,HDRY,R,T,D,1,2.0.1
TIM=TIME-DT
CALL STOPMIO •• TIM)
CALL GEOMI 2, AI, HI, R1 ,T 10 D1 .1 ,1 ,0. I
C1=CIzel
TFIN.EO.NCHI C1=CZZ
C9=C(9)
C26=CI 26 1
C27=CI7.7 )
CZ9=CIZ9)
CALL STORMIO.,TIME)
C2=C1281
C':!=CI91+C9
C26=CI Z6)+C26
C27=CI 27 )+C27
C29=CI291+C29
CALL STORMIX.TIME)
CALL GEOMI2.A3,H3.R3,T3.D3,1,2,X)
C9=C 19 )+ C<J
CZ6=CI 26 I+C26
C27=CI271+C27
C29=CI 29 )+C29
CALL STORMIX,TIM)
C/ILL GE0l112,A2,H2,RZ,TZ,D2,1,I,X)
C9=ICI91+C3)/4.
C26=ICIZ6)+C26)/4.
CZ7=ICIZ7)+C271/4.
C29=ICI291+C291/4.
T= IT 1 + TZ+T 3 ) /3.
A=Al +AZ- A3 +Z •• DT * I I C9* I C?6 -C 27 h C I 19 ). Too B III 1*8110 II 0(181)'" Bf 111

$*C29/1 8110 r-c 151)) -I V2*A ;:+V3.A3-CI-CZ) * lOT/XI
IFIN.EG.NCH.ANO.IDG.EQ.I.ANO.A.LT.AMIN) A=AMIN
IFIA.LT.ADRY) A=ADRY
CALL GEOMIl.A,HIN.1.Z),R ,T.0,1.2,O.)
IFIN.EQ.NCH.AND.IDG.EO.1.AND.HIN,1.21.LT.HMINI HIN,I,Z)=HMIN
IFIHIN,I,?I.LT.HDRY) HIN,I,Z)=HDRY
IFIN.£G.NCH.AND.~I1).GT.:?)CALL INBDYI3,O.,HIN,1,Z),T,ZI
CALL GEOMIZ.A,HIN.l,2I,R.T.D,I,Z,O.)
VIN,l,Z)=C2/A
IFIN.£G.NCH) C2Z=CZ
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RETURN
END
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1 SUBROUTINE WRITJ
2 C OUTPUT INFORMATION FC~ DISCONTINUITIES
3 COMMON /Bl/ BI401,CI401.ZflOI,TIME,OPH.NN.N,NCH.RSL,CURVE
4 COMMON /8l1 Hll7,l7,ZI,VI27,l7.2J,HLll7,lO,2ItHRIZ7,lO,l',
5 SVRIZ7.l0,lItVU27,lO,2I,VJI27,10,ZItXJIZ7,lO,ZI.JIl27,Z7,lJ,KN,N J
6 COMMON /831 NKI271 'NJI zt hDX,DT,DIST .HHIN,VMIN,ITYPE,IO,OCI27,10J,
7 SS,DS
8 COMMON /87/ NLI27,lOJ,NRll7,lO),SLI27,lO),SRIl7,lOI,FLI27.10J.
9 SFRI27,lOI,NFJ,SFJ,FFJ

10 WRITEl6,ZOOl
11 200 FORHATI/' DISCONTHJUITIf:S: '/4X, 'TYPE" .5X. 'XJ' .4X ,'VJ',13X.'V' ,6X,
12 I'H', 6X ,'a' ,6X, 'FR' .5 X, 'REL FR' ,4X, 'RENOS' ,4X,'CRI RE ',3X, 'FRIC'.
13 26X,'SF',5X,'F',lX,'E',4X,'OCCo'l
14 DO 30 J=l,NJJ
15 XJJ=XJIN,"',ll
16 VJJ=VJIN,J,21
17 Vll=VLfN,J,2)
18 VRR=VRIN,J,2)
19 HRR=HRIN,J,l)
20 HlL=HLIN,J,2J
21 CAll STORHIXJJ.TIHEI
22 CAll OPHEAD
23 CALL GEOMIZ,ALL,HLL,PLL.1LL,DLL.l.Z.XJJI
24 CALL GEOMI 2.ARR,HRR.RRR, TRR,DRR.l,Z, XJJI
25 GL=VlL*ALL
26 QR=VRR*ARR
27 CALL FRIC(VLL.HLL,FLL,RLL,REL.RCl.KL,Z.XJJI
28 CALL FRICIVRR,HRR,FRR.RRR,RER,RCR,KR,Z,XJJ)
29. FR l=FR rs H I VLL-v JJ I. eLL. CP H, C (11 ,C I 5 " C 191 .c (20) ,2 I
30 FRZ=FRTST(IVRR-VJ.JltORR,OPH.CIU,CISItCISI,CI20),21
31 Fl=FRTSTIVLL,DLL.OPH,Cll).CIS),CI9I,CIZOI.2)
32 FZ=FRTSTIVRR,ORR,OPH,Clll,CISI,Cf9J,CIZO),Z)
33 IFIARR.LT.ALL) GO TO 20
34 WRITEI 6, Z011 XJJ, VJJ, II1..L. ft..L. QL.Fl.FRltREL .RCL.FU N,J ItSLl N,J hKL
35 S .NLl N, JI rOC IN, J I,V RR ,HRR .Q R, F2 ,FR2 ,r.ER, RCR, FR IN.J hSR I N,J) ,KR.
36 SNRIN,J)
37 201 FORMATl/4X,'JUMP ',2F7.4,' LEFT ·.3F7.4,lE9.4.4E9.3,lI3.4X,A6/
38 S15X, 'RICHT ',3F7.4. ZE9.4. 1£9.3.213)
39 CO TO 30
II0 20 r R1 = F RTS rr I VJ J - VLL I , DLL • OPHoC I 11 ,C f 5 It C I 9 I • C I 20 ) • 1 )
41 fRZ=fRTS T( I VJJ-VRR I • DR R. CPH,C 111 ,C f 5 It C 191 ,C (10), 2 I
4Z WRITE 16. ZO11 XJJ 0 V-! J 0 VLL' HLL • QL 'Fl, FR 10 REL ,R CL, Flf N.J loS LI N, J). KL
II 3 S • NLl N, JI ,0 C IN 0 J I ,V RR ,HRR to R, fl. FRZ oRER. RCR, FR IN ,J ) 0 SR IN. J I • KR.
44 SNRIN,JI
115 102 fORHATlI4Xo'SURGE' ,lF7.4',' LEFT ·,3F7.4.2E9.4,4E9.3,213,4XoA6/
46 SZ5Xo'RIGHT'.3F7.4,lE9.4,4E9.3.113)
47 30 CONTINUE
48 RETURN
49 END

2"51



7. Test Data

7.1. Test input

Input data for run 1 on the roadway with curb-type gutter are:

Card
No. ITYPE NOUT NN TEND DDXCH DDXRS ' CURVE
1 1 5 5 10.0 100.0 4.0 0.0

B(1) B(2) BO) B(4) B(5) B(6) B(!f) B(8)
2 1.0 1.0 1.0 0.05 0.0034 0.0 0.1575 -*

B(9) B(10) B(11) B(12) B(13) B(14) B(15) B(16)
3 400.0

B(17) B(18) B(19) B(20)" B(21) B(22) B(23) B(24)
4 400.0 24.0 0.0034 0.0000121

B(25) B(26) B(27) B(28) B(29) B(30) B(31) B(32)
5 28.5

B(33) B(34) B(5) B(36) B(37) B(38) B(39) B(40)
6 0.333 235.0 0.296 51'0000.0 0.662 0.0

NL IDG Y(1) Y(2) Y(3) SUPEL TRFCT SPEED
7 2 1 0.0 -0.250 -0.625

SP1 XPG1 SP2 XPG2
8 0.0 0.0 0.10 3.0

AAA BBB ece TD RTO
9 20.0 ** 0.0

FINF BETTA ALPHA TO SPI
10

11 Punch any digit but o on column 3

*blank
**any digit but 0

7.2. Test output

A sample of output data is shown on the following page.
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•• :J**.41.l)*OOO'·•• ~ ••• * ••• * .. * •••••••• '*.* . .. • • .. '* .. '* • • $

• • * .. • • .. ~.. • • .. * .. • • "" • • .. .. • .. 4\1' • 0: • ~ • .. 0; • • • • .. • .. .. tI • • • .0 0 • • • • • .. .. • • •

.(1:0 •••• 0 .

....... 0 ......

" Cl .. .. • .. • •.$ ... :$ C: ......... ·..
• • •

0: • ... • • • .. .. .. .. ~ $ ..

• • .. .. • .. .. * .. • .. • ..

41.943 SEC. I
••• $41 • .e: .
.. 0: • .. • *" 0: *' ••

* .... '*
I DIMENSIONAL TI"E =1. 44 ~TIME =

~ 'ill $: • •

.. e '* • •..
fOR OVERLAND rLO~.SECTION 3

RATNf ALL INTENSITY = 20.00 fIN./HI? I INFILTRAION RATE = .000
CRITICAL SECTION LOCATES AT X= .029"

X V H D F~OUDE RfYNOLDS CPI RE F
.DUU .OOUO .0107 .000 .IJ 000 .ER6-19 .000 0
.01U .0197 .0196 .336-U3 .S"6~3 .lGU+03 .646+03 4
.02U .03U3 .0236 .776-03 .810 :> .3lJ2+o3 .155 +0 3 4
.03U • U391 .0::57 .102-U2 1.0023 .424+03 .325+03 4
.04U .05U6 .02e5 .134-02 1.257 4 .~·S~"'03 • 3 71 +U3 4
.050 .058U .0274 .159-U2, 1.4178 .E61+03 .916+03 4

IIN./HRI

FRIC SL OPE F E VIFPS I Ht FTI DiCFSI

• DOD .386-02 .oao
.454+00 .184-01 U .272 +00 .708-02 .193-02
.253+00 .208-01 0 .425+00 .853-02 .362-02
.188+00 .23£-01 1 .548+00 .929-02 .509-02
.148+00 .293-01 0 .E99+00 .960-02 .670-02
.130+00 .325-01 1 .800 +0 0 .991-02 <) 7<.!3-D.Z

N
1TI
W

O.* •••• 1Ot".$.(k vO: •• * •• O' 1>t $$.·••• 'C •• tti)

THE CONDITIONS O~ INTER BOUNDARY ARE:
N X H V D FR L FR R CNJ H CNJ V XJDOT T
1 .0623 .0268 .0 75 ~ .202-02 .187+01 -- -- -- -- 2.0876
2 .0£02 .0292 .U 65 5 .135-02 el:.8+01 -- -- -- - 2.9324
3 .U5B 7 .0281 .U 644 .191-02 .155+0J - -- -- -- • 3.5123
4 .U582 .0281 .U640 .1.30-02 .155+01 -- -- -- - 3.7U99
5 .0580 .0281 .U639 .179-02 .154+01 -- -- -- -- 3.7801

••• .0 ••••••••••••••• "\I ••• *b. ....... oer •• O' ..... $$.I'il Oc$J;I'~*4'-.(l.~$.

fOR CHANNEL FLOW

RAINFALL INT~NSITY:; 20.00 (IN./f{ll INFIlTRAION RATE = .000
CRITICAL SECTION LOCATES AT X= .0824

I IN ./HR»

X V H Q FROUDE R fYNOLDS cnr RE F FRIC SLOPE F E VtFPS» HfFTI (HeFS»
.DUO .0000 .2412 .uou .0 ou 0 .968-19 .000 0 - -- - • COO .873-01 .ooa
.25U • 3u 19 .3'327 .190+00 2.6354 .258"'05 .244+04 5 .397-01 .362-01 0 .417+01 .131+00 .95U+00
.suu .3124 .4127 'l2 5'3+0 0 2. [;[J4 5 .272+05 • 24(.oI-U4 5 .392-01 .367-01 0 e 4? 1 +01 .149+00 .129+01
.75U .318U .LJ'297 .286+00 2.6127 .287+05 .249+U4 5 .386-01 .361-01 0 .439+01 .156+ no .143 +01

1.00U .3215 .4357 .298+00 2.621 5 .293+05 .250 +0 4 5 .385-01 .362-01 0 .444 +01 .158+00 .1119+01
G)

11
tOIMENSIONAL DISCHARGE G =0 FLOW THROUCH INLET IS Q = .298+liO .149+01 CFSI

'" c • • • • • . • • • • • • • • • • • • • • • • • . • • • • • • • • ... • • • • • • • • • • • • • • • e • e •
0 fOR OVERLAND FLOW. SECTION 7;.
'"" ACC COt~P ERR ::: -2.09t. CURR CO ~'P ERR = -. 4 6~. 1/ IT H V 0 = .1.13 VT ::: 1.302 VIN = 1.331 VOUT = .11Z

• ".." " 't.'tMti" 4tmi;;;:"""~~':"I)P.':1




