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ABSTRACT

This fourth part of a four-part series of hydrology papers on flood routing
through storm drains presents computer-oriented numerical methods for solving the two
quasi-linear hyperbolic partial differential equations known as the De Saint-Venant
equations of gradually varied free-surface unsteady flow. Formulation and description
of various finite-difference schemes based on explicit methods include the '"unstable",
diffusing, upstream differencing, leap frog, and Lax-Wendroff schemes. Stability and
convergence are examined for these various schemes of the explicit method. Using
various criteria of comparison, the specified intervals scheme of the method of
characteristics, the Lax-Wendroff scheme, and the diffusing scheme are compared. Of
the above explicit schemes in using the finite-difference ratios in the two partial
differential equations, it is found that the Lax-Wendroff scheme with the second-
order interpolation for dependent variables is the most accurate stable scheme.
The specified intervals scheme of the method of characteristics, using either the
first-order or second-order interpolations for the dependent variables, is also
discussed. It is concluded that this scheme, based on the method of characteristics and
using the second-order interpolations, is the most accurate numerical integration scheme
of all those studied. Flow charts, computer programs, variable conversion tables,
and sample inputs and outputs, for the three numerical computer schemes, the diffusing
scheme, the Lax-Wendroff scheme, and the specified intervals scheme of the method of
characteristics, used in the solution of the De Saint-Venant equations, are given in

appendices 1 through 3.

vi



FLOOD ROUTING THROUGH STORM DRAINS

Part IV

NUMERICAL COMPUTER METHODS OF SOLUTION

by

V. Yevjevich* and A. H. Barnes**

Chapter 1

INTRODUCTION

1.1 General Classification of Partial Differential
Eguations

Partial differential equations of physical pro-
cesses fall within one of three forms, depending on
the character of the coefficients of the partial
derivatives. The equations expressing the one-
dimensional gradually varied free-surface unsteady
flow result in what is termed the hyperbolic form of
partial differential equations. These equations are
characterized by the initial conditions of the
dependent variables being known, given, or independ-
ently evaluated at all distance positions for the
time selected as zero, the boundary conditions being
independently established at two distance locations,
and the process being continued indefinitely in time
within the established boundary conditions. As time
increases, the effect of the initial conditions be-
comes less influential as the boundary conditions
dominate the process.

The hyperbolic partial differential equations
contrast the elliptic differential equations in which
the process is not time dependent. In this case the
initial conditions are the boundary conditions and
are independent of time. A typical process described
by this form is a two-dimensional temperature distri-
bution in a thin plate with prescribed boundary con-
ditions along the edges.

The third type of partial differential equations
are parabolic equations, with the solution require-
ments being similar to the hyperbolic form. The
simplest parabolic equation is the one-dimension
heat-flow equation.

In subsequent text only the hyperbolic partial
differential equation for gradually varied free-
surface unsteady flow are discussed.

1.2 Continuity and Momentum Equations of Unsteady
Flow

The two basic quasi-linear hyperbolic partial
differential equations of gradually varied free-surface
unsteady flow are derived in Chapter 3, Part I, Hydro-
logy Paper No. 43, as Eqs. 3.23 and 3.19, and are
reproduced here in their final dimensionless forms.

The continuity equation is

AW oy L1

v 1 8y -
VB 3x ax TV 3t v 1.1

o wmne ®R we

and the momentum equation is

v
(8,-5) - 8 24

L, SRR
+ + I 2

g 9x g at ax (2.2)

in which

A = the cross-section area,

V = the mean cross-section velocity as a dependent
variable,

y = the water depth in the conduit as a dependent

variable,

the length along the conduit as an independent

variable,

the time as an independent variable,

the water surface width,

the energy velocity distribution coefficient,

the momentum velocity distribution coefficient,

the gravitational acceleration,

the slope of the conduit invert,

the energy gradient, and

the distributed lateral inflow (or outflow) as

discharge per unit length of the conduit.

]
n

o

W R uBEN NN

The energy gradient, measuring the energy head
loss along the conduit, is expressed in this study
by the Darcy-Weisbach equation in the form

Sa-..fﬁ
gR

£ , (1.3)

0o

in which f 1is the Darcy-Weisbach friction factor,
R is the hydraulic radius of a partially full conduit,
with R = A/P, and P is the wetted perimeter.

The friction factor (f) is expressed as a
function of Reynolds number, R, = VR/v, with v
the kinematic viscosity of the water.

Equations 1.1 and 1.2 generally give the closest
approximations of the actual flood movement through
channels and conduits, if the basic conditions for
applying the two equations are approximately satisfied.
The most important condition is that of gradual vari-
ability of the flood hydrograph; this condition is
nearly always fulfilled for storm floods entering
into and moving along storm drains.

* Professor-In-Charge of Hydrology and Water Resources Program, Dept. of Civil Engineering, Colorado State

University.

** Associate Professor of Civil Engineering, Colorado State University.



1.3 Methods of Solving Equations of Unsteady Flow

All methods available in literature for solving
Eqs. 1.1 and 1.2 may be grouped into analytical,
graphical, and numerical procedures. The numerical
procedures depend on the computational devices avail-
able.

Analytical solutions. The partial differential
equations 1.1 and 1.2 have a friction slope, Sg,
proportional to the square of the velocity or to the
square of the discharge. Because their coefficients
are functions of dependent variables (V, y), they
are non-linear differential equations of the hyper-
bolic type. Because of the inherent mathematical
difficulties of these non-linear and non-homogeneous
equations, there is no way to carry out the analytical
integration in closed form, unless many simplifications
are introduced.

The classical approach, first performed by De
Saint-Venant, neglects friction resistance and assumes
the channel to be horizontal with wide rectangular
cross sections. These assumptions deviate so much
from the reality of flood-wave movement in channels
and conduits that the wave characteristics resulting
from analytical integration are generally not
comparable with true wave characteristics. This
classical approach by means of analytical integration
is an extreme; it may be considered to be a rough
approximation, and, in accuracy, can be compared with
some of the very simple integration procedures of
flood routing that are based on the water storage
ordinary differential equation.

The use of analytical integration makes it neces-
sary to approximate and simplify both the initial con-
ditions and the boundary conditions by analytical ex-
pressions, which are used in Eqs. 1.1 and 1.2, The
inflow hydrograph as the boundary condition, and the
wave profile along the conduit, as the initial condi-
tion, must be mathematically approximated by consider-
ing them to be either symmetrical or asymmetrical
waves, with functions of bell-shaped curves (gamma-
functions, and others). The channel conditions may be

‘represented by the cross section area or width as
functions of water depth and distance along the conduit,
with a roughness coefficient usually a constant, and
the bottom slope being either a constant or a function
of distance. The lateral inflow and outflow are taken
as constant or are approximated by simple functions of
channel and lateral flow characteristics, and of time.

The great diversity in shape and roughness of
natural channels, free-surface flow conditions and
the complexity of the pattern of the lateral in-
flows and outflows tend to complicate the analytical
expressions that approximate these conditions to the
extent that the analytical integration of the two
partial differential equations becomes impossible.

In summary, the two partial differential equations

for unsteady flow can be integrated analytically, with
expressions for wave evolution, by rather restrictive
and very simplifying conditions, which generally are
not acceptable for the solution of current practical
problems.

For some discussions and abstracted references
about the analytical solutions of simplified conditions
for flood routing through conduits and channels, as
well as of graphical and numerical solutions, see the
"Bibliography and Discussion of Flood-Routing Methods

‘and Unsteady Flow in Channels'" [1]*, and the general

reference list in Appendix 2 of Hydrology Paper No.
43 (Part I of this series of four papers).

Graphical solutions. The graphical solutions of
equations for free-surface unsteady flow may be
characterized by the following procedure. The celerity
of the disturbance in the distance-time reference plane,

(x,t) - plane, is computed from the simplified wave
relation

'a"t_ = V% @p » (1.‘}

in which V is the mean velocity of flow, y, is the
hydraulic depth (A/B) in any cross-sectional shape,
and g is the gravitational acceleration.

The term C = vgy, is usually referred to as the
celerity of a small disturbance moving in a quiescent
water of a channel. The terms V + vgy, and V -
/gy, are called either the wave velocity [2, p. 540],
or the celerity of a small disturbance in the moving
fluid [1, p. 10]. This latter term will be used in
this paper when Eq. 1.4 is discussed or used. If the
first derivative, dt/dx, in the (x,t) - plane
is used as the measure of the celerities of distur-
bances in the moving water, then the inverse of Eq.
1.4 should be used as

1
V:/Ey_,

g

(1.5)

In case of the circular conduit in which flood waves
move with gradually varied free-surface flow, vy,
should be replaced by y, = f(y), a function of water
depth.

In the discussion to follow the two directions
of Eq. 1.5 will be referred to as the characteristic
directions, which are first derivatives of character-
istic curves, defined in Chapter 3, Part I, Hydrology
Paper No. 43. Along the characteristic curves, the
wave phenomenon may be expressed by the two ordinary
differential equations with two dependent variables
as unknowns, Thus, starting from the known values
of the dependent variables (V and y) at two
locations in time (t) and position (x), the
direction of the characteristics may be graphically
plotted. From these plots, the location of the inter-
sections in time and position can be determined. With
the known time (t) and position (x) a finite
difference solution to the two ordinary differential
equations gives the corresponding dependent variables
(v and y). Repeating the procedure, the integration
proceeds along the time scale for the given length of
channel or conduit.

This procedure has been used extensively by
Parmakian in his book on waterhammer analysis [3].
Akers and Harrison presented a similar analysis for
free-surface unsteady flow in a circular channel
in their paper on attenuation of flood waves in
partially full pipes, [4].

The limitations of graphical procedures are
immediately evident when one considers the effect of

*[ ] Reference numbers refer to the list of references at the end of this paper.



various parameters, initial and boundary conditions,
in a given problem. Thus the graphical solution has
limited application at present because of the labor
involved, except perhaps for the visualization of
the digital computer schemes and the results to be
presented,

Numerical solutions. Various numerical procedures
have been used in the past. The excessive number of
calculations in order to progress the solution in
time, however, has limited the application of these
solutions.

The two partial differential equations, 1.1 and
1.2, are usually approximated by the two finite-
differences equations, replacing the increments
(dx, dt, dV, dy) by the finite differences (&x,
At, AV, Ay). At the same time the partial derivatives
are replaced by ratios of finite differences: aV/dx
by aV/dx, aV/st by AV/Ast, Bdy/ax by Ay/éx, and
ay/d8t by Ay/at. With Ax and At given, AV
and Ay are changes of dependent variables which
occur for these finite differences.

The basic characteristics of the above finite-
difference approximations are: (1) the accuracy de-
pends on the size and relation of finite differences
4t and 4Ax; (2) the smaller the Ax, the more
involved the computation work, but also the greater
the accuracy may be, and (3) the values of dependent
variables computed for the end of a At become the
initial values for the next At.

With the development of electronic computers,
which provide fast and relatively inexpensive com-
putations, the past drawbacks in economy of performing
the operations of the finite-differences method of
integration are largely eliminated. The method is
highly favored inasmuch as it is the most accurate of
all practical methods of flood routing in channels
and conduits. The advent of new numerical schemes
helped this progress in the use of numerical methods
of solution by digital computers.

The results of integration are given for two
dependent variables as functions V= F (x, t) and
y = F,(x, t). These two functions represent surfaces
in thé space (V, x, t) and (¥, x, t). If there is
any discontinuity in the four partial derivatives of
Eqs. 1.1 and 1.2, these discontinuities propagate along
the channel, and the projection of the position of
discontinuities at surfaces F. and F, in the
(x, t)-plane produces lines thét are ca%led "character-
istics", or '"characteristic lines'. These lines are
usually curves, but in application may be replaced
by straight lines along the finite differences 4x
and At.

The simplified characteristic
given in the form

lines are usually

dx = (V + /gy,) dt, (1.6)
and
d(V £ 2 J/gy,)=g(s, - Spdt (1.7)

which are equivalent to Eqs. 1.1 and 1.2. The
hydraulic depth ( y,) should be expressed as a function
of y for the free-surface flow in circular conduits.

¥

Equations 1.6 and 1.7 are usually numerically
integrated by replacing dx and dt with Ax and
At, and d(V + 2 Ygy,) with A(V £ 2 Ygy,). Several
numerical procedures have been developed for these
approximations in the finite-differences form.

Certain features of the method of numerical
integration by characteristics are important for
applicability in practical cases in flood routing by
finite differences: (1) the long wave is assumed to
be composed of many elementary waves in the form of
small surges so that for the time At and the reach
Ax, the velocity change, 4V, and height change,
Ay, are considered as discontinuities traveling
with celerities V * vgy, (providing only a rough
approximation in the case of long flood waves, where
the friction forces are not negligible); (2) the
straight-line characteristics are used as approximations
instead of curve-line characteristics for 4x and
At, and (3) some complexity of procedure when
friction factors, channel slope, sudden changes of
cross section, bifurcations, junctions, and similar
changes, are to be taken into consideration,

With the advent of computers and new numerical
schemes, numerical integration by finite differences
of Eqs. 1.6 and 1.7 has become economical. The
general applicability of various electronic computers
(analog, hybrid, digital) to the numerical integration
either of Eqs. 1.1 and 1.2, or of Eqs. 1.6 and 1.7,
is discussed in the next subchapter.

Concluding remarks. All three methods -- analy-
tical, graphical, and numerical -- by finite differ-
ences applied either to partial differential equations
or to characteristic differential equations, when
applicable, give sufficiently accurate results if
the methods are extended to their limits of accuracy.
These methods can be successfully applied to the
analysis of particular waves that have been observed.
The practical prediction of wave movement, however,
requires a considerable amount of work, especially
when the network of drains is complex.

The mathematical difficulties of analytical inte-
gration of the two partial differential equations, the
need for a large amount of data for the graphical
methods, the accompanying drawbacks of time-consuming
procedures and the cost in applying the approximate
methods of numerical integration have provided in-
centive for developing simpler, but generally less
accurate, flood-routing methods [1]. Since the objec-
tive of this study is to produce research results that
lead to practical methods in using complete Eqs. 1.1
and 1.2, or Egqs. 1.6 and 1.7, in routing flood hydro-
graphs through storm drains, the only acceptable inte-
gration methods from both economic and accuracy stand-
points are numerical methods by finite differences and
the use of electronic computers. This paper is, there-
fore, concerned only with these latter methods.

1.4 Computer Oriented Numerical Solutions

The obvious conclusion to the dilemma of excessive
repetitive calculations and the limit of manual com-
putations is the use of electronic computers. Three
possibilities exist for the solution of the problem
equations.

One type of computer is the analog computer in
which the mathematical functions are simulated by
suitable amplifiers, potentiometers or other electronic
elements. The combination of these elements simulate
the mathematical equations of the physical phenomenon.



This technique is particularly desirable for a
physical system with fixed parameters and repetitive
operations. This analog system permits an evaluation
of the effect of variations in boundary conditions.

A disadvantage of the analog solution would be the
problems of generating the geometric and hydraulic
parameters at each stage in the computations.

The hybrid electronic computer permits continuous
evaluation of the differential equations by analog
and evaluates the required parameters by digital
computation., Thus, a continuous solution can be
obtained with the geometric and hydraulic parameters
evaluated by direct computation. The availability of
such computers is still limited, but hybrid com-
puters may become the best computational device for
unsteady flow. The programming is specialized and
not readily usable by most programmers. For these
reasons the more conventional digital computer has
been generally used and will be discussed exclusively
in this paper.

The digital computer presents the advantage of
rapid arithmetical operations and a relatively simple
and versatile programming capability. The basic
limitation is that integration cannot be expressed as
a continuous function as is done in the analog com-
puter. This requires that any integration of an
equation or a set of equations be represented by a
series of discrete elements. The approximation to
the correct integration would be expected to improve
as the size of the discrete elements decreased and
their number increased. This is an acceptable
assumption for many integration processes. However,
it cannot be assumed that it is correct for all cases.
This is due to the effect of round-off and truncation
errors within the computer. For this study it has been
assumed that the functions to be integrated are "well

behaved" and may be reasonably integrated by the
assumption of discrete increments of the variables of
integration.

There are a large variety of numerical integra-
tion procedures available for the solution of the
St-Venant partial differential equations of gradually
varied free-surface unsteady flow. One method
of categorization of these basic procedures is to
consider solutions depending on the two partial
differential equations of 1.1 and 1.2 of the phenomenon;
in the other method solutions depend on the ordinary
differential equation forms, Eqs. 1.6 and 1.7, of the
same equations. How the forms of the ordinary
differential equations are derived from the partial
differential equations is shown in Chapter 3 of Part
1, Hydrology Paper No. 43.

1.5 Objectives of Studies Presented in this Paper

The objectives of this paper are to present only
the results of studies concerning the numerical solu-
tions by various finite-differences schemes, either
for the case of the two partial differential equations,
1.1 and 1.2, or for the case of the four character-
istics equations, 1.6 and 1.7. Chapter 2 analyzes the
applicability of various finite-difference schemes in
the numerical solution of the two partial differential
equations. Chapter 3 analyzes the various finite-
difference schemes in the numerical solution of the
four characteristic equations. The applicability of
various schemes is discussed at the end of each of
these two chapters. Chapter 4 is a comparison of
the best finite-difference schemes in the case of
numerical solution of partial differential equations
and numerical solution of characteristic equations.
Chapter 5 presents the conclusions and recommendations
for further research.



Chapter 2

INTEGRATION OF PARTIAL DIFFERENTIAL

EQUATIONS BY FINITE DIFFERENCES

2.1 Finite-Difference Methods

The finite-difference methods of numerical
integration to be discussed refer to the partial
differential equations of gradually varied free-
surface unsteady flow. Because these equations do not
permit a closed analytical solution, approximate
numerical methods of integration must be employed.
Since all numerical integration methods are funda-
mentally finite-difference procedures some distincticns
between various methods or schemes are appropriate.

For this presentation, the term "finite-difference
method" will refer to the approximation to the partial
derivatives as the ratios of differences of finite
values of the dependent variables at fixed uniform
intervals. The ratios of finite differences will
approach the partial derivatives as the intervals or
differences become smaller. The basic definition of
a partial derivative in x of a two-variable function,
f(x, y), is

af(x, ¥)
X

s i [f(x + ox, y) - f(x, yJJ

(2.1
Ax=+0 ok

Using the right side of this equation, the partial
derivative may be approximated as nearly accurate as
desired by selecting a small difference &x.

For solving De Saint-Venant equations 1.1 and 1.2
difference approximations are made as follows. Since
there are two independent variables and two dependent
variables, designation of the time-distance locations
of the variables will be based on the subscripts and
superscripts of the variables. The subscript will
refer to the distance (space) location, and the super-
script to the time location as shown in Fig. 2.1.

Time t
it —se & l
J @& b &
i1 i i+l
Distance Position x
Fig. 2.1. Definition graph for the finite-difference

scheme.

Thus, the depth at distance location i and at time
location j 1is designated as yi . The four partial
derivatives of Eqs. 1.1 and 1.2 may be approximated by

J J
W o Vi
ax j i
xi+1-xi (2.2)
J*1_yi
v . vi Vi (2.3)
—_, F
it t3+1_tg
i i
Yj =¥
AY . Sl e 2
3% 5 3 [l ( 04)
S
and
J#l. 5
Y: o <Y
L e W (2.5)

LR L.
1 1

The unknown quantities in these expressions are
generally the values at the incremental time locations,
j*#1. Thus Vi*l and yi+l are the unknown values.
With the two equations of unsteady flow, these two
unknowns may be solved for simultaneously. This
procedure is referred to as an explicit scheme in that
the conditions at a later time, j+l1, are determined
directly from the conditions at the preceding time, j.
Other explicit schemes are presented in the next sub-
chapter.

Another manner of expressing the partial deriva-
tives with respect to the distance position is

L. T
w., Vi~ Vi 0k
X 3+l gl (£:%)
x5 = XY
i+l i
and
j*l j+l
ay . %Y -
ax ~ _j+l j+1 (2.7)
Xy 2 o= X
i+l i

The partial derivatives in the case of Eqs. 2.6
and 2.7 are described in terms of the independent
variable x along the incremental time locations.
Therefore, there are four unknowns of V and y, at
two distance locations at a given incremental time
location. The two equations of unsteady flow at a
given point in time and distance are insufficient for



the solution. However, if a system of simultaneous
equations are developed for each point, there will be
as many equations as the total number of unknowns. A
simultaneous solution of this set then results in the
desired solution. This scheme is referred to as the
implicit solution since all solutions are directly
interrelated. No attempt was made to use this method,
however, because of the limits in solving equations for
the dependent variables at an unlimited number of dis-
tance locations.

A physical and, consequently, mathematical
limitation to either an explicit or implicit scheme
is imposed by the direction a disturbance travels in
the time-distance reference plane. The directions
of a disturbance are commonly referred to as the
characteristic directions and are defined by Eq. 1.5.
The two expressions for dt/dx of Eq. 1.5 represent
the two directions the disturbances propagate along.

If one considers these directions as emanating
from a single given point in the time-distance plane,
where a disturbance occurred, the region x and t
between these two directions is affected by the
disturbance. This region is the "region of influence".
If one considers the disturbances as having occurred
at two different locations in the time-distance
plane, two of the four directions will intersect. The
region bounded by this intersection is the "domain of
dependence." The dependent variables in this region
are functions of all their previous values within this
region. As a corollary, the values of dependent vari-
ables outside this region do not affect the values of
V and y inside this region.

Thus, the directions of the disturbance or
characteristic directions in the (x, t) - plane
divide the time-distance plane into a region wherein
solutions from given conditions are possible, and a
region in which solutions are theoretically impossible.
It is necessary to consider this in any finite-
difference method of integrating the two partial
differential equations. The general criterion to be
applied is that

(2.8)

in which V and A/B are the average values for the
specified finite differences, A4x and &t . The
criteria of Eq. 2.8 is valid for all values of the
dependent variables in the solution. The nearer the
two points in the (x, t) - plane are, the more nearly
the numerical solution will approach the true solution.

2.2 Various Finite-Difference Schemes

Equations 2.2 through 2.5 present the simplest
approximation by the finite-difference expressions to
the partial derivatives. A wide variety of schemes,
usually more sophisticated than Eqs. 2.2 through 2.5,
have been developed by various authors to provide
better accuracy and to maintain the stability of the
solutions with minimum computational work.

Richtmeyer [5] presented six schemes with their
corresponding truncation errors. These schemes are
presented in Table 2.1. This table displays the com-

' putational template of the (x, t) - plane, the
approximation to the partial derivatives, and the order
of the truncation error ((A), due to the approximation
where 4 is the symbol of increment, either Ax or
At.

Substituting these approximations into the basic
equations results in a pair of equations with two un-
knowns, velocity and depth, at the end of the time
interval.

The "unstable scheme' is inherently unstable., It
is presented to demonstrate the simplest scheme, and
to permit comparison of stable schemes with this basic
scheme.

The diffusing scheme is the simplest stable scheme.
It offers two approaches for computation, One approach
consists of the staggered scheme as presented in
Table 2.1. It uses known values of V and y at the
i-1 and the i+l distance positions at time t to
compute the dependent variables at the distant position
i, at time t + At. This approach determines values
at all locations defined by i+j equal an even
number. The other approach is to advance one Ax
and thus compute the dependent variables at each
intersection. This approximately doubles the com-
putational time but produces results at one-half the
intervals of the first method.

In order for the diffusing scheme to be stable,
it is necessary that

At 1
= |

s il
& ='vi/gAm

be a condition throughout the computation. As the flow
progresses into the super-critical range, this condi-
tion is less likely to be fulfilled unless an

arbitrary reduction in At is made. An additional
limitation of this scheme is the assumed linearity of
the dependent variables within the interval from

i-1 to 4i=+l.

The upstream differencing scheme is similar to the
diffusing scheme. The computer programming, however,
is somewhat more involved because of the necessity of
deciding which representation of the distance deriva-
tive to use for each computation. For this reason
this scheme was not investigated in this study.

The leap-frog scheme is an improvement over the
diffusing scheme in that the time derivative is
estimated from the computed values of the dependent
variables at the t - 4t time position. The
limitation of this procedure is similar to that of
the diffusing scheme. An additional limitation is
the required computer storage of computed values at
three successive times as compared to two successive
times for the other schemes.

The previously described schemes all depend on an
assumption of linearity between the time-distance
junctions for the description of the partial deriva-
tives at the pivot point (i, j). An improvement to
this assumption is to recognize the rate-of-change of
the derivative as defined by the known values of the
dependent variables at three points. The Lax-Wendroff
method provides this recognition. The procedure is
described in detail in a following subchapter. The
consistent reproduction of initial conditions for a
constant discharge, regardless of the curvature of the
water surface, is the benefit derived from this
method,

The implicit scheme requires the solution of a
system of simultaneous equations equal in number to
the number of distance intervals plus one. Two of
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these equations involve the boundary conditions. This
system was not used because of the number of equations
that needed to be solved simultaneously, for an
arbitrarily long conduit.

All but one of the above schemes are explicit.
Two of the schemes, the diffusing scheme and the Lax-
Wnedroff scheme, are used in this study to solve the
De Saint Venant equations. These solutions provide
good accuracy and require only reasonable computer
time. The diffusing and Lax-Wendroff schemes are
summarized in the following two subchapters.

2.3 Diffusing Scheme

The diffusing scheme evolves from the following
approximation to the partial derivatives with respect
to time. The schemes in Table 2.1 is the definition
graph for the location of significant wvariables. It
is assumed that the dependent variables are known for
all positions at time j. The dependent variable will
be designated as U in this development, and it may
refer either to the V or y dependent variables of
the two partial differential equations. The objective
is to represent the partial derivatives as functions
of the unknown dependent variable U at distance
location i and time location j+l. The partial
%frivativu of U with respect to t is approximated

Y

au - [ AU
[Tt—i-(ﬁi . 2.9)
in which
- j*l " J
aui Ui Ui . (2.10)
Expressing Ui as an average
. Uj ¥ Uj
Ui =_1:1_'f"'£l , (2.11)
then
I S
o pi*l _ _inl i-1
AUi Ui 3 ’ (2.12)

and finally the finite difference approximation to this
partial derivative is
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Similarly, the partial derivative with respect
to the distance x is approximated by

[-2—,‘%]; 1=, - (2.14)
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in which
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) oy [ et

Ax (2.15)
so that
vy 1o
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It is to be noted that both partial derivatives are
approximated for the location i, j.

2.4 Lax-Wendroff Scheme

The Lax-Wendroff finite difference scheme was
investigated to eliminate some of the deficiencies of
the diffusing scheme. The summary of the scheme is
as follows. It is assumed that all functions are
continuous and contain as many continuous derivatives
as required. It is also assumed that products of
first-order partial derivatives, and any derivative of
Sf in x and t are negligible quantities.

N ¥ A ¥
The expressions 3t B 3t and = - B Tx

relate A, B, and vy.
continuity reduces to

Therefore, the equation of

(2.17)
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The intended application of the Taylor series requires

the use of second-order partial derivatives. Thus,
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The momentum equation, 1.2, is rewritten here in
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Equation 2.20 then gives
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Substituting Eqs. 2.19 and 2.2l into Eq. 2.23 yields
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Putting U as the symbol for any dependent
variable V or y, then for any U(x, t) and a
fixed x, a Taylor series expansion gives

UCtsat) = U(t) + ’“a_' . -@-tl— 9—‘1+ o[at)] , (2.25)
at?

in which both 3U/3t and 3°U/3t> are functions of
t. Similarly, for a fixed t,

U(x+8x) = U(x) + ax— F .@H_ L ” + 0[(%)%], (2.26)
ax
and

U(x-8X) = U(X) - Ax Sﬁ‘l- 3 ” - 0[(8x)%].  (2.27)

Subtracting Eq. 2.27 from Eq. 2.26 yields

U . U(x+ax) - U(x-4x)
ax 25x

+ 0[{ax)3] z (2.28)

Adding Eq. 2.27 and Eq. 2.26 yields the approximation
of the second-order partial derivative of U with
respect to X

2
g_% - U(x+8x) - 2U(x) + U(x-Ax) i D[(ax)‘] . (2.29)

ax (ax}z

Substituting V and y for U, respectively,
and using Eqs. 2.17, 2.20, 2.22, and 2.24 for the
appropriate partial derivatives with respect to t
in Eq. 2.25 produces

3
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Let j index the t intervals and i index the
X intervals. Referring to Eqs. 2.28 and 2.29, the
first and second partial derivatives with respect to
x are approximated by

TS
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= 24x (2.32)
and
J j 3)
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Thus, recurrence relations for finding approximate
solutions to V and y in Eqs. 2.30 and 2.31 are
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i+l

For those cases in which the products of the
Eirst order partial derivatives and the derivatives of
cannot be disregarded, difference equations
agalogous to Eqs. 2.34 and 2.35 may be derived by
appropriate substitutions of relations from Table 2.2
into Eqs. 2.25, 2.26, and 2,27.



TABLE 2.2
Substitutions

The substitutions in the following equations are:
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2.5 Comparison of Solutions by the Two Schemes

Comparing the solutions of both water depth and
water velocity at various times and distances would
be redundant. Since the analytical and physical waves
will be compared by their water depths at a given
position, solutions of y alone are considered. 1In
this analysis, comparison is made for the theoretical
dimensions of the experimental conduit, approximately
3 feet in diameter and 822 feet long. In the sub-
sequent plots of these solutions of y let Aw be
the solutions with all the derivative terms, and A
be the solutions without the terms consisting of
the product of the first order derivatives and the
derivatives of the energy slope, and D the solutions
based on the diffusing scheme.

WO

An important criterion of any numerical solution
is the ability to repeat the values of y given at
the initial conditions as best as possible over a
period of time under a constant discharge. Under
this steady flow, a critical x position is that
which is near the downstream end of the pipe. Figure
2.2 shows the plots of y versus t at x = 796.7
ft using the lax-Wendroff Scheme developed in the
previous subchapter, and the method based on the
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diffusing scheme. In these two methods the total
number n of x intervals used was 160, or Ax =
L/n = 822/160. It is to be noted that after 175
seconds the maximum drops are about 0.0l and 0.07 ft

for Aw and Di schemes, respectively.

Another important criterion in a numerical
solution is stability. Paraphrasing material from
the Journal of Mathematics and Physics [6] stability
is related to the difference between the exact solu-
tion of the difference equations and the numerical
solution of these equations. This difference may be
called the round-off error. In the Journal stability
is defined in terms of the growth of round-off errors.
That is, strong stability exists if the over-all
error due to round-off errors does not grow, and weak
stability exists if single round-off errors do not
grow. Strong and weak instability occurs if neither
of the above is true. Also stated is the assumption
that weak stability implies strong stability. Thus,
stability is a measure of error propagation.

The first series of tests studying the measure
of error propagation was that of strong stability
under a constant discharge or steady flow. That is,
for both the Lax-Wendroff method and the method based
on the diffusing scheme, an error of 0.001 feet was
added to the initial condition at each x partition
peint, Simultaneously, these schemes were run over a
period of time using the correct initial conditions,
and these same conditions, plus the induced error
were used as the starting lines. In both cases the
induced error did not grow but approached zero with
the developed scheme tending to zero at a faster rate.

Some effects were observed in the second series of
tests with reference to weak stability, as the induced
error was added only to the middle partition point.
Using 81 partition points and observing the solutions
of vy at x=4n -3 and t =2n - 1, it was found
that the developed solution took 225,3 seconds to zero
out to five decimal places, and the diffusing scheme
took 520.9 seconds.

0f more importance in the matter of stability is
the third series of tests studied. This time the
constant discharge input hydrograph was replaced by
a varying hypothetical input hydrograph. An error of
0.001 feet was added to the initial conditions at the
81st point of a total of 160 partition points in both
the Lax-Wendroff scheme and the diffusing scheme.
The solutions of y for the same t and x partition
points were the same as those observed for the second
series of tests. After 180.9 seconds the error at
point i = 5 was 0.00001, and the error at the other
points has zeroed out to 5 decimal places using the
Lax-Wendroff scheme. The diffusing scheme solutions
did not show an induced error growth either; this
time the error did not stop at zero but became nega-
tive.

Thus, these series of tests indicate that both
the diffusing scheme and the Lax-Wendroff scheme
are stable with the latter showing the greater
stability.

The next consideration regarding comparisens of
solutions using the hypothetical flood input hydro-
graph, is that of the effect of interval size. In
both the Lax-Wendroff scheme and the diffusing scheme
At = Ax/4z, where 2z is the initial discharge (Q)
divided by the initial area (A). This is done to
insure that &t will be small enough to fall within
the domain of dependence. Figure 2.3 shows the plots
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Fig. 2.2. Comparison of Lax-Wendroff scheme (A,) and the diffusing scheme (D;) in reproducing the
steady initial conditions along the conduit, at the distance x = 796.7 ft.
of y in feet at x = 735.8 ft versus the number such that the assumption becomes less valid. That is
n of 4x intervals used (n = 80, n = 160, and for example, 3y/8t is negligible only until the

n = 320) for both schemes and for three different
times. The entire length of 822 ft of the conduit was

divided by n to obtain the corresponding 4x. From
top to bottom in Fig. 2.3, the given times t repre-
sent y rising (upper graph), y near maximum
(central graph), and y falling (lower graph). The

effects of the size of the Ax intervals are
noticeable, and, thus, the corresponding size of At
intervals are also noticeable, when comparing the
diffusing scheme tc the Lax-Wendroff scheme. Since
the error in the Taylor series expansion is on the
order of (at)3, in which 4t is a function of ax,
the difference in y due to different 4x sizes is
not as profound in the Lax-Wendroff scheme solutions
as in the diffusing scheme. Figure 2.3 also shows
the underestimation by the diffusing scheme similarly
shown before in Fig. 2.2 in the study of ability of
this scheme to repeat the initial condition under a
constant input discharge.

The last consideration in this comparison of
solutions involves the Lax-Wendroff scheme but with
the assumption (A, ), or without this assumption
(A,), that all products of first-order partial
derivatives and any derivative of Sf are negligible.

Using the same hypothetical input hydrograph,
Figs. 2.4 and 2.5 show plots of the depth y versus
time t at positions x = 409.1 ft, and x = 797.8 ft,
respectively. These figures give the comparisons of
results for the developed Lax-Wendroff scheme (Ay)
and the simplified scheme with the above assumption
(Ayo). The difference occurs in the computed hydro-
graphs when the first-order partial derivatives are
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computed water wave reaches a particular x position
and causes an increase in y.

2.6 Concluding Remarks

Among the finite-difference schemes, the Lax-
Wendroff scheme is considered as superior not only
to the diffusing scheme but to all others investigated
for the purpose of flood routing through storm drains
under the conditions of application of Eqs. 1.1 and
1.2. Taking into account all six schemes, either dis-
cussed briefly or analyzed, it is concluded that the
Lax-Wendroff scheme is an optimal scheme between the
accuracy in the results produced and the computer time
necessary for the corresponding numerical solutions.
It is, therefore, considered as the feasible numerical
computational scheme whenever a gradually varied
free-surface unsteady flow is computed directly by
numerically integrating the two partial differential
equations stated in Chapter 1 as Eqs. 1.1 and 1.2,

For benefit to other investigators and users, the
computational procedures and programs are reproduced
here in the two appendices.

Appendix 1 gives the computation details of the
diffusing scheme and Appendix 2 gives the computation
details of the Lax-Wendroff scheme. Each appendix
contains the following items, (1) Flow chart; (2) Com-
puter program, (3) Definition of variables; this gives
the conversion table between the mathematical symbols
used in this paper and the symbols used in Fortran
language for a CDC 6600 or CDC 6400 digital computer;
and (4) Sample input and output.
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Chapter 3

INTEGRATION OF CHARACTERISTIC DIFFERENTIAL EQUATIONS BY FINITE DIFFERENCES

3.1 Statement of Characteristic Equations

The two partial differential equations of
gradually varied free-surface unsteady flow, Eqs. 1.1
and 1.2, when transformed give the four ordinary
characteristics differential equations. Their
development is shown in Chapter 3, Part I, Hydrology
Paper No. 43. The equations with a =8 =1,
and q = 0 (Eqs. 3.50 to 3.53 of Part I), are the
starting equations and are given here as:

dt 1
E e —) = e— (3.1)
YORL T v e JGATE
¢ 5 g_t 1 y (3.2)
- X|l- v /gATB
AV 1\ d A dv A
(ﬁ'g}h*g&%*ﬁi&;’rf 5g)E,= 0, (3.3)
and
AV 1l d A dV . A
(W-E)g_+g E;+g\f_537*ﬁ(so_sf)a—=o' (3.4)

These four dependent equations form the basis for
numerical solutions in the method of characteristics.
There are a variety of procedures that may be used
and these procedures may be broadly divided into two
categories, the grid system and the specified intervals
system.

3.2 Various Schemes

‘The first category uses the grid system generated
by the intersecting characteristics curves in the time=-
distance plane. In this case, solutions to the prob-
lem are made at the intersections. These intersections
occur at the nonuniform spacings in both x and t
directions, thus, interpolations are required in
order to develop time or distance relations. These
relations are commonly referred to as the Lagragian
description for the distance relations at an instant
of time, and the Eulerian description for 'the time
relations at a fixed position. This method of using
grids of characteristics is based on establishing the
initial characteristic curves from the initial con-

ditions. The receding characteristic curves emanate
from it. In Fig. 3.1 the initial characteristic
curve £ first determined from the inflow hydro-

graph and the initial steady conditions, is drawn from
x=0 and t = 0. By introducing the values of the
dependent variables V and y along the initial
characteristic curve at the appropriate points
in-the computational scﬂeme, the values of V and vy
as functions of the independent variables x and t
are obtained at successive points. For example, the
values of the depths and velocities at points

and Q5 in Fig. 3.1 are obtained from the value% of
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depths, velocities, and coordinates
points Qo, pl‘ P2 and PS'
same manner, all values of the dependent variables

V and y as functions of the independent variables
x and t can be computed,

of the
In the

(x, t)
respectively.

Network of characteristics in the method of
grid system for the solution of unsteady
flow equations.

Fig. 3.1.

It is evident from the preceding brief descrip-
tion that the values in the solution at each inter-
section of characteristics must be retained in the
computer for the later interpolation for fixed times
and positions. No attempt was made in this study to
use the method of characteristics curves. The
principal reason was the need for excessive computer
storage of solutions at each intersection.

The second category is the specified intervals
system for independent variables. In this approach,
the dependent variables V and y are known functions
of the independent variables x and t either as
initial conditions of t = 0 or as the results of
previous time computations. For example, it is assumed
that V and y are known along distance x at time
t. Figure 3.2 represents the rectangular grid in the
(x, t)-plane with intervals Ax and At in x and
t coordinates, respectively. In this case, V and
y at points Mj, Aj, Bj,... N, are known. The

i
t + At, and particularly”

values of V and y at time
"’Nj+1’ can then be com-

at points A B

Ujerr Aja1r Byarr
puted from equations 3.1 through 3.4 and from the
boundary conditions. In this manner, V and y at
time t + At at various points along distance X can
also be computed. This process can be continued as

far as desired or meaningful. This method was selected
and used in this study because the values of x and

t at points Mj+1’ Aj+l’ Bj+l""’Nj+1 are exactly

known, and only the values of V and y at these
points must be determined.
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Fig. 3.2, Network of specified intervals for the solution of
characteristic equations.

This method has the advantage that it gives
results directly and in the form most needed and
useable, such as the hydrograph at each position
along the channel and also the water surface profile
at any given time. From the view of computer pro-
gramming, arrangement of the steps of computation for
the methods of the second category appears to offer
advantages over the methods of the first category.
Since the values of the dependent variables at time
t in the second category are known at predetermined
points, the only information needed to be stored in
the computer is the values of the dependent variables
at time t + At, Therfore, this category needs
computer storage of only two time lines as indicated
in Fig. 3.2 and designated by j and j+1 rows,
respectively. Values of the dependent variables V
and y of row j are known and stored while the
values of V and y of row j+1 are being computed
for the next time interval. After completion of this
time interval, the values of V and y of row j+l
are stored for computation at the next time interval;
the values of V and y of row j are then printed
out and the storage space is replaced by the values of
row j+l.

3.3 Numerical Solution by the Specified Intervals
System

This section discusses the numerical solution of
the equations of free-surface unsteady flow by the
method of characteristics with the specified time
interval, At, and the specified distance interval
Ax. In this method, V and y at point P on the
(x, t)-plane of Fig. 3.3 are to be computed from the
initial conditions or from previous values of V

and y at points A, B, and C using two assumptions:

(a) at is sufficiently small so that the parts
of the characteristics between P and R and
between P and S may be considered as straight
lines, and

(b) The slope of the straight line PR at point
P is the positive characteristic direction of the
position C, {E+)C‘ and the slope of the straight

line PS at point P is the negative characteristic
direction of the position C, (£) .
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Fig. 3.3. Rectangular grid for the solution by the

system of specified intervals, 4t and
Ax: suberitical flow (upper graph),
critical flow (center graph), and super-
critical flow (lower graph).
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Since x and t

are known,the velocity at point
Py Voo ?p,
computed. The computations proceed as follows.

(1) The coordinates of R and S are deter-
mined from the relations of {£+]c , (E_)C , and

and the depth at point P, are then

the geometry of the grid by

tp - tp = (§)a(xp - %) (3.5)

and

T'P o ts = (E__)C{xp = S} 1 [3-6)

in which (£+}c and {E_JC are computed from Eqs.

3.1 and 3.2, respectively, at point C.
(2) The values of VR i VS’
determined by interpolation from the Taylor expansion,
with h the symbol of either 4x or &h, as
2

Ype and ygq are

£(x+h) = £(x) + hf' (x) + '-2‘-,- £1(x) +...+ 0AM), (3.7)
and é # :
£(x-h) = £(x) - h' (x) + ~'23— £10x) +...+ 0™, (3.8)

For a first order interpolation, the second and
higher derivatives are neglected. The first derivative
of Eq. 3.7 becomes, in finite difference form,

fix + ax) - £(x)
AX '
and that of Eq. 3.8 becomes, in finite-difference form,

£rx) = £ - £(x-8x)

Ax

£1(x) =

The value of the function (U =V or y) at points R
and S are then, from Eq. 3.8 and Eq. 3.7, respect-
ively,
U.-u
C A
Up = Uo = o Oigmxp) (3.9)
UC*UB
Us = LlC e e (xc-xS] (3.10)

For the second order interpolation, the third
and higher derivatives of Eq. 3.7 and Eq. 3.8 are
neglected, the first and second derivatives in these
two equations become, in finite-difference form,

£1(x) = f(x+a§lx- f(x-4x)
s prix) = EORBX) - 2600+ £(x-00)

(%)

The value of the function (U =V or y) at points R
and S are then
u,-u U,-20.+U
B A B ""C A 2
U, = U, = —— (x.-X,) + [, PET, % ki (3.11)
R C 25x C "R 2(m(}Z C "R
uU,-U U, -2U.+U
B "A i il 2
Ve By = =g (X)) 4 (=% 5 (31
s % " Tzax Y¢™s 206012 s

from which VR’ VS, YR and Yg may be computed

knowing the V and y at points A, C, and B.
(3) Then VP and Yp are obtained by solving

simultaneously the finite-difference forms of Egs.
3.3 and 3.4, or by
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(FcOprg) + (6 (Vp-Ve) + (5,) (xpxp) = 0 (3.13)

and

(F)elyp-yg) + (G_}C(VP-VS} + (8 ) (xpxg) =0 (3.14)

in which the above values of F,

G, and S at point
C are defined as

(Fg = (A1C5-AyC))c(8)¢ = (BCy-ByC )¢ 5
G = (8yazBy)e

(g = AE,;AEC(E D - (BiA;-BA ).
(Fp = (ACo-A)C (8 )¢ - (BICp-ByCi )

(G_)C = (AIB2-A231)C , and

(8¢ = (ME;AEDC(E)e - (ByEyqBE):

in which the above coefficients of the two general
partial differential equations (Eqs. 3.24 and 3.25,
Part I, Hydrology Paper No. 43) are: Al = A/VB,
Ay =V/g, B, =0, B,=1/g, C =C,="1, D =1V,
D, =0, E = 0, and E, = Sf-so' Solving equations
3.13 and 3.14 simultaneously,

(T, )¢ (6,)¢
(T.) {G.5
o & : £ (3.15)
(F)¢ (6,)¢
(F )¢ (6.)¢
and
(F)¢ (T,)c
(F) (T.)
Vp == = (3.16)
(F)¢ (6,)¢
(F e (6)¢
in which
(T e = (Fe vp * (6)c Vp=(8)c Oxpmxp) »  (3.17
and
(T = (Fg yg + (G Vg = (S)e(xpmxg) . (3.18)



By these computations, velocities and depths at time
t + At are obtained for all points along the channel,
except for the two boundary points. The values for
the boundary points are provided by previous computa-
tions of the known boundary conditions.

The procedure in the solution requires first
the determination of the intervals within which the
points R and S lie. A linear interpolation
is then performed within the appropriate interval
for the dependent variables at time t. This linear
interpolation has the same effect as the linear
interpolation in the diffusing finite-difference
scheme, namely a systematic positive or negative
shift in the computed values V and vy,

In an attempt to eliminate this deficiency, a
second-order interpolation was developed. Referring
again to Fig. 3.3 (upper graph), a second-degree
polynomial of the form

2

U=a + bx + cx (3.19)

is assumed to fit the function of V and y through
points A, C, and B. This is the same interpolation
as in Egs. 3.9 and 3.10, except in a different way of
implementing it. If the function is centered on the

location of C, then the constants are

U -u U.-20.+U
ﬂgﬁ—i ,and ¢ = ~E—+£;—Ji.
X Z

24x

s (3.20)

Thus, the value of the function of the location
of R is

1 1 2
UR = Uc - E[UP}(UB'UA) + E(UP) (UB-ZUC+UAJ (3.21)
in which
At fldt
UP = - 317/ E;)+ (3.22)

The ratio of At to Ax is the selected grid
mesh ratio and (dt{dx)+ is the direction of the
positive characteristic estimated from the conditions
at location C.

Similarly, the value of the function at location
5 is

= e = 1 2
US = UC 2(UN)(UB UA) + 2[UN) [UB-ZUC+UA} (3.23)
in which
_ At f|dt
UN = = E/('a-;)- [3.24}

This interpolation scheme offers two advantages.
First, the curvature of the function at a given time
is approximated. Second, it is not necessary to com-
pute within which interval the intersection of the
characteristic and the x-axis falls, The assumptions
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in this scheme are that the functions of velocity and
depth are continuous and may be approximated by a para-
bolic relation within the interval. Any other similar
non-linear interpolation scheme may be designed if it
suits the general types of the V(x) and y(x) func-
tions for various values of t.

3.4 Initial Conditions

The necessary initial conditions for the un-
steady free-surface flow are that all velocities and
depths of water along the channel must be known at a
given time. In this study, it was assumed that at the
initial time the discharge was constant throughout the
reach. Thus, the problem can be treated as a steady
non-uniform flow. Velocities and depths along the
channel were then determined by computations of con-
ventional backwater or drawdown surface profiles,
depending on the downstream control conditions. This
procedure uses the standard step method [2, p. 265].

3.5 Boundary Conditions

The two governing partial differential equations
for unsteady flow require two independent boundary
conditions relating velocity and depth at certain
locations along the channel. One of these conditions
is the discharge-time relation existing at the inlet
end to the section of channel under study. This
relation can be either expressed in a mathematical
form, or given as discrete points of discharge at
selected intervals of time.

The other boundary condition imposed on the

‘problem is that of a discharge-versus-depth relation

at the downstream end, characterized either by a
control structure or by the critical depth at a free
outfall. This is the boundary condition that must
exist for subcritical flow of the base discharge.

If the base discharge is in the supercritical
range or on a supercritical slope the boundary condi-
tion must be expressed at the inlet end, This
function takes the form of a discharge-versus-depth
relation. This condition, in combination with the
condition of a discharge-versus-time relation, is
somewhat difficult to visualize physically; however,
it is a necessary condition because the characteristic
directions both have a positive slope and thus there
is no influence of the downstream conditions on the
upstream conditions.

The following discussion presents a detailed
analysis of these boundary conditiens. Arbitrary in-
flow hydrographs were investigated to test and verify
the computer program and also to provide results for
evaluating the significance of variations in the
hydraulic parameters.

Upstream boundary conditions - The boundary
condition at the upstream inlet is given by an inflow
hydrograph, Q(t), with no limitation on the shape
of the hydrograph. A hypothetical hydrograph, having
a Pearson Type III distribution with four parameters,
was selected for evaluating the effect of variations
in the parameter and is shown by Fig. 3.4. Thus,
the inflow Q at time t designated by Q(t) may
be described by

—[t-tp]/[tg-tp] t/(t -th

R T (3.25

Qe)=Q, + Qe



s00k @ (cfs)
- 1p
15.0F
QO
10.0}
_# ¥ \_
50
D.-_ fg ___l
Q
t (seconds)
o 1 1 1 L 1
0 100 200 300 400 500
Fig. 3.4. Hypothetical inflow hydrograph of the
Pearson Type III function, Eq. 3.25, with
the selected parameters: Q, = 6.21 cfs,
Qy = 8.00 cfs, t_ = 100.00 sec, and t_ =
150.0 sec. P £
in which is the constant base flow, is the

peak flow, t, is the time from the beginning of
storm runoff tg peak discharge and t; 1is the time
from the beginning of the storm runoff to the center
of mass of storm runoff, G. One hydrograph with
arbitrary values of Qb’ Qo’ tp, and tg were used

in this study. The shape and these arbitrary values
of parameters are shown in Fig., 3.4.

The depth and the velocity at the upstream
boundary point P in Fig. 3.5, which is at x =0
and at the time t + At, can be computed from initial
conditions at C and B, with the boundary conditions
‘given by the inflow hydrograph

AV = Q(t) . (3.26)

in which A 1is the cross-sectional area and V is
the velocity at P,

Using the previously discussed assumptions and
procedure of computing velocities and depths at other
points along the channel the negative characteristic
direction at point C is also given by the initial

conditions. The relation between the depth ¥ and
velocity VP at point P can be determined from
Eq. 3.4. Substituting the boundary condition of Eq.

3.26 into Eq. 3.14 gives

6 - v + (5 (xpxg)
e (E_) '
=I¢

(3.27)

in which A 1is the cross-sectional area at P and
A is a function of Yp-

Solving for y, from Eq. 3.27 and substituting
into Eq. 3.26 nbkes it possible to determine Vp-

a Newton-Rhapson

YP
Since Eq. 3.27 is not linear in vy,
interation was used for its solution.

Downstream boundary conditions - The boundary
conditions at the downstream outlet may generally be

given by a sfage-discharge relation. In this portion

of the study only a free outfall at the end of conduit
was assumed. Therefore, a critical flow at the down-

stream end exists

—= ]

A

B

” (3.28)

where A is the cross-sectional area and B is the

top width of the downstream boundary.

! A x
P
t+ At
V <
g A +/aA/B
' by r. X
c s B
X=0
t
Ax
P
t+At
£ X vV =_,./9A/B
tl\ a X
C,5 B
X=0
t
Ax
t+At P
//
> A
//E Ai v > ,/gA/B
451-— 1 L ) x
S & B
X =0
Fig. 3.5. Upstream boundary conditions: subcritical

flow (upper graph), critical flow (central
graph), and supercritical flow (lower
graph).

Figure 3.6 shows the downstream boundary where
the critical depth occurs. For the free outfall, it
was assumed that critical depth occurred at a distance
of 4.5 times the critical depth from the end. This
assumption was also applied to the unsteady case,
with critical depth computed from the base discharge,
Qb' Therefore, the total distance X from the

inlet to the downstream boundary is determined by
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X. = X (3.29)

e Rl

in which xz is the total length of the channel and
Y. is the critical depth for discharge Qb'

t
Ax
1Al £
At
£,
1 & & X
0 A R c
X =%
Fig. 3.6. Downstream boundary conditions for the
subcritical flow, with XL the computa-

tional conduit length.

The depth and velocity at the downstream boundary
point P at time t + At can be computed from the
initial conditions at A and C, and from the
boundary conditions given by Eq. 3.28.

Using the same assumptions and computational
procedures, the initial conditions also give the
relation between the depth Yp and the velocity V

by applying Eq. 3.3. Substituting the boundary
conditions of Eq. 3.28 into Eq. 3.13 results in

P

(6,)c VEATE = V) + (S,)¢ (Xp-xp)

v, -y (3.30)
P R {F+}C *

in which A 1is the cross-sectional area and B is
the top width at P, with both A and B functions
of Yp-

Solving yp from Eq. 3.30 and substituting
yp into Eq. 3.16 makes it possible to determine
Since Eq. 3.30 is not linear in yp, a Newton-
Rhapson iteration was again used for a solution.

Vp.

3.6 Summary of Computational Procedures

In solving the equations of free-surface unsteady
flow, Eqs. 1.1 and 1.2 and Eqs. 3.1 and 3.4, by the
system of specified intervals, the steps of computing
velocity V and depth y at various times and
positions along the conduit are as follows.

(1) Values of V and y at various positions
along the channel for the steady-state condition of
constant base flow, QE, are determined from a
computation of the backwater curve.

(2) The upstream boundary conditions are
evaluated.

(3) The downstream boundary conditions are
evaluated.

(4) Values of V and y at time t + At
along the channel are computed from the known values
of V and y at time t.

(5) Steps (2), (3), and (4) are repeated as

long as desired or meaningful.
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To benefit other investigators, the computational
procedures and programs are reproduced in Appendix 3.
Appendix 3 gives the computation details of the numeri-
cal integration method using the specified interval
scheme of the method of characteristics. It includes
(1) flow chart, (2) computer program, (3) definitions
of variables and (4) sample input and output. Addi-
tional subroutines were developed to compute the
boundary conditions for supercritical regime and for
lateral inflow at specified locations.*

3.7 Effect of Variations in Computational Parameters

The discrepancy between a computed value and the
observed value from a physical experiment is attribu-
table to numerous sources of errors. These errors
are generally the result of systematic and random
errors in the observational system and possible
systematic errors in computational procedures. Random
errors are a result of unavoidable accidental varia-
tions in the physical systems. The discussion that
follows will be concerned with errors in the com-
putational procedure.

Computational errors emanating from procedures in
this study are the result of:

(1) The approximation of infinitesimal varia-
tions by finite values. This is a result of assuming
in general, linear relations rather than the true
curvilinear relations. This is a systematic error.
However, the propogation of this error is not readily
determined since it may be positive or negative
during different stages of the computations.

(2) Truncation of numerical values. This is
due to the limited precision of any discrete-element
calculator.

(3) Round off in the printed output. The
printed output of any computed value from a digital
computer differs from the internally generated value
by the amount the value is rounded off in conversion
to numeric form. The computer used for these calcula-
tions rounds off in a manner similar to manual
calculators.

The following discussion evaluates the signifi-
cance of the controllable variables in the solution
of the unsteady flow equations. These equations are
considered under the computational parameters of
incremental length and incremental time interval
during which the integration process proceeds.

The effect of variations in the hydraulic para-
meters of roughness and the velocity distribution
coefficients is discussed in Part I, Hydrology Paper
No. 43.

Determination of computational parameter At.
The grid sizes of Ax and At in the computational
scheme, Fig. 3.2, is limited by the characteristic
directions §,0 &y encountered during the integration,

Referring to Fig. 3.3, in order for R to lie
in the interval A-C for all conditions of flow, it
is necessary that the ratio of At/Ax be less than
the value of dt/dx assumed at the location R. This
condition must exist throughout the integration
solution.

In order to assure that this condition exists, it
is necessary that At be computed from

At = Ax/[V + VgA/B]

* Originals of all computer-program and punched-card
decks are deposited with the Office of Research, Feder-
al Highway Administration, U.S. Department of Trans-
portation, Washington, D.C.



in which
(1) v
(2) A/B

is the maximum anticipated velocity, and
is a maximum for free surface flow.

Effect of computational parameter 4x. The
method of characteristics using a specified intervals
system gives the complete numerical solution of the
free-surface unsteady flow. The accuracy of the
results depends on the size of the rectangular grids
Ax and At of Fig. 3.2. In this section only the
effect of Ax is discussed; At will be discussed
in the next section.

If n is the number of intervals along the
conduit and X is the length of the conduit, then

Since x, is assumed to be fixed, n is
arbitrarily sélected as any even number, thus Ax
is determined. The smaller the Ax, presumably
the more accurate are the results. But also, the
smaller the Ax, the greater the required computing
time. In compromising these two conditions to satisfy
the objectives of this study, several values of n
for the fixed x, were tried.

Figure 3.7 shows the effect of the size of Ax
on the depth hydrographs at three positions along
the conduit. The upper graph is the depth hydrograph
at a position 50.0 feet downstream from the inlet and
for a 4Ax of 40.91, 20.45, 10.23, and 5.12 feet
corresponding to n values of 20, 40, 80, and 160,

respectively. The center and lower graphs are the
depth hydrographs at 410.0 feet from the inlet, and
e *4 3 771.7 feet from the inlet, respectively. The initial
=5 (3.52) condition for each computation is the steady-state
water surface for a free outfall.
|.6|— y,ff
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Fig. 3.7.
20.45 ft, (3) Ax = 10.23 ft,

Effect of Ax on hydrographs at various positions along the conduit; (1) ax = +0.91 ft, (2) 8x =
and (4) Ax = 5,12 ft, at three locations of conduit x = 50.0 ft

(upper graph), x = 410.0 ft (center graph) and x = 771.7 ft (lower graph).



Comparing the depth hydrographs of Fig. 3.7 with
the given inflow discharge hydrograph of Fig. 3.4, it
was found that:

(1) The critical portion of the conduit for
computing depth hydrographs is near the outlet where
there is the greatest curvature of the water surface
profile. The maximum differences between the computed
depths, with 4x being 40.91 and 5.12 feet, are
approximately 0.3, 0.6, and 1.0 percent of the conduit
diameter at 50.0, 410.0, and 771.7 feet from the
inlet, respectively.

(2) There is no significant increase in accuracy
over 0,005 feet or 0.15 percent of the conduit dia-
meter when Ax 1is less than 10.23 feet. Therefore,

a Ax equal to 10.23 feet, or n equal to 80, was
selected for computation in the other portions of this
study.

The peak depth Yp and the time to peak depth
Tp are two important parameters describing a depth
hydrograph. These two parameters are defined and
shown graphically in Fig. 3.8, The required accuracy
of a computed hydrograph at various positions along
the conduit can be measured by the peak depth, y._,
relative to the diameter, D of the conduit, for
various lengths 4x, Also, the accuracy can be
measured by the time to peak depth, T,, relative
to the time to peak discharge, t., o% the inflow
discharge hydrograph of Fig. 3.4, for various lengths
4x and the same positions, x.

¥y, (depth)
feet
2.0
1.5
.o Yo
0.5
~—— Tp—
t, seconds
0 | 1 | ! 1
100 200 300 400 500
Fig. 3.8. Characteristics of the depth hydrograph

with T, the time at peak depth, and Yp
the peaﬁ depth.

From the selected criteria for defining the acc-
uracy of a computed hydrograph for a given Ax, it
was found that the percentage differences of yp,
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o i by N
2 B oxa00 9,

in which the index "min' refers to the depth y, of
the smallest difference used, Ax = 5.12 ft, ang the
index "i" refers to depths of any other Ax > 5.12 ft,
ranged from 0.0 percent to 2.1 percent for Ax

ranging from 5.12 ft to 40.91 ft, and at various posi-
tions x, as shown in Table 3.1. At the upstream

part of the conduit there was no significant difference
between yn/D measure for different values of Ax,

as expected. At the approximate middle of the conduit
there was a 0,2 percent difference. At the downstream
end, the difference was 2.1 percent. No significant
change in the percentage difference of y, to D

was found when Ax was reduced below 10.33 ft.

In using the other parameter, T,, to define
the accuracy of computed depth hydrographs with

different values of Ax and various positions x,
the measure of accuracy was
[T Ji '[T min
z =~ x 100 ,
P
in which the indices '"min'" and "'i" refer to the
4x = 5,12 ft and all others Ax, respectively. It

was found that there were no significant percentage
differences for values Ax > 5.12 ft, and various
positions x. The percentages were about 1.2 percent
at the upstream, 2.0 percent at the middle, and 8.5
percent at the downstream part of the conduit. It
was also found that there was no significant change
of the percentages of T, to t (which was about
1.9 percent) when Ax was reduced below 10.23 ft, as
shown in Table 3.2.

Tables 3.1 and 3.2 show the percentage differ-
ences of y. to the diameter D of the conduit,
and T_ to t_, respectively, with different values
of axp and vatious positions, x. These values at
even distances (0, 50, 100,...ft) were computed by
linear interpolation from the values in the grid
system of Fig. 3.2; therefore, some error may have
been introduced. However, the change in shape of
the depth hydrograph due to varying Ax was con-
sidered to be small. Larger Ax produced a lower
and later peak depth.

As previously mentioned, the smaller the ax,
the longer the computing time required. For these
particular values in the hydrograph and the specified
grid system computer program, the relation between
the time required for the CDC 6600 computer and the
various 4x or n values is shown in Fig. 3.9. This
relation is approximately a power function because
the number of computational locations in the (x, t)-
plane is proportional to the square of the x-positions
for a constant time position.
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Table 3.1. Difference in Yp computed from various sizes of Ax
(in percent of conduit diameter D)
Ax DISTANCE, ft
(£t) |0 50 100 150 200 250 300 3150 400 450 500 550 600 650 700 750 800
40.91/0 -0.02 -0.16 -0.04 -0.06 -0.08 -0.11 -0.16 -0.24 -0.31 -0.41 -0.50 -0.59 ~0.70 -0.94 ~-1.43 -2.07
20.45/0 -0.01 -0.02 -0.02 -0.03 -0.04 -0.04 -0.06 -0.10 -0.13 -0.18 -0.22 -0.27 -0.39 -0.42 -0.66 -0.99
10.23j0 o0 -0.01 0 -0.01 -0.01L -0.01 -0.02 -0.03 -0.04 -0.06 -0.08 -0.09 -0.11 -0.14 -0.23 -0.39
Table 3.2. Difference in TP computed from various sizes of A4x
(in percent of tp)
Ax DISTANCE, ft
(ft) 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 BODO
40.91]1.23 -0.09 0.18 0.14 -1.21 -0.36 -1.62 -2.04 -2.02 -1.81 -1.09 1.21 -0.96 -1.43 -8.47 -7.32 -3.48
20.45+0.40 -0.09 O 0.14 0.05 -0.06 0 -0.40 -0.40 -1.81 -2.73-0.42 -0.40 ] -3.58 -4,07 -2.04
10.23 0.41 0 0 0.14 0.05 0 0 -0.22 -0.40 0 -1.90-0.24 -0.42 0 -1.49 -1.62 -0.41
ax
0 10 20 30 40 50
T i T I T
t, seconds
230 F
q g
/
200 /
/
/
J
180+ !
4
!
160
140
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100~
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Fig. 3.9. Relations between n and Ax and the computer

time, T, required for CDC 6600 computer.
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Chapter 4

COMPARISON OF THREE FINITE DIFFERENCE SCHEMES

OF

NUMERICAL INTEGRATION

————=22uAL INTEGRATION

4.1. Criteria for Comparison

The comparison of three finite-difference schemes
for numerical integration and numerical computer
solution and the eventual selection of the most
de<irable scheme for particular applications depend
on simplicity, stability, accuracy, flexibility, and
resulting computer time. The three schemes to be
compared are: diffusing, Lax-Wendroff, and specified
intervals scheme in the method of characteristics,

The simplicity of a particular scheme is related
to both the algebraic description of its numerical
algorithm and the computer programming involved.
Generally, if the algebra is kept simple for under-
standing the computer programming is usually also
simplified. Frequently, however, this may lead to
numerous programming decisions to insure that
conditions outside the range of the simplified
assumptions are either included or deliberately
excluded. Thus, simplified algebra does not
necessarily infer simplicity in the computer algorithm.

The stability of a solution infers that the
process will coverge to a real solution. This
criterion is satisfied in the case of solving the De
Saint Venant equations if the mesh size At/Ax ratio
is less than dt/dx, for any part of the (x,t)-plane
used in the integration solutions. If this conditien
is not satisfied, the solution will fluctuate about
the correct value with increasing amplitude. Event-
ually, the results may exceed the capacity of computer,

The accuracy of a solution method in this study
infers that the algorithm will reproduce the initial
conditions for the steady state boundary conditions,
As a corollary, the algorithm should be able to com-
pute the steady state conditions from any arbitrary
initial conditions. If the algorithm satisfies this
criterion, it may be inferred that there will be good
agreement between the computed and the observed
quantities. The difference between these two can
then be attributed to the limitations of the underlying
assumptions of the theoretical equations and the
limitations of accurately estimating the geometric
and hydraulic parameters.

The flexibility of a computer algorithm depends
on the range of conditions the algorithm will
accommodate. For the unsteady flow solutions, it is
desirable that the algorithm provide for all condi-
tions of depth, velocity, and discharge within the
expected physical ranges. Generally, this must
include both the subcritical and the supercritical
conditions. Since numerical procedures at some stage
require interpolations, a computer decision is
required to determine the appropriate interpolation.

4.2 Properties of Diffusing Scheme

The diffusing scheme is the simplest of the three
compared schemes to develop and represent in algebraic
form. This can be seen from Table 2.1, wherein the
partial derivatives are represented as ratios of finite
differences. This.simplicity, of algebraic form,
however, limits accuracy and flexibility.

The stability of the diffusing scheme is assured

| is more than the interpolated value,

provided the ratio of At/Ax does not exceed the
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i we ol
absolute maximum value of dt/dx at anyegzlnt e
(x, t)-plane during the integration process:

The accuracy of the scheme may suffer during

eventual periods of supercritical flow. Th;:1::1v01Y
because the characteristics intersect at ;igure 4.1
great distance from the solution point. -

graphically presents this relationship. zh; ::::zacy
of the diffusing scheme is further limite :'nearl
the dependent variables are assumed o VATY [INeRrly
within the interval of 24x. Thus, if thexfc :?tion
value of a dependent variable at a gi:;: comgzted value
at the same position for a later time will be less
than it shoufd be. This effect produces 2 dimgenlns
effect in time at a fixed location. Figure 1- tion
demonstrates this effect for the depth at a loca i &
near the free-fall outlet. The greater Fhe Cl}Waf}Ir t
of the free surface the more pronounced is this effec

To reduce this effect the physical size of fax
may be reduced but this results in an increase greases
the computer time needed. The computer tlme';:ervals
by the square of the number n of distan:;eldiffusiné
Ax. Subsequent comparison indicate that 54 other teo
scheme requires more computer time than the
schemes,

4.3 Properties of Lax-Wendroff Scheme

The Lax-Wendroff scheme is an imprgvem:n:h:VEf
the diffusing scheme in that it accommo ates Mt
curvature in the variation of dependent v:r1a erical
This, however, involves a more complicated num
algorithm,

Intersection of
Characteristics

Domain of
Dependence

Solution Point

)

At

Ax Ax

Known Points

Fig. 4.1, Effect of characteristic slopes:




The
solution
the same

Lax-Wendroff scheme results in a more accurate
in comparison with the diffusing scheme for
Ax and At intervals without a significant
increase in computer time. An indication of this
improved accuracy-is demonstrated in Fig. 4.2 The
Lax-Wendroff method consistently produces the same
depth over a very large period of time, whereas, the
diffusing produces a consistent change.

With regard to its flexibility in accommodating
a wide range of flow conditions, the Lax-Wendroff
scheme possesses the same inherent limitations as the
diffusing scheme. Thus, by the Lax-Wendroff scheme
the further the intersection of the two characteristic
curves from the solution point, the less accurate the
solution.

4.4 Properties of Specified Intervals Scheme of the
Method of Characteristics

The complications inherent in the specified
intervals scheme of the method of characteristics are
The

justified because of its inherent accuracies.

basis for this is that the points of solutions are at
the intersections of characteristic curves, rather
than at any point within the domain of dependence.

The linear interpolation of this scheme is made
without the need of a computer decision. All flow
conditions can be accommodated by this scheme.

The accuracy of this scheme is demonstrated
in Fig. 4.2, and is very good when compared to the
diffusing and Lax-Wendroff schemes.

It is apparent that this finite-difference
scheme of the method of characteristics produces a
rapidly convergent and stable value. It is compar-
able to the same property of the Lax-Wendroff scheme.

The non-linear interpolation of the method of
characteristics for dependent variables along dis-
tances for a given time is an improvement over the
linear interpolation., However, linear interpolation
is used in producing results (C) of Fig. 4.2 for this
method of characteristics.

Ap
105, ; | | ] ] ] | | | | | | | [ I T e
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 IS0 160 [70
t,seconds
Fig. 4.2. Comparison of diffusing scheme (Dj), Lax-Wendroff scheme (A;), and the

specified intervals scheme of method of characteristics (C) in re-
producing the steady initial conditions along the conduit, at the

distance x = 796.7 ft.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

1. Numerical integration solutions to the
differential equations of gradually varied free-surface
unsteady flow in prismatic channels and conduits have
been reviewed, evaluated, and compared, both by the
integration of the two partial differential equations
and by their equivalent, four ordinary characteristic
differential equations.

2, Numerical integration schemes, their solutions
and their resulting computer programs are compared on
the basis of their simplicity, stability, accuracy,
flexibility, and the resulting computer time needed
under given physical conditions.

3. Second-order or non-linear interpolations
for dependent variables in the finite-difference
schemes, for both the Lax-Wendroff scheme and the
specified intervals scheme of the method of character-
istics, were found to be necessary if maximum accuracy
is to be obtained.

4, Solutions by the specified intervals scheme
of the method of characteristics, with the second-
order or non-linear interpolations for dependent
variables, do not significantly require more computer
time for a given accuracy comparable to the accuracy
of solutions by any other scheme.

5. The Lax-Wendroff finite-difference scheme
requires some particular programming considerations
and adjustments in the case of supercritical flow.

6. The finite-difference specified intervals
scheme of the method of characteristics with the

second-order of non-linear interpolations of dependent
variables is sufficiently flexible to accommodate a
large range of flow conditions.

7. Numerical integration by the specified
intervals scheme of the method of characteristics
with the second-order or non-linear interpolations
of dependent variables in the writers' opinion should
be used in general for studies of gradually varied
free-surface unsteady flow.

5.2 Recommendations

Four recommendations for further studies are
present in the following:

1. Other numerical integration finite-difference
schemes, periodically appearing in the literature or
not studied in this paper, should be investigated and
compared with the recommended finite-difference
specified intervals scheme of the method of character-
istics, This should be done to find whether improve-
ments in overall applicability can be attained.

2. The finite-difference specified intervals
scheme of the method of characteristics may be further
improved by considering the curvilinear nature of the
characteristic curves. Thus, a better method of inter-
polation may be designed.

3. For the integration of gradually varied free-
surface unsteady flow equations the use of a hybrid
computer should be particularly investigated.

4. Computer times and computer costs should be
systematically investigated for the most popular digital
computers and for various finite-difference schemes.
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APPENDIX 1

COMPUTATIONAL DETAILS OF DIFFUSING SCHEME

All

( Program NSTDY ’

FLOW CHART

®

Set
physical constants such
as diameter, length, slope
of conduit

Call COMPTE
to compute depth and velocity
of even positions at first time
interval

Set
value of friction factor

Set

physical parameters such

as velocity distribution
coefficients

Read
inflow hydrograph

Call DCRIT
to calculate critical depth

Call DNORM
to calculate normal depth

Calculate
time increment from
maximum velocity and
maximm height

Call INCOND
to calculate velocity and
depth for all distance
at tipe zero

Call COED
to calculate coefficients of
di fference equations

l:i@

Subroutine BONZ

Compute
[depth, velocity, discharge]
at free outlet
by
Newton-Raphson iteration

(Subroutine CoED)

Calculate
coefficients of difference
equations with diffusing

Call COMPTE
to cospute depth and velocity
of odd positions st next time
interval

scheme

Call BON1
to compute depth and velocity
at inlet

Gubroutine CoWPTE )

Call BON2
to compute depth and velocity
at free cutlet

Compute
lopth, velocity, and discharge
at end of time interval at
given location

Call COMPIE
to compute depth and velocity at
even positions

[Ret uml

Subroutine INUOND

Compute
steady, non-uniform flow
for M-2 (drawdown }
{standard step method)
by
Newton-Raphson iteration

(Retury

Ei scharge im;remeng

Subroutine CIRCLE

Compute
central angle by given depth

Compute
area, wetted perimenter,

D | @ s Tttt

hydraulic radius, top width

initia]l discharge
(base flow) greater than
input discharge

time greater

than input hydrogra

time and less than

next input

hydrogr:
i

Yes

Interpolation of discharge
for uniform time intervals

may be selected arbitrarily,

Compute
depth, velocity, discharge and their
associated times at inlet

{Re turn)

( subroutine DCRIT )
Initial assumad
depth = 0.62 diameter

I depth = critical depth ,

( Subroutine DNORM |

Initial assumed
depth = 0.62 diameter

Call CIRCLE

Calculate
ritical depth

depth = normal depth

critical depth within
the tolerance
limit

Calculate
normal depth

1s
the difference
between depth and
normal depth within
the tolersnce
limit

initial discharge
= input discharge

\.
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Al2. FORTRAN I COMPUTER PROGRAM

MAIN PROGRAM FOR UNSTEADY FLOW BY DIFFUSING SCHEME

PRCGRAM KRETDY(INPUT sOUTPUT s TAPES=INPUT + TAPES=UUTPUT]
DIMENSION ELNK{120)y PNLI4OC)s PN2I60G)s PR3I(4GL)

DIMENSICN TGI290)s S11C60

DIMENSICN GIG0OuYs HISCD)s VI&DG)

CIMENSION GE330)

COMMUN ONandsdsmbsoPsalsClovisElvoernesleriesWPruTAsuT snkruC
CorMul LaXGoAF sGl snliknasptTassUsrerisvasurdnsbl o ToToriFaisioaFCra
CLdibiun merbissnmsl sl sPErdsdul sVAs lLr Turalsnecu

CurituN HAvHR s VEaHT s v T anF T onnaGeul ]

COxMMuN TreTAvaP s suePTns VL

COMMUN WHAX(G0U) o VAALISUU) yHMAK T &0U ]

COMMON TUMAX (AUL) o TVMAXILOT) » THHMAX 4301

INTEGER RUN

OO 1 I=1+400

HMAX([)=0

VAAX (] 1 =0

GMAX(]1)=C

CONT [ NE

C=mm== INPUT wrICH mAY s ALTewto

D=2.9c62
Xu=0al
AF=B2leT0
Feuauld
ALPHA=l.0UGC
BETA=1.CC0
GR=32,175
H1=0.4%0

C=====COLFICIEANTS

Cl=1.0

ELl=0.0

d=pc TA/GR

Cé=1s0

£l OF CuefFiClenTa

C=—===RLAD INPUT nYURUULRAPN

READ (54121 NuCD
READ (59130 (TGHIDQILIInTl=10NGCE)
ali=gri1

Tao=L

To=C

=10

TF=2uL

S50=Le U1

N=20

Nishel

NPC=0

1X0x=1

PERD=120,.
FNU=(,0000141
FE=0.03

FC=0

PERD=120

AT =NPO

fu=l

Cm====CALCULATIUN UF CalTICAL ANU NOHMAL wePTh AT pASc rLOw

[

CALL whuib
Dx=ON

CALL OCRIT

AL=RAF-X0—&+2%DC

FO=SLRTFIGR®A/5)

M=ZeN

Fr=M

MM=M+ ]

MHM=M~1

CALCULATION OF OT FROM MAXIMUM VELOCITY aAnD wAXloUm oElGnRT
DxX=xL/

RA=1a0/ 120"V

OT=RARLARGLS

wiITE (Bsl&]) UNpuC

WRITE (6al5) MiDXsUT s XUsRFaTURTFaSUNUSF

WRITE (6e1&) RASHLIPERDsFUEWFC

T1=T+DT

CALCULATION wF INITIAL CONLITIONS

HEIGNTS AT PARTICULAR DISTANCES FROM [ALET END
FALL INCIND

LESS
NaT
nal
LEY
Nal
nal
nal
NaT
Wal
Ral
haT
LEl)
NaT
MNaT
N5T
NaT
LEY
hal
hal
Mol
il
a1
N2l
Nal
N5T
Nal
Nl
NaTl
nal
Hal
wal
nal
fsl
il
NaT
hal
NaT
wal
Wal
nNaT
H5T
NaT
naT
Al
Wal
Nal
NaT
NST
NaT
LEY
NST
aal
ol
Nl
wal
nal
NaT
hal
T
Nal
NaT
NaT
N5T
NsT
nal
KoT
T
NaT
WaT
NaT
LEL]
NST
N3T
NaT

-
D LD U PN e

-
"

.
-0

ML RRRRRE ARR R R e
LR =OLONOY FPUN OO

L
z

L O O O O PR e Ty
CVELUR O W0 <O Ww

Yo wep
'a—lﬂd!:l

9

10
11

DTA=DT

DO ¢ [=2eMs2
Com===CALCULATION ur COcrFitlchTs Alb suluTlun of viFFEacnle twlalluns
CaLL Cuku
CALL CUWPTE
CuniInut
DTA=2.0%0T

K=l

1F INPO=hT) &sb185
wRITE (64170 T
WRITE 16e18)

DU 5 I=lshialnix

wRITE (6419}

CONT INUE

NT=3

PRlI£I=HILlL)®a3a0
Phe(RI=ntoci®abes

Ph3lK)=HI L1501 %033

E=K+]1

NT=NT+1
T=T+DTA
Ti=T1+4DTA

WA=CI3
HA=HI3
VA=yi3

QM=a MMM

Hid=H MMM )

VM=V MME )

Ou 7 Is5smeireg
CALL CUED |
CALL COMPTE
CONTINUE

CALL sONl
HX=H MM}

CALL olNh2

DO B l=2sMeé
CALL COtw

CALL COMPTC
CUNT INut

IF {1F=T) 9e343
CUNT IRuE
NPG=N1/50+]1

0O 10 111=1sNPG
11=50%111-49
IL=11+49

WRITE 1&+20)
wRITE (6+cl)

20 1T I=lisIL
Xs(l=11%0x
WRITE (6922) AsHRAKIIN o THHAKI D) oWHAKE L) o EWelAR LT ) surdAR (D0 o TuARL L)
IF 1l«EQsN1) GU TO 11
CUNT INUE
CALL EXIT

[

12
13
14
15

16

FORMAT (13)

FORMAT (8F10.0)

I* DNGE = ®E16.8//% DCOB = *£16.b/)
/

FURMAT

FORMAT (* M = #]5/

L §

O~ e
*® 58 es
-
=]

. F

®E16eB//
*El6a8//
*Elbe8/s/
#Elbea//
®ElGens/
*El6aB//
®*Elben//
®E16.8//
*ELE.B/)

Tehtldavilll+Q00)

FORMAT (# RA = #El&,0//
1l % Hl = #El6ed//

2 ® PERD = %El6.d//

3 % FB = #ElbeB//
4 % FC = #E16.d)
tlnle THTIMe Iasclbessan SeCel

FumnmAT
FOKMAT
FORMAT
FORMAT
FORMAT

(2K p3rPNTrleXoion s LTAs v lTAr iriw)
(lkvlbsixrelboosdircloadscirtlban)
(/7/%] MAXINMUM VALUES AND TIiMcs AT caln LuCATIUN®s/7)

(® LISTaNCE

1 TIME®}

FOURMAT (FBa293l6XsFbadn2NaFTal))

END

HAX DEPTN

CALCULATION UF INLET oQURDARY CONCOITIO..

CALCULATIUN OF CUTLCT COUNDAKY ConulTliNg

Tlve

HAK Vel

Thine
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1
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nal
Nl
LEL
mwal
had
[
hal
hal
NST
NaT
NaT
ol
LEA
el
Nal
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NaT
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N>T
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NaT
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NaT
Wal
wal
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Nal
NoT
LEN
ol
Nal
tat
fal
nal
nal
Mol
NaT
LEY
ol
LY
haT
NaT
haT
nal
hal
Nail
HaT
hat
Nal
kal
haT
NaT
NaT
NST
haT
MaT
nal
LE
Hal
mwal
Mo ¥
Nal
NaT
Nal
NaT
NaT
NaT
LEL
NaT
Mol
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Wal
NsT
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NaT
ol
haT

T
1
1
Ta
Lk
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el
ve
LE]
ak
b5
11
e?

s7
"
»i
e
>3
L L
¥5
L 1]
97
%o
9
luu
vl
e
aba
bk
LGa
le
107
ige
Loy
LiC
i1

4das
il4
ai3
lie
il7
dao
liw
leo
lel
1ée
L3
dlew
LLz
lew
leid
1eo ™,
Lew
130
151
13z
133
14
kas
i3
1537
L3a
137
is0
itl
Lae
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lak
ia5
14e
la7
i%a
e
A30
sl
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132
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lss
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SUBROUTINE FOR COMPUTING UPSTREAM BOUNDARY CONDITION

SusrLUTINE 8ONL

GIMNENSION TGE20GDe @1E200)

DINENSIUN GUAULIY HIGULIY VI4CO)

DIKENSICN GL330)

Cummuly LinsHishrabsoP sAlsCisdirelrodrAcsCescervprdlarslananc
CUHMUN Dtlﬂl&F;GR-&LSNAOD&TA»;Oaf|n;H.u-wl-DTn1-ID-ltuk-FenFCpb
CuMMuN bymiabiiel o [y PERDyOOT o VA 16 Tuwani b siviaCu

COMMOUN HAsHMaVMaHT VT o NPT sk e Go 0L L

COMMGN THETAvAP sRsDEP TR VC

COMAON GMAXT4OC) s VMAX(S0C) sHMAALECT)

COMMON TOMAXIGG0) s TVMAR(A0G) » TiMAX I 4CO)

1F LIG.GE«NACD) 203

Q=21 INGCD)

GG T0 &

IF (1 GEaTUliu)sANUT oL T TQUIQ#L1) 394

Tw=lusl

Gu Tu 1

TGl Ul s L =Wl () 3 T=Tet lw ) )/ I Tl sl d=Tuliu) )
HN=HI{1])

THETAZZ2 O®ATANF (I (SGRTFIOHIZ)-HI2)**2 )}/ ILRCe5-nl2) )]}
IF (THETA) TaBb

THETA=b.2631B8+THETA

A=zGa 125 I THETA-SINFITHETA) 1% (D*D)

WP=D*0.5*THETA

R=A/wP

A2=y (2} #ALPHA/GR

SF=el2o0Fep2*yi21*VI21 /K

Eé=5F-50

SWESWHTF (uHv=Hi® kv

TrETA=2.0%ATANF ISWRTFISWI I/ T0%0e5=nN) 1

IF (THETA) 10allwll

THETA=6.203184THETA

AX=Csl25® (THETA=SINF ITHETA) ) #(D*0)

FH=HN=-AZ®IVI3)+VA=VI 1) =0T /AX ) =g2%DX/DT®#IVI3)+UT/AK-VA-VI1) I-C2* (HABUL
BO1

1+HI3I=HI1) 1 =4,09DKeE2
DAX=042590%0D%(1.0=-COSF (THETA) 1/50
FPH=10=(AZ=-0200X/0T ) #ILTRNAKS (AK®AR) }
HNUsHN=FH/FPH

IF {ApSFIRNU=HNI=0s0001) l3sl2ele
hih=NL

Gu Tu §

Hil)=HNU

Gili=CT

VILIsGLT/AX

IF (HIL)eLTonMAXI1Y) GU TO 14
HMAX(1)=HL]}

THMAX(1)=T

IF IVI1)eLT.VMAXIL)) GO TO 15
VMAX(1)=vil)

TYMAX[L)=T

IF (Wil)elT.UMAXLL)) GO TO 1o
CRARLLI=LLLY

TaHMAX(L)=1

RETURM

END

SUBROUTINE FOR OOMPUTING CRITICAL DEPTH

SUdROUTINE DCRIT

DIMENSION TGLL2001s Ol(2O0)

CIMEASION GI40G)s hI4LUIY VIA00)

DIMENSTON GI330)

COMMUN DNsMlsAsAP soP sAlsCLeDisElrndracelercer VP rUTA T srArul
COMMON DsXOwXF sGReALPHASBETA»SOsFoHaVeQa0X DT s ToTO»TEaNsFBaFCat
COMMON MasMMsMMMaL » 1 s PERDsDDT o VA » [0 TU QI #N3CD

COMMON HAsHMoVMaHT s VT o NPT oHH GoGI 1

COMMON THETAsWPsRsDEPTHWVC

THETA=2 . O®ATANF ( (SWRTF (DYDX=-0X*®2} )1/ (D*0+5-0X11

IF ETHETAD 29393

THETA=b. 20310+ THETA

A=Qeles® (THETA=SINFITHETA) b#(D*D)

B=08SINFITHETA®DS)

BO1
aul
sul
avl
pul
oul
gul
oul
BUL
gl
8ul
Bal
301
a0l
801
Bl
aul
oul
gul
oul

OC=0X={Bo (A®®A)=ALPHAR L lo®ul [ ) *®2)/un )/ IasUsilomnl*ts)-T2euk lARRI}00A

1%COSFITHETA®OL 51 I /LS INFITHETARD.D1)]
IF LABSF*NC=DXI=0s000L) Sebst

Dx=pC

G0 TO 1

vC=gl1/a

RETuRN

ENRC

DCR
Pl
DCR
DCR
DCR
OCR
bCk

Car - T P
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SUBROUTINE FOR COMPUTING DOWNSTREAM BOUNDARY CONuITION

SUBROUT INE BONZ

DIMENSION TGEZCO)s OIL200)

DIMENSION GL&00) s RIGLLIs VIGGT)

DIKCHSION Gi330)

COMMUN DNanLsAsAPsoPsalsCladistbrperhcslerce s VP ruTardl snasuC
COMMON D XD pAF s GRsALPHA1DCTARSOsF eraVakouXaul o ToTUa TFalaroeFCro
TCMMUN MakMaMMEsL 2 TsPERDIDOT s VA e Tu Wi shuCu

COMMON HAYHMsVMsHT o VT o NPT srtin G QI 1

COMMON THETAswP sRsDEPTHIVC

COMMON OMAX[&DD) »VMAX{S00) sHMAX [&CC)

COMMON TOMAXI&00 ) »TVMAX SO0 » THMAXI&OD)

VP=yIM)

THETA=2 s O®ATANF [ {SLRTF (D*HP-HP#HF ) 1 / 10a 5%u=-nP) 1
IF ITHETA) 1sl»2

TNETA=TnETA*6eca318

AP=0e 125%( TrcTA-SINFITALTAI I * (wow)
BP=D®SINFI0«5*THETA]

THETA=2 4 G®ATANF ( | SGRTF IO®HA=nA®HA) 1/ (G*0ab=nk) )
IF (THETA) &#545

THETA=6,28310+THETA

ASDa125% [THETA-SINFITHETA) }®1D%*D)
B=D®SINFITHETA*D45)

VXSSQRTFIA®GR/BI

CTNSCOSF I THETA*0« 51 /SINFITHETA®DW5)

Jue
U
BuUé
BO2
802
g0e
BO<

FORG=AP/ [BP*DX) # {VX+V (MM ) =V IMMM) =VM ] $VP/oX® (HX+N LM ) =H (M ) - M)+ Ins02

LX#H (MMM ) =H (MM ) =HMm) /DT

FPRI=AP/ (GP*UX# 24 C¥VAI #{OR-A%Gr ¥ cau®CTH/ lo®0 ) 14VP/UA+LaL/UT
DC=HA=-FOURG/FPR]

IF (ABSF(DC-HX)=0+0001) 7abs0
HX=DC

GO-TO 3

HIMM}=DC

THETA=22 UMATANF t { SCRTF{D*DC-DC*DC 11/ (0%0a5-0C1 )
IF (THETA) B29.9
THETA=6.28318+THETA

A0 1250 (THETA-SINFITRHETAY I®=IL*D)
BaD*SINFITHETA®D5}

VIMMI=SGRTF LA®GR/BY

GEMME=ARY [FM)

I =M 3

IF Infl)eLTaHMAXILY) GU TO 10
HMAXEL)=HIL)

THMAXIL ) =T

IF (VIIleLTevMAXITI)) GO TO 11
VHAXET =V

TVHMaRILy=T

IF (Q{])eLTouMAXIT}) GO TO 12
GQMAXITI=QL1)

TOGHAR(13=T

RETURN

ENw

SUBROUTINE FOR COMPUTING GEOMETRIC PARAMETERS OF CIRCULAR SEGMENT

SuUBROWTINE Clnic

DIMENSION TGIZ20U)» 2112G0)

DIMENSION GESOL)s LISCOTs VIaILIs AL33U)

CUMMON DNaHI sApAP+oPsAlsCLlaDlsElsodsAg s Cercd s VP oL TA LT srik o UC

CUMMON DIAsXOwKF pGRyALPHARBETAYSOrF s Vala DX DT o T TO TF s FBFCon

COMMON MsbiMaMMM oL o 1o PERDSDDT o VAL IQe TG o NUCD
COMMON HAsHMVMsHT s VT s NPT aHH X1 GB

COMMON THETAwaP sR+0EPTHIVC

THETAZ L UMATANF ( [SLRTF(LIA*DEPTH=CEPTH®#2) )/ LUIA®ULS=VEFTH) )
IF (THETA) 19202

THETA=64 203 10+THETA

AsQaléo® [ THETA=SINFITHETAL I =IOIA*DIA}
WPEIUIA*0a5 ) *THETA

R=A/nP

S=U]A*SINFITRETA/Z40)

RETURN

END

Bue
Hue
bue
due
ouL
gld
BoZ
Bu2
802
8oe
BUL
B«
oug
oy
pve
Bue
Bue
bue
dud
Bue
Bue
BO2
802
BOZ
8l
gve

Cin
CiRr
CIR
Clk
CIR
IR
cIR
ClR
ClA
Cla
Cirm
Cln
Clr
Cln
Cln
CIR
CIR

e NEV P WA

C 3 - BEV - B U P
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SUBROUTINE FOR COMPUTING COEFFICIENTS IN DIFFERENCE EQUATIONS

SUoHOUT INE CoEw
DIMENSION TGi2001y Ql2G0)

DIMENSION QU4OL)s HIGLOI, vIGCO)

DIMERSION Gi33C)

COMMON DNaHLsASAP soP s ALl +CLla0lsELap2rAZsCesELaVPauTA YT shXy 0l
COMMON Do X0 XF +GRIALPHASBETASO0F sHaVa0sUXKsDT+ T TCsTFWNFEFCaB
COMMON FaMMsrdMaL s T PEROSDOT VAL IGsTu LI ahiCO

COMMON HA»HMsYMsHT oV T o NPToHH GG T

COMMUN THETA»wP R sdEPTHIVC

WT=IVII+11+VII=1)1%C45

HISiH{I+10#Hi[=11)%0a3

THETA= L O®ATANF ( LSWRTFlO®nT=HT* 2} 1/ (U*0a5-nT}]

IF ITHETAD 1#29s2

ThETA=b.2o3lo+THETA

ATue lZ5* I THETA=SINFLINETAI 1% 10%2)

WP=D*L 5#THETA

R=AsWP
B=D*SINFITHETA%{+5]
LiVT¥*p)
sOAWT
THALPHAZCR
1250F 22y sy T/R
EE&=5F=-50
RETURN

ENG
SUBROUTINE FOR COMPUTING DEPTH § VELOCITY AT END OF TIME INTERVAL

SUBRUUT INE COMPTE
DIMENSION TGI2000s QI(200)

DIMENSION CU&00)s HMI4CS)s VISGD)

DIMENSION Gi33u)

COMMON DNsH13A1AP»0PsAL1CLsDlsElsndsAZsCerbes VP IuTAyuT sriksuC
COMMON DsXOsXF +GRIALPHAYoETAsSOaF st VaQowZ s LT o T TUs TR aMFbFCao
CUMMUN MasiMs MMl » 15 PEROSDDT s VA s Tus lw sl »WCD

CUMMUN HAsHMs VM AT o VT s NPT e s Gowl 1

CUMMUN THETAswFnsDeFThVE

CUMMUN WMAX LS00 ) s VAKX (4001 snMAK L500)

COMMON TuMAX (4501 » T VMAK [400) + THMAX T 400)

HUL)sHT={UT/{ 2 0#DX#0] ) 3o (ALR VI I+l )=VII=1)1+in{0l+1)=HII=1))])
VIDI=sVTI=IDT /a2 # L {AZ*IVIT+11-VII=1))+Hi I 42 3=hil=13)/02.0%0X)+E2)

VP=vLi)
Qiil=vili=a
IF (HEL)oLTariMAXITI)) GG TO 1
HMAX T Ti=HIL}
THMAX () =T
IF (VE1)eLTaVMAXIE)) GO TO 2
VHAREL)=VLET)
TVMaXIL)=T
IF (QUL)eLTawMAXELN) GO TO 3
GHAXETI=wil)
TOMAXLL)=T
RETURN
END
SUBROUTINE FOR COMPUTING NORMAL DEPTH

SUBROUTINE DNORM
DIMENSION TQl20C01s Q11200)
DIMENSION GI&00)s HUGGO)s VI&QG0)

DIMENSION GI330)
COMMUN DNsHLIsAsAPsoPsALsCla0lrclsndsAcsCerbe s VPILTA LT snksiC

COMMUN D3 X0 s XF pGRsALPHAYSETA»SUsFaHsVslsoXs DT TeTUsIFalsFosFCan
COUMMON FiaMMyMMMaL o o PERD»DOT o VA JU» Tl L o NwCl
COMMON HAsHMaVMaHT s VT aNPToHRaGa Il

COMMUN THETAswPsRsDEPTHIVC

THETA=Z « O¥ATANF ((SURTF(D#HI-H1*#211/(0*0+5-H11)
IF (THETA] 2833

THETA=6428316+THETA

A=0.125%( THETA=SINF(THETA) ) #(D*D)
WP=10.5%D ) #THETA

R=A/wP

d=uRSINFITHETA%D.2)

Coc
Cut
CUE
CUE
LUk
COE
COE
CoE
Cos
CUE
Cue
(Y13
Cve
Cut
Cut
CuE
CUE
Coc
Cuc
Clc
COE
Coc
Cue
Cuc
Cuc

UM
COM
Tl
Cud
(<01
Cum
Clm
Cim
Cunm
Cuis
Cur
Clh
Cui
Clw
COMm
Clhim
Cuit
CU
Clm
Cum
Cuwm
T
Com
Com
COmM
com

D
OND
[+1¥)
[P 1F]
Lind
D
Do
D
DNOD
DG
DhU
DNO
D
DG
Dag
Ol

DhErl=IwP=IFoL (%l 1/ lde0%GHRB3UTR*n*A) )/ 1l 3el%a ) /n—cel/3INF i TRET AV

1#0.51)

IF [ABSF(DN=H1)1=0.0001) Tsbsd
IF (D=DN) 5»5s¢

ON=DN*0.5

GO TO &

H1=DN

GO TO 1

RETURN

END

Divws
Divu
Dhu
DD
DNG
D
DNO
DG
Do

B R R L

-
OO TR

ii
12
13
14
1s
ie
17
lo
iy
Fav]
£l
‘L
£3
ik
€5

-
=00 - SV - R VR PO

2

[ T Rt

il
12
13
la

15

SUBROUTINE FOR COMPUTING INITIAL GCONDITION

SUBRUUTINE INCUND
DIMENSIUN TulZCuls Ql1200)
DIMENSIUN CI&0G)s Cl400)s VIadUle Kl3201
CUMMON DNsHLvAsAPwoPsALsClablscivodradsCasca s VPreThrul snKsul
COMMON DIAsXOsAF sGRaALPRASBETA»SUsF oD VaGaOKsUToTaTUsTFaNsFbaFCan
COMMON MabiMoMitbaL o [ s PERDsDDT o VA 100 T sl 1 ohGCO
COMMORN HA»HMa VMo HT s VT NPT oHH X9 GB
COMMON THETA»@WPsRWDEPTHAVC

DTOL=C.00001

IF 1ON=0C) 1ala2

K=l

GO To 17

DIN=(DN+LC o0 S

DEPTH=0C

CALL CIRCLc

VVslo/A

VH= (VVEVY ) £ 124 0*GR)

51=F*VH/(4.0%R)

EE1=DC+ALPHA®VH

Dizan+1)=0C

QiZeh+11=0B

Vid®sl )=V

NCOUNT=0

DO 16 L=1lwN

DEPTR=DIN

CALL CIRCLE

HF TH=la5*THETA

DTAET =4 C/IDIANSINF IRFTH) )

DAREA=Ga | L5201 A% DA% (1 a0-Cuar (THETA ) #LTneT
DW=0u5*DIA%DTHET

DRA= {WP*DAREA-A*DWI/ (wP o wP)
DENG=1+0~-{QB*UD/ (GR®{A#%3) ) )*DAREA
DSLO=~FHUE*Lo® (2C*RYARDAREA+ (AN ) ¥URA D/ (B OWGR* | [KeASRZ )32} )
VVEGo A

VH=IVVRVV ) /2. O%GR)

S2=F*VH/ (4. 0%R)

SFE(51452]1%045

Ee2=DIN+ALPrASVH
FRATIO={ELZ-cEl+2«0PuA® 150-5r } )/ {0t lteZ—col} ®uSLu/ ( 5u=5r) )
DCUM=0IN-FRATIOD

IF (DCOM) 5a446

WRITE 16419)

GO 1O 1

DCOM=ABSF (DCOM)

1F (ACSFIDCOM=0DINI=-DTOL) 1541547

1F (GaHB2WUTA-DCOM) Belbels

Din=0COM*Ca3

IF (082%UIA-DIN) LUsl0r11

Dlin=DIN#Ga5

NCOUNT=NCOUNT+1

GU 10 §

1F INCOUNT-2L) 1291Zs13

G0 70 3 -

WRITE 16420}

GO TO 18

DIN=DCOM

GO To 3

DIN=DCOM

Si=52

EELl=gEZ

1i=2®(N-L)+1

OilL)=DIN

VEET I =vV

GiIli=c8

CONT I NUE

G0 TO 1B
WRITE (64211 K
RETUR®

FORMAT (® DCUM EWUALS ZERO #)

FORMAT (25H D2 MUCH GREATER ThaA
FURMAT (= STUP =413 HBER)
END

InC
INC
InC
InC
Ihe
INC
INC
INC
INC
InC
[
InC
b
InC
1wt
IncC
LinC
InC
1HC
e
I
Twd
InC
T
il
InC
g
L
g
INC
INC
e
Inc
1nC
1RC
Ing
g
THC
Ine
InNC
InC
INC
IKC
LivC
InC
InC
It
Ing
I
Int
INC
I
InC
INC
NG
Inc
INC
Inc
InC
Iin
InC
T
INg
INRC
INC
INC
INC
IwC

g
InC
InC
InC

R I TR .
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A.l.3. DEFINITION OF VARIABLES

NAME DEFENITION
A ARFA NF CIPCULAR SEGMENT ONG
LUk

ALPHA VFL. DISTRIBUTION COEF ,=-ENEWGY NST
AP AREA OF CIRCHLAR SFGMFNT HoP
AX AREA NF CIRCLILA® SFGMFNT ROl
41 COEFFICIENT f0E
A2 COEFFICIFwMT COE
B FREE=-SURFACE w]DTH M
L

RETA VE)L. DISTRIBUTION COEF.-MOMENTUM  NST
AP FREE-SURFACE wiDTH ko2
B2 COFFFICIFNT wsT
CTN COTANGENMT OF 1/2 THETS B2
C1 COEFFICIENT T
€2 COEFFICIENT usT
D DIAMETFR OF COWNDUIT KST
DAREA DESIVATIVE OF AREA WITH DEPTH IHC
DAX DERTIVATIVE NF AREA «1TH DEPTH H0l
DC CRITICAL DEPTH neR
DCOM COMPUTEN DEPTH 1HE
DENG DERTVATIVE OF ENGEHY WITH DEPTH NG
DEPTH ASSUMED DEPTH OF FLOW INC
DIN INITIAL NEPTH ASSUMED ::g
DN NORMAL DEPTH L]
DRA DERIVATIVE OF MYD. RADIUS WITHd DEPTHINC
DSLO DERIVATIVE OF SLOPE WITH DEPTH INC
DT TIME INCROMENT NST
NTA TIMF INCROMFNT NST
DTHET DFRIVATIVE OF THETA WITH OFPTH THC
DTOL TOLERANCE TN APPROX, DEPTH INC
DW DERIVTIVE 0OF SURFACE WIDTH WITH DEPTHINC
DX INCROMENT IN X=-POSITION NS T
D1 COEFFICIENT COF
EEl ENERGY SLOPF AT POSITION 1 iNC
EE2 EMERGY SLOPF AT POSITION 2 1NE
El COEFFICIENT NST
E2 COEFFICIENT CoE
F DARCY-WEISRACH FRICTIOMN FACTO® HS1
FA FRICTION FACTOR COEFFICIENT NST
FC FRICTION FRACTOR EXPOMNENT NAT
FD CELERITY oOF WaAVE NST
FH 12) Hol
FM NUMHE® OF POSITION INTERVALS NST
FNU XINEMATIC VISCOSITY MST
FORG (2) Ho2
FPH (2) L1
Feal (2y HN2
FRATIO (2) InC
GR ACCELNRATION NUE TO GRAVITY NST
H DEPTH OF FLOW comM
HA DEPTH OF FLOW NST
HFTHI/2 THETA IHC
HM DEPTH OF FLOW NST
HMAX MAX. DEPTH OF FLOW NST
HN DEPTH OF FLOW-INITIAL HOY
HNU DEPTH OF FLOW=-COMPUTED RO
HP DEPTH OF FLOW wo2
HT DEPTH OF FLOW=-MEAN COE
Wi DEPTH OF FLOW NST
H1 ASSUMED DEPTH NST
t Bn2

11 €y NST

120

BCH
L1t

hnl
bcR
Cir

INC
HAZ
InC

InC
InC

DO

NET

NST
N

Clot

Com
RO1

Hnz2
DHO

INC

STATEMENT NUMBES

13
T

?6
14
15

20

9
a4

25
a7

21

a]

w5

0

78

az

17
40

3l
23

w1

CIR

CoE

InNC

NG

orik

no2

Hol

15
12

62

18

33

ab

Bnl 23

wn2 23

INC 56

HOo2 &3

L
1M 1

IX0X PRINT QUT LIMIT

K 1)

M NO. OF COMPUTATION INTERVALS
MM NO. OF COMPUTATION POSTITIONS
MMM NO. OF COMPUTATION INTERVALS
N NO. OF LENGTH INTERVALS

NCOUNT (1)

NPG 11}

NPO (1)

NT
N1

(n
PRINTOUT INTFRVAL

PERD (2)
PNT (2)

PNZ2 (2}

PN3 (2]

@ DISCHARGE

1

DISCHARGE

Qll DISCHARGE

oM

DISCHARGE

GMAX MAX. DISCHARGE

at

DISCHARGE OF LAST POINT ON HYDHO,

R HYDRAULIC RADIUS

Ra
SF
50
50
51
s2
1

TF

2)

FRICTION SLOPE
CHANNEL BED SLOPE

(2}

INITIAL FHICTION SLOPE

FINAL FRICTION SLOPE
TIME
TOTAL TIME OF INTEGRATION

THETA CFNTRAL ANGLE OF CIRC., SEGMENT

THMAX TIME TO Max. DEPTH

T0

INITIAL TIME

TOMAX TTME Tn MAx, DISCHASGE
ToO TIME OF INITIAL DISCHARGE
TVMAX TTME OF MAX. VELOCITY

T1

TIME AT END OF TIME INTERVAL

V VELOCTTY

va
vec
WH
VM

VELOCTITY

CRITICAL WELNCITY
VELOCITY HEAD
VELOCITY

VMAX MAX. VELOCITY

ve
vT
LiJ
VX
WP

VFLOCTTY

AVERAGE VELOCITY
VELOCTTY nF RASE FLOW
CELERTTY OF WAVE
WETTER PERIMETER

X POSITION

XF
XL
X0

TOTAL LENGTH OF CHANNFL
INTEGRATION LENGTH
INITIAL DISTANCE

(11 DO | NOP COUNTER OF VARTABLE
(2) INTERMEDTATE VARIABLE

wiP
NST
nc=a
INC
NST
nNsT
cou
COE
INC
A2

NST
NS T
NST
NST

BN}

NST

INC

NST

NST

Inc

com
BO1
CoE

CnE

NST

[V e]
CnE
Hnl
BNz
Clk
ol

L1
NST
INC

Inc

com
BO2

{1

(L]

Rk ]

=0

9

s1

[

23
1L
7

22

]
45
12
2
21
11
“7
=3
50

3

%

20
13

16

InC

Cnm

anl

enl

ner
K0l

an2
Bng

unz

ComM

L]

Enl

52
25
27

49

24

w02

CIR

DCR

no2
a0z

B0l

BOZ

CcIR

43

w9

14

44

L2
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| SaMPLE INPUT |
Wun'hfﬂ-T[ul?l-auul?uh\i{l!lillnﬂu":wumﬂannuu Huw:liaqquulloa'lo-liél5IIl'.ﬂstssh“ll“lllllﬂuuul}ﬂnm?lrxnnnnr!qa
2 x[x t%@ybhd&hhlﬁ*"dﬁdlﬁw&ﬁl vg? ) T] SN AERNEERRERNEEEE
- + - T i
Dis¢hbrge | 11.;.1 Disqhar| [T Time i [T Time «-rhq [ [] [ [Mikel ||
T T T | ) i P \
13 .! o || Flef EREC) HEEC | RN File [ECREEEERNEACE
(Repeqied As Many| Cdrds As |Desired [To. Desgribe  Hydiogroph | | | | | | 11 | | | |
H
-0 “wel 30.0 10.0 200 1de LI A “au
20040 4a0
SAMPLE OUTPUT
Onus = T,32608117E-01 L LU AL T:nf 15 #.BokohaTLIE+UL SFR, i
- PN n v
UCaB = b.28%r3703E=01 for ),0006000050% [ 1.10490803te5d  4.A651198BE+00  1.00000000E+01
0 = 2.9TREOV0OE+0D 2 1.0972Un59E+00 boks ?a?uaz:an 1.n::sZo%E:u
- . -
i ! I S 0000VODF=0g - 1.084201332400 4.£82336THE*nD 1+0485668%E 0]
Dx = 7,ubTLTINZE+QL | 5 1075269120403 4.55193921E+p0 l-0ﬂ72b7¥‘ﬂl
UT = 1.35Tv8ceES00 L= y.32ee70306m01 T 1.05693287E¢00  4.A0nBTIAESQD  1.00631943Een)
n o= 7329 avsaE=01 o 1404433727400 ..n::ﬂwaizun :.IQO!RGE'E:UD
s S oreee 10 1.0106080SE+00  4.86295854E+00  9.37098990E+00
XF = R,217TU0LODE*02 ; 1l 9,9n427050E~01 A AnD152TREv00 BaB5461230E400
— = NOQUOVEDE = I3 9,44340989E-01  4.29347685E+00  7.91207a90E=00
1 4,31830]345c=-01 4,7 4Lenb30E*QD T.c48922T8E=00
FC = fe 3 - - 3 . & -
1o 4.8005<0T8E-01 .96 7534 20E+00 B.53054532E00
17 H A8 L LasaE=0l 178N TI4BE=00 5.9356T930E«00
-
iy dah]YesganE=g1 A.800R37TaE+QD S.1TeN312RE*N0
€0 7.93052356E=01 l.téFnOkPE!'nn S«030n3al1E*00
2l T.T0l0EeR0E=0]1 .12 YIE+
TI®E IS5 3. eFR. TimE IS 6, !lu!l?ﬁltcul .
PuT n v a T Q
L TedabeoThe=yl 3.035970MR5E4 00 Av00U0GOUDESOD i Q.ynlgV)zut 0l 9. laﬂ;o:ﬁ?liun AeYB6ISHNTHE+OD
e Tedpnadassb=01 ELEE TR LETAT T 1.99999491E°0n ‘ 9, ¥Ad5U0SRE=01 2.47Y29237E%n0 1.an?37;.1:ang
- a3 L] YQE* Lb(B482+00 b 43E*n Ae550A47IE «
- T.daes9222e=01 1.13I3T0TISE400 3.79999830E+00 Y 1.02802640E+00 4.0TUK0D513E+00 ReBTS291T4E*0D
s Te320%0H9E=01 1.n1a1n3nJE‘nu 4.000u0000E-00 le0aTad]03E+00 4,22431032E+00 Q.20 T4BTTSE*00
f T.320bo8780=01 3.9 Q0001495E=00 . * 3 99pT0E-
r T-42090126k=n1 1. “:?h‘lzg‘m‘ 4. 00000000E=20 T 1.0588d 1 4RE+30 4.37T0K9841E+00 9.063356447E+00
= T.3zonls1ae-ul 3.nia7ahdaEeqr £:0000239GE00 8 1.0562%155E+0¢ 4.39112528E%00 3.61578381E+00
L] 1a E=0l 1,307 J29 e - o . w918202E*n0 g.ig%?‘:’gg-qn
Iy LS FLLEEL TS0 Y 1.0337203TE*n0 1.9999T8I6E=00 Lo 1«0%28098TE+0d L. ABBEYITBE+0n S« TATTUALTE* DD
1k Te32093n)2t=yl .035708£1E400 4o UO0UVGO0E=DD il 1e04T8E220E-00 A.8110A504E%00 Q.T!q..qguono
= ay . H95I63G + 7 + 9.615]8
la T.3peb3304E=01 AN A12A0MBSEY 00 as.uuono_nuaevoe 13 1.02033R49E+00 4,51900222E+00 a.q;?qz?azl’tun
1% TedzbbeT5k=y| Funaaudld1Ee 0 3:96995493E00 i 140207 4397E400 4 aAlEHTERE*DD 9e3114T00E*00
28 = A596) 73R 1O NUYE> 27epRe ] . £03376 .
18 TedPbavln)E=pl F.n30n80T0ES D 21.95996207E4+00 18 9.94987291E=-01 4.42731808E«0n A.85751218E*00
17 T«3260€330E=01 1.7 30197 36E* 00 4s000C0000E*0D 17 9.73183839e=01 4.377R1511E*00 A.46310389E~00
- 23030 0 FITIFE - * FE~
19 T.32043094€=01 A.ni0nel4TENDC 4+00000QUOE+Q0 7 Ge38cTaTTab=01 a.oilatélofeno ToT1741439E=00
Z0 Ted2avaaTie=01l A.a1079520E00 F.99%y0231E+00 20 9.23/B3RGAE=0] a,19026641E+00 T432092186E*00
4 = 137590 3Ee au. B i 4,02542303E+ F.BE525557E
TIME IS |.6£998490k=01 sFe, TIME IS B,1+TTTaslE+D] <FC.
PNT n v @ BAT " v . Q@
1 9.5311am23E=01 4, 3TUNUSHBE*Qy T.£E910%0]Ee00 1 Ae3R4vTuzTE~01 ’.I*Tub!bsﬁvﬂo 4.000UC000EDD
2 9,384 11556E=01 &.3ndaB6bAE«ND ?-UﬁQObSITE‘OG 2 Be500216200~yl P.513a9083E40D 4.HNB05]184E+00
s, Ry 2 Y [y * L]
- HeTanbiverTe=01 1,800505U5E400 s-s::?sal:!vnu “ A.9395405]c~01 3.1597T1193E#00 5.56529460E 00
5 B.355To54kk=01 A.49933572E400 G I2048652E+00 5 F.29020981L-01 3. 1814041 2E+00 BeAN4I5TLZE+00
L] = et - - *
7 TeBavHeTRZE=01 134 1 2990E+ (0 4«H2940903E+00 L FebasTa521L=-01 . A20NF1YTE*QN T.00390172E+00
B ToTad5€] dat=ul 3. 1299 369RE4 0N 4<0A0B0ABZE+00 o 9,690249508-ul 1.4T07197RE«00 7.22073ABRE +00
F o " . - . - -
i T.46351144=0l 1.1 3350091E+00 4.21401895E+00 1a 9.918T83a5E-01 1.0T18I5TRE*DD T-8450TS1HE =00
1L T.357802alb=01 31, 728508R3E+ 0N &.N4502BL6E+00 11 1.007106305+00 A<"1000363E~00 Rs29503RI0E+00
E= _1,95¢a0T91k00  #.0382537TaEenn F L] a L3 L]
1a Td708unezc=01L F.0T090]B6E 00 4+00003299E+00 13 1e01/R®b11ksuY L15ERTd01E 00 RB.b8«NB0SAE+00
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APPENDIX 2

COMPUTATIONAL DETAILS OF LAX-WENDROFF SCHEME

A2l

{l’rugru LWTHED )

Set
physical comstants such
as diameter, length, slope
of conduit

Set
value of friction factor

Set
physical parameiers such
as velocity distribution
cocfficients

Read
inflow hydrograph

Call PCRIT
to calculate critical depth)

Call DNORM
to calculate normal depth

Calculate
time increment from
maximum velocity and
maximum height

Call INCOKD
to calculate velocity and
depth for all distance
at time zero

Call COED
to calculate coefficients of
di fference egquations

®

FLOW CHART

Call COMPTE
tc compute depth and velocity
of even positions at first time|
interval -

[Eize incresent]

Call COMPTE
to compute depth and velocity
of odd positions at next time
interval

Call BONL
to compute depth and velocity
at _inlet

Call BONZ
to compute depth and velocity
at frec outlet

(Subroutine BONZ )

Compute
depth, velocity, discharge
at free outlet
by
Newton-Raphson iteration

IReturnI

Subroutine COE

Calculate
coefficients of difference
equations with diffusing

scheme

Subroutine COMPTE

{ Subroutine BONL ) {

Ei.l:h arge crenentl

Subroutine CIRCLE

[

Compute
central engle by given depth

Compute
area, wetted perimenter,
hydraulic radius, top width

(Subroutine INFLOW )

Compute
inflow hydrograph from
Pearson Type TI1 distribution|

Compute
idepth, velocity, and discharge
at end of time interval at
given lecation

Call COMPTE
to compute depth and velocity at

even positions

Is
time greater
than given timeg
limit

( Subroutine INL:OND>

ICsll CIRCLE I

Compute
steady, non-uniform flow
for M-2 (drawdown )
[standard step method)

Hewton-Raphson iteratiom

Is
initial discharge
{base flow) greater than
input discharge

Yos

Mo

Is
time greater
than input hydrograp
time and less than
next input
hydrogra;

i

of discharge
me intervals

Interpolation
for uniform t

[CH3]

Input hydrograph coordinates
may be selected arbitrarily.

initial discharge
= input discharge

Compute
depth, velocity, discharge and their
associated times at inlet

[Return)

Subroutine DCRIT

Initial assumed
depth = 0.62 diameter

depth = critical depth |

No

{ Subroutine DNORM )

Initial assumed
depth = 0.62 diameter
' Call CIRCLE |

Calculate
ritical depth

‘depth = normal depth
between depth a
critical depth within
the tolerance

limit

Calculate
normal depth

the difference
between depth and
nor=al depth within
the tolerance
limit

Yes

I Return |
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A22. FORTRAN I COMPUTER PROGRAM

MAIN PROGRAM FOR UNSTEADY FLOW BY LAX-MENDROFF SCHEME

FRAOGHAN LaTHESL INPUT sULTPUT 2 TAPES= INPUT » TAPLE=ULTPUT)
DIMENSION To(33C00e S1103300)
DIMENSION S(&L0)s HIACOYs VIADO)
DIMENSION GI330)
CLMNIN Bﬂthlll.hF'DF|A1|£1lDilElauZvﬁiDCIQEZQ?P!D‘QOG‘Dhﬂtd{
COkoN Dy XGrKF »oR sALPHAIBETA S0 1H 1V s dAsCT 2T 152 TE s NaFusFCoa
Cubsmuty Maraismdtiol s LoPERD«DOT o VA LU Tusul ahuCo
COMMON PAsrmsVilsHT sV T o NPT oA s Go Gl
CUMMUN TneTAreP sr bt PTrRavCsd et vl
CUMMUN wMAX LGl ) v VAR TALL ) vriMAR ALY}
CuMMON TUMAXE&CL ) s TVHAXLA0U) » THMAXLLUG)
INTEGLR Ruh
DG 1 I=1s4C0
HMAXITI=L
VMAX(])=C
OMAXI[1)=0
1 CONT INUE
Crmemi= INPUT whiCh MAY of ALTERED
D=2.9262
5L=0.001
wo=lue
T=uel
xu=0.0
XF=821.7C
FsGa.Gle
ALPHA=1.00
BETA=1430
GR=232.175
H1=0s4%D
18=1
-ENG GF INPUT WhICH MAY ok ALTERED .
—INT1AL TIR®Es FINAL TIMesINTIAL HEIGHT s huUmoER OF PULIATS PEr Rlw
TO=0.

FC==0.17964
NT=KPO
C-=--~CALCULATICN OF CRITICAL ANU NORMAL UEPTH AT BASE FLUa
Qll=Ge
CALL DIWURNM
Dx=DN
Ohlo=uN
CALL DCRIT
oCaB=DC
XL=XF=-X0-&.5%0C
FO=SQRTFIGRPA/B)
FH=N
C=====CALCULATION OF DT FROM MAXIMUM VELGCITY AND MAXIMUM HELGRT
DX=XL/FM
RA=1,.0/12.C*VC)
DI=RA®DX
DT=DT*0.5
DO 2 J=2e3300
CALL INFLUW
RLCO=J
2 CONT INVE
WRITE [6911) ONGUDCGLRIONLDC
WRITE (6912) NoDXsDT+XOeXFaTOaTF1500DsF
WRITE (6e¢13) RASHLWPERUSFBIFC

C-====CALCULATION OF INITIAL CONDITIONS
C=m===HEIGHTS AT PARTICULAR DISTANCES FROM INLET END
CALL INCOND
plasoT
5 IF INPU=NT] bebrb
“ WHITE (beldt 7

NT=0

WRITE 16415)

DO 5 I=1sNlslXOX

WRITE (&416) LentllaVil)eQiD)
5 CONT INUE

Lal
LaT
Lwl
LaT
Lal
Lal

LaT
Lal
Lal
LaT
Lal
Lwl
LaT
LaT
Lel
Lad
Lal
Lal
Lal
Lwl
LwT
Lal
LaT
Lwl
Lal
Lnl
LT
Lnl
Lal
LsT
Lal
Lal
Lal
Lal
Lal
LaT
Lal
LaTl
LaT
L«T
LT
Lal
Lal
Lal
Lal
Lal

LwT
LaT
Lal
Lal
Lwl
Lwl
LaT
Lwl
Lwl
LeT
el
[
LinT
LwT
LwT
LaT
Lel
Lwl
Lel
Lwl
Lal
Lal
LT
Lnl
Lal
Lwl

0 SO VR WA -

& NTsNT+1
T=T+DTA
GA=Q(2)
HA=HIZ])
vAsyiZ)
GMELINY
HH=HIN]
VM=V N
QN=GIN+1)
HNaHIN+1)
VNV (N+1)
0O 7 1=2«M
C=====CALCULATION GF CCEFFICIENTS AND SOLUTJON UF DIFFERENCE EwUATIONS
CALL COED
CALL COMPTE
7 CONT INUE
C=====CALCULATIUN oF INLCT ouUhJARY CONDITIUNS
CALL oUNl
Ho=HN
(om==eCALCULATIUN uF WUILET oUUNGARY Cuhull luhs
CALL oUh2
IF (TF=T) Be3ad
a8 CONT [NUE
NPG=MNL/50+]1
DO 9 l11=]sNPG
11=50%111-49
IL=ll+a%
WRITE (6417}
WRITE (&alb)
DO 9 I=lisIL
A= {I=1)1%Dx
WHITE (69151 RortuhX{ ) o TARARUL) svnAKLL ) o TWRARL L) vumihd (L) s TukaAll)

IF (l+EGeNL1) GO TO 10
9 CONT INJE
10 CALL EXI1T
Crmmmm
11 FURMAT (®1DKB = *E16.,8//® DCUB = ®El6.b//

1 % DNPF = SE16.8//% DCPF = ®E16.8/)
12 FORMAT t® N = ®[5//

1 # NnX = SE16.B//
& * U7 = #ELBBST
3 % X0 = "E1GeB//
& = XF = ®E]l6ed//
5 ® TU = #£lb.b//
6 % TF = ®E16abs/
T % 50 = sE16aBs/
5% D = sflbsoss/s
9 = = *El6.B/)

£
13 FORMAT (* RA = ®E]j6.8//
1@ Hl = #E16.8/7
2 ® PERD = ®Elb6.8//
3 % Fb = 2E16.B8//
4 & FC = *Elbe8)
14 FUHRMAT 1IHLl+TATIME [Ssclbeuve>d ScCel
15 FORMAT (2Xs3HPRT 210K 1l TXe 1MV 1720 LHG)
1o FORMAT (1Xs0%s2RsELlGetreXrELloenrcKolbanl

17 FORMAT (//%]1 MAXIMuM VALUES AND TIMES AT EACH LUCATIGN®//)
18 FORMAT (*® DISTANCE MAX DEPTH TIME MAX VEL TIME MAX &
1 TIME®)
19 E:RﬂAT IFBa2s314XsFbeaZsiXsFTa2))
i

SUBROUTINE FOR COMPUTING GEOMETRIC PARAMETERS OF CIRCULAR SEGMENT

S5UdROUT INE CIRCLE

DIMENSION TWI(3300)» 1033000

DIMENSION GI&0O0)s» DI&CG)s VIS00)s X(330)

CUMMULN DNsHIsARAP P sALsClaulsELlsbgsAZesCerEc s VPIOTAG T shoabC
COMMON DI1AsKOsAF sGRyALPHASSETA»SUsF s sV swrDXaLT o T TON TR MaFBaFCob
COMMON MaMMamMial o 12 PERDDDT o VA 1Qa Tus@ L aNuCL

COMMON HAHMsVHMaHT s VT NP TsHr X208

COMMON THETAsWPsRsDEPTHIVCs JsHNIVN

THETA=Z s O®ATANF ( {SGRTF{DIASDEPTH-DEPTH##2) 1/ (DIA/240-DEPTH) )
1F (THETA) 122s2

THETA=6,208318+THETA

A=0.125¢ | THETA-SINFITHETA) 1=LD1A®OIA)

WPE(DIA/Z40)*THETA

REA/mP

BEUARSINFITHETAZ 2400

RETURN

ENU

o

[
LwT
Ll
Lnl
LaT
Lal
Lal
Lal
Lal
LT
Lal
LaT
LwT
Ll
Lwl
LaT
Lel
Lal
Lal
Lwl
Lni
Lwi
Ll
Lnl
LwT
LT
Lul
Lwi
Lol
Lal
Lal
L
Lw?
Lwl
Lal
Lwf
Lt
LwT
Lwl
Lal
Ll
Lwl
Lal
Lwli
Ll
Lwl
Lwl
LnT
Lwd
LaT
Lal
Lwl
Lal
Lal
LWl
Lal
Lwl
Lwt
Lwl
LWl
LWT

CiR

75
18
.
Te

L17]
el
8¢
¥
b4
o5
L]
s7
Be
L2 ]
0
i
e
3
E L)
3
Yo
7

99
100
kol
10
ivs
Lus
iz
ile
107
10e
1oy
ilc
111
112
113
Tle
a5
ile
7
iio
9L ]
let
el
lee
123
124
1e5
ict
1«7
iiom
levy
130
1s1
i3¢
1s3
iz
135-

-
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SUBROUTINE FOR COMPUTING INITIAL CONDITION

SUBRIUTINE ENCUNG

DImENSIUN Tuwld3u0hs WI13300)

DIMENSION QiaiGg) OM(&ZC)s VIadU)s Xi330)

OMMON DRerlsAs AP 0P sAT»CLlablsE lonZed2sCencc s VP L TANUT srio sl

COMmMOh DlA KD XF sGRIALPHASSETASSOsF s o Ve abX BT+ ToTCo TFaRsFasiflan

COMMGE ¥ bl WaeL v 1 sPERD+DOT o VA s IGe T s oz CO
CoMMioh hasty sWEAHT 2 YT s NP T anba X alin
CoAMoun THETA AP s LEFTHAVC s eV

PR il

Lt VEELEVYSUSAL

IF 1DA-DC) 1Iwlve

w=]

G Tu 17

Dik=1a75%0C

DEPTH=OC

CALL CIRCLE

VVELolA

VH= (VVEVY /L2 GORGR)
S1=FRvH/ {4.0%1]
ELl=uCtALPRA®YR
Kikell=aF =Xk

CIN+1)=0C

Ui+ L1=in

Vik+li=vv

NCGUNT =0

DU 16 L=1+N

AE=KReDK

DEPTH=DIN

CALL CIRCLE

HFTH=C.5"THETA

DIHET=4.0/ (LIA*SINFENFTR) S
VANCAZ0s i e %ulatula®ila0-Coar (TnelAli*0TrcT
Ca=bas*0lASLTnET
WP=DaS2DIARTHETA

UmA= A AHEs=a® Wi f |l ab*aP )
DENG= (uo*und/ (GuelA*=3) J 12 0nkea
DSLO==Foub*un® ( 2+ UMREA*DAREA+ [AW®2 JRORAI/18.000ne [ (RmARR) 20, ] )
VVaLB/sA

VH= {VVEVY ) /L 2. 0%GR)Y
S2=F"VH/ (4. 0%R)
EF=(51+52)1/2+0
EcZ=UIN+ALPHARYH
FRATIOS(EL2-ZE14LA® [SO-SF11/10ENGH ILEZ-EEL I 2DSLV/ Lau=aF |}
DCOM=DIN-FRATIV

IF (DCOK) Sséan

wRITE 16419

el TC 16

DCOM=ASSF [ DCOM)

1F 1ABSFIDCOM-UINI-OTOL) 1301507
IF (Deb2*CIA=DCOM) Balasls
DIN=DCOM/ 240

IF 10«82%DIA-DIN) 10410411
DIN=DINs2.0
NCOUNT=RCOUNT+1

6L To 5

IF (NCOUNT-gu) dericels

GG TG 3

WRITE f6scl)

GO TO 18

DI1N=DCOM

GO 16 3

DIN=CCOM

51=52

EEI=EEz

Tisn-L+]

K{Il}=AF=-aX

DIII1)=DIN

Villi=vv

Gllly=ub

COUNT INUE

GO Tu 18

WRITE (&+21) K

RETURN

FORMAT (* DCOM ECULAL: ZERO *)

FORMAT (25M U2 MULK GRCATER ThAN vilk)
FUKMAT (% STCP 0413)

el

Lnc
1ne

IKC
Iac
LN
InC
INC
INC
IhC
1NC
s
inc
IhC
I
Inc
Inc
1nc
Inc
INC
1HC
Ihe
inc
InC
InC
1ne
1aC

Ine
Inc
e
Inc
INC
InC
INC
InC

It
fac
LS
1T

O =0 WFEwh -

SUBROUTINE POR COMPUTING INFLOW HYDROGRAPH

SUBROUTINE INFLOW

DIMENSION TGI3300)s GII33CC)

DIMENSION GU&03G)s HISIOls VIAOD)

DIHMENSICN GI330)

CUMMON DNsHlsAvAPsoPsulsllsviseivodsAzslarca sVWPsLTALT snoaul
COMALN Do XU AF sOM1ALPAsoETAs3UsF snaWaisw A s OTo L s TUs IFsMsFosFCsn
Cukaval mevtsrsmiol o | s PERDelu T o VA lurTusi L ohvaiCu

CUMMUN HAsHMAsVHsh T s VI anP Tanm s b

CUMMUGN THETAsaP s sdcPTHAVC s dariNavie

Q0=10.0

TP=1C0.0

TG=15C.0

UU=TP/ITG=TP)

Ad=]

TGiJdy=tAJ-1.01%0T

ClIJI=UE+CO {EXPFI=(TCLII=-TPI/(TG-TPIMI®ITLIII/TPI®oon
RETURN

END

SUBROUTINE FOR COMPUTING DEPTH § VELOCITY AT END OF TIME INTERVAL
SUBROUTINE CUMPIE
DIMENSICN Glas0)
CIMENSIGN Twi330U)s wlia300)
DIMENSION GIG0U)r HIsLUI» VIaOy)
CuMMul DNsHLsA AP sorPsAlsCladirclineradrlerscervPrvlaraTinceul
COMMUN DeATsAF sGm sALPHA1BETASSOF snaV sk sdXsD 1 ToTUs IFsnsFBaFCrd
COMMCR MamMaMMMaL » I +PERD2DOT s VA Lo Tu sl shulu
COMMON HAsHMo VMo T s VT shNPTabrsGaGl |
COMMON THETA»WPsRIDEPTHsVC s JeHNI VA
CUMMON GMAXI&DC) s VMAX (40G) +HMAK T 400D
COMMON TOMAX(GCO) o TVEAXTSG0G) » THMAKLSTD)
Z1=DT/DX
L2=ASB
Z3=ALPHA/BETA
L&=0R/GETA

Cum

ALE =il =0es®e I (E2%IVEI+LI=VII=100+VIII®talleli=nli=1030+e5%(Llo0Cun
AZ1IRECE5+1a 00OV IOZ2FEVIE+11=2409VEL)+VEI=-1)1+(L2%L4+VILI*22) % InICUA

21+1)=Ze0srilienli=1001

Cum

VI =VIL ) =0eseZ 1 IZ3svilI®IVII+2i=ViI=-101+La®inlisl)-n11-1]1)+42.0%0C01
IllZQ'EZloG-E'ZI'IlﬁlltB'Z!'vlII'IZ*Lt'£ZI-IUIlt1I-Z-G*v(ll'v(l-llICDN
CuM

24123+ LaCINZooyI I il I+1)=20®H (1) #rl]=1101)
GLII=VIII ™A

IF (HEI)eLTeHMAXIL)) GO TO 1

HMAX{TI=HILT)

THMAX(T1=T

IF IVEI)aLTaVMARIL)) GO TO £
VRAKILI=Vil)

TVEALITI=T

IF (GillelTewMaAR(l)) GO TO 3
GMAXTII=QL1)

TaMAXIT1=T

RETURN

END

SUBROUTINE FOR COMPUTING COEFFICIENTS IN DIFFERENCE EQUATIONS

SUDROUTINE COEV

DIMENSION TGL3300)» wli3300)

DIMENSION GIaUL)s HI&U0) s VIAO0L)

DIMENSION Gi330)

COMMON DNyHIsAsAP 18P sALYCLaDlsclon2eAZsCZecZaVPIuTAILT B 0C
COMMON DnlDllF!GRiﬂL?ﬂA'BETn.SQOFvNo?.Q'bSvDIoTlTb-IF-N'Fb-FEvD
COMMOR MaMMaMMMaL o T+PERD»DOT o VA LG TG vhaCU

CUMMGN HAsHMaVMaHT o VT aleF TabriaGa Gl

COMMGN THETAswPaR soePTraVC s JonNa VN
THETA=Z.G*ATANF L ISGRTFIO*HEL)-HI 1 )®®2) ) /(L eaO=nLL}))
IF (THETA) ledse

TreTAzbeZo3lasTneTA

AU 125 { THETA=SINFITRETA) 1®Li0*D)

WP={D/Z«GI*THETA

R=A/nP

B=D®SINFITHETA/Z40)

AL=A/IVITI®E)

Cl=1.0

Dl=1.0/VII)

El=0.0

BZ=0ETA/GR

AZ=VIII®ALFRA/GR

C2=1.C.

SF=.l25%Fapeevilisvili/n

Ezs5F=50

RETURN

END

Com
Cum
CUm
Cum
Cum
Cum
Cunm
Cunt
cuM
Cum
Cum
com

Cue
CuE
CuE

Coe
COE
Cle

coE
CuE
Coe
Cue
CuE
CuE
Cue

=
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SUBROUTIN® FOR COMPUTING UPSTREAM BOUNDARY CONDITION

SuoHuUTINE DUl

DIMEASIUN Twli3Uils wil 33001

DIMENSIUN WieDu)y HIESOG) s VI40C)

DIMENRSIUN GL330)

COMMON DANsHLsAsAP 3oP sAlpClaBlsELlvadsaZsCesEcrVPIOTAIUT sno Ul
COMMON [y AC s KF sGRyALPHA sBETA» 30 F sH Vel sUAsOT s FaTua TFshaFBaFCaa
CUMMON HaMMasditia L s F s PERGDDT s VA Lo TU s LaNuCD

COMMOR HASHM s VMsHT oW T s NP Tobr GG LI

COMMON THETAswi sl 0P THIVC s JeriNa VR

COMMON UMAXL&0O0) ) VMARIGO0) +HMAR (400}

CUMMULA TUMAX [auu) s TYMAK{&D0) s THHAXKLAGD)

IF TlGsbhehulul 293

ul=ulinuCu)d

GU Tu &

IF tlatbalulludeihuaTat TaTuliuell) 30é

ju=luel

G0 TG 1

GT=CEE I+ 1@l IS+ 1=GE RO I ™I T=TLUIW ) Z L TG ISR =Tul i)
HL=HE 1)

THETAS2 4 COATANF [ ISGRTFID®HIZ)-nl21**2 ) )/ Mluf2l-nl21))
IF tTHETA) Tadsd

THETASG.2a3le+TrHLTA

AsGa leS® ( THETA=SINF L TreTAYI®(ORD])

WEE (LU *TheTA

H=ASabk

AZEVIZ) *ALPHA/ZGH

SFE 1 25WF *BISVIZIMVIEN/R

E¢=5F=50

THETA=2 s O*ATANF | [ SLATF (O#HL=nL*# 2} 1 /1D/del=HL I}
S50eSURTFID®HL-HL*%2) -

IF (THETA! 1Csll1sl1l

THETA=b, 2d31b+THETA
AX=D.125% L THETA-SINFITRETA) 1% (U*D)

o
Byl
aul
bUl
801
U1l
sul
8oL
Bui
BO1
BUL
dui
owl
Bul
vl
pul
owl
B0l
gul
Bul
Bol
dul
sul
oui
avi
Bul
dul
BuL
BUL
Bul
BO1
BUlL
Bul

FHlHt-AzflVl3]tUA-Vl1)-UT!HK)-HZ‘DR!DT'!UIZI+QT!!I-V&—V‘1!I*(Z'!Hldul

14HI3}=HIL) =8 UoLXPEL

DAA=ID*0/0e0% 1 140-COSFITRETA] ) 1207000 | [O=ce0®nl ) # 22/ 5uvha(nS0)
FPH=140-lAZ=0Z*OX/OT 12 {cT*0AAS LARRAR] )
Hhu=rL=Fr/FPH

IF (AoSF LHNU—HL 1 =G GUCOULE 13412004
HL=HNU

GO 10 9

HI1)=HNU

Qily=CT

Vily=QT/aX

IF IH{1)LToHMAXEL1}) GO TO 14
HMAX(1)=H(1}

THMAX (] )=T

IF tVELlialTovMARIL)) GU TO 13
WMAXLI =V

TVMARLL)=T

1F (uil) b TeuMAXILY) GU TO lo
GMAXI11=GI1Y

TOMAXIL)=T

RETURN

END

SUBROUTINE FOR COMPUTING CRITICAL DEPTH

SuphUUT INe DCRIT
DIMENSION GI330)
DIMENSION wisCuls HI&GU)s VISOU)
DIMENSION TQ(3300)s w113300)
COMMON ONsHIsA AP »oP3AlsClsblselsndshncslercerVPavThraT smoanl
COMMUN D s KOs AF yGRsALPHAECTASOsF sV susUaAsuToTsTusTRalsrosFlan
CUMMON MyMM MMl s L+ PERDsDOT o VAL LG Tu vl svdCu
COMMON HAsHMsVMaHT s VT sNPT arr s 00 QI T
OMMON THETA+WP sH +sDEPTHs VT e d v HNW VN
THETA®2 . GRATANF [ {SGRTF{D*0X-DAN®2) 1/ (D/2.0=-021)
IF ITHETA) 29343
THETA=G.2631o+THETA
A2Uel25% | THETA=SINFITHETAII®IL*D)
BEO®SINF L THETA/ 24G)

wul
Bul
dul

ol
sul
diuvl
Bul
B0l

Din
ULk
(R
[Fa]
ULR
LCk
e
blr
DCR
DCR
OCR
oCr
oCr
DCK

DCIDI—tﬁ'l“!!I-ALPHA'(ld'ull)"2lfvn1!(!ou'ilD‘hl“Zl—lZ-v'tl"bJUﬂK

1#COSFITHETA/caC) I/ USINFITRETA/ 00
IF (AGSFILC-LA)~0a0001) Sa434

DX=DC

Go 10 1

vC=Gl1/A

RETURN

END
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SUBROUTINE FOR (rMPUTING DOWNSTREAM BOUNDARY CONDITION

SUBROUT INE BUNZ ol
DIMERSION TWi3300)y L113330) Bud
DIMENSION QU&CC)s HISOC)s VIGJD) B0«
DIMENSION GI330) BOZ
COMMON ONsHLsAsAP soP s Al sCLaDIsElrpedrAcsCevEL VP UTAYLT s s DC BO2
COMMON D0y AF sGR sALPRAsDETAsSOsF sV aQouX s DT 110 TG TFoNsFBFCHE  BOZ
COMMUN MomMpminbiol o | sPERUIDLT s VA [Co lusul v NUCD a0e
Cummun HA HM Vs Ta v Talk TandaGaul | [TV
COMMUN THETAsar shaLcPTns VO ot Viv bue
CUMMON WMAX G001 s VMAX LS00 ) srdAX (4T 00 BOZ
COUMMUN TLUMAR (SO0 ) » TVRAXLGDG) 2 TrMAK L SLO] ole
HP={HNeHIN) ) /240 aud
VPE(VN+VIN) )/ 2au BuUe
THETAS2 4 CRATANF { { SLURTFLDSHP-hP*HF) 1/ LD/ del-HP) ) bUZ
IF (THETA) Llele2 sl
THETA®6,26310+THETA Buz
AP=(04125% (THETA-SINFITnETA) 1%(D*D), 802
BPsDWSINF (THETA/Z240) BUZ
THETAZZ JO%ATANF ( { SURTF [USHo-nd*rio) 1 LD/ dal=hol ) BOL
IF (THETA) 4e5e3 ove
TreTASbedoslosTRETA owve
A=Ge LS I THETA-SINF LTneTA) I ®ID%0) BUL
osUsS INFITHETAS 2001 BuUe
VA=SSURTF LANGR/B) aud
CTN=COSF{THETAZ 2au) /SINFLTHETA/£40) BU
FURGE (il N} #Hp=nM=HN ] /DT+VP/OX® (RN+tho=-HM=ril i) 1 +AP/ LBPRDX 1 * [ VN+VA-VHBUL
1=VIN}) dul
FPRIZAP/(BP#DX® 2. 0* VI ® {GR-ASGR*2.G*CTNH/ (u%B ) I +VP/DA+14G/DT BOZ
DCEHbB=FORG/FPRI due
IF (ABSFIDC-nbi-Ce00CL1 Tebrd BGZ
HY=DC oz
G0 TU > pue
Hik+li=uC oue
THETA=Z24 G%ATANE [ I SURTFIUSOC—LC*DC) 1/ LUl e U-LET )} sUL
IF (THETA) o999y ouve
THETA=6.dbslo+THETA BuUs
A=y leS® I THETA-SINFITHETA) 1 ®ID*D) albe
BeDeSINFITHETA 24€) B0¢
VIN¢11250RTFLA®GK /o) ol
SIN+LI=APVIN+L) Bo2
I=N+1 B2
IF (HUlbeLTomMAXIIY)) GO TO 1O Bul
HMAX L I1=HLT) due
THMARLT =T Bue
IF (VEl)elToavMARIL)] GU TO 11 gud
VMAXLII=VLL) Bud
TVMAXEL =T [-*H
IF (GEl1eLlTewMAR(L)) GU TO 12 Bue
GMAX 1) =G 1%
TGMAR LT ) =T dud
RETURN dud
END 802
SUBROUTINE FOR COMPUTING NORMAL DEPTH
SUGROUT INE DAORM Dinw
DIMENSICN TQI33001« QII3300) (£ 1v]
DIMENSION G400 HISGO)s VIADD) DO
DIMENSION GI330) DNO
CUMMGN DNsHlsAs AP soP AL CLaDlscivderALvCarea VP OTAIWT sz LT Ghu
COMMUN Dy XUsRF gL sALPHASDETASSOWF sriaValsuXsDT o ToTusTFahsFoeFCod L
CuMbuh Favdidanasil o o PERDSDDT o WA lun Tusu ] sMulu [FL
CubMubl HA s HR VAR T sV ToRPT shriwbo G BLT
COMMUl THE TAwwF sf sWEPTReVTadaniaviv L
THETA=2Z LOSATANF L (SURTFIDRHL~H1®#2} 1/ 1D/2.0=n1)) [Pl ]
IF (THETA) 29393 Ol
THETA=6,2831b4THETA Do
A=De L25% (I THETA-SINFITHETA) )5 (D*D) [+
WP (D/2.01#THETA Dho
R=A/WP Dy
BeDWSINFITHETAZ240) DNG
DN'HI-IuP'tF'DII*HIIl!i&.olﬁR'SO'R'l'!l]ftl3-0*0]!K-Z-OrhthlIHLIADhO
1724000 Divi
IF (ABSF{ON=nL11=0+C0011 5144 DNy
Hl=0DN Divw
GO TO 1 D
RETURN vl
END b

LONT IR -



A23. DEFINITION OF VARIABLES

NAME DEFINTTION
A AREA OF CIRCULAR SEGMENT

Ax INTEAMEDTATE AREA

a4 12)

ALPHA VELOCITY DIST FACTOR-ENERGY
AP INTERMENDIATE ARER

Al 21

a2 12y

A FREE SURFACE WIDTH

BETA VFLOCITY DIST FACTOR-MOMENTUM
AP INTERMEDIATE FREE SURFACE WIDTH
A2 2y

CTN COTANGENT OF ANGLE

cl 12

€2 2y

0 DIAMETFR OF PIPE

NAREA DERIVATIVE OF AREA #ITH DEPTH
NDAX DERIVATIVF NF Ax

NC CRITICAL DEPTH

NCOM COMPUTED DEPTH

NCOR CRITICAL DEPTH

DENG (2}

NEPTH DEPTH NF FLOW

DIN INITIAL VALUE OF DEPTH

NN NORMAL DEPTH
DNOR NORMAL DEPTH

NHa DERIVATIVE OF HYD RADIUS WITH DEPTH

NSLO DERIVATIVE NF EN SLOPE WITH DEPTH
NT INCREMENT OF TIMF

DTA INCREMENT OF TIME

NTHET DERIVATIVE OF THETA WITH DEPTH
NTOL MAX ERROR IN DEPTH CALCULATIONS
OW DERIVATIVE OF WP WITH DEPTH

NK INCREMENT OF DISTANCE

Nl 2y

EE]l ENEQGY AT XNOWN DEPTH

FEZ ENERGY AT UNXNOWN DEPTH

ELEV ELEVATION

Fl (&)

E2 (2

F DARCY-WEISRACH FRICTION FACTOR

FB FACTOR IN PEY, ND.-DARCY FUNCTION
FC FACTOR IN REY. ND.-DaRCY FUNCTION
FD CELERITY OF WAVE

FH 2

FM MUMBER OF DISTANCE INTERVALS

FORG (2}

FPH 12}

FPRI (2)

FRATIO (2)

GR ACCFLFRATION OF GRAVITY

H DEPTH OF Fi 0w

HA DEPTH OF Fi OW

HA DEPTH aF FiOW

HFTH ONE=-HALF THETA

HL INTERMEDIATE NEPTH

HM INTERMEDIATE DEPTH

HMAX MAKIMUM DEPTH

HN INTERMENIATE DEPTH

HNU COMPUTED NEPTH

HP INITIAL DEPTH

Hl INITIAL DEPTH

STATEMENT NUMBER(S)

nNO
An2
L]
INF
LeT
A02
COE
COE
DHO
Aoe
LWT
ana2
COE
RO2
COE
COE
LWT
INC
Anl
DCR
mC
LWT
InNC
INC
INC
INC
[ 1]
LWT
INC
INC
LWT
1 WT
INC
INC
INC
LT
coE
INC
INC
INC
cnE
CnE
LwT
LeT
LT
LeT
ung
LWT
ung
ROL
Aang
~NC
LeT
coM
IWT
LWT
INC
A0l
LwT
LT
LWT
ROl
AO2
LwT

13
22

DCR
Bo2

BO1
OcR
CIR

INC

802
INC

INC
INC

LWl

LWt
INC
INC

B0l

8ol
Bo2
A0l
CoM

13
a

26
15

24

29
50

30
53

56

53
1]
12
28

k1)
40
24

20

CoE
CIr

INC

INC

802

69

18

33

46

8ol 23

8oz 23

INC 62

802 43

11t

1xox (1)

I

w

10 11}

K (1)

NCOUNT ITERATION CONTRO| COUNTER

N NUMBER OF DISTANCE INTERVALS

NT TIME INTERVAI PRT OUT CTROL COUNTER
NPG PRINT OUT CONTROI

NPD TIME INTERVAL PRINTOUT LINMIT
NGCONO, OF INFLOW DISCHARGE VALUES
Nl NO. OF X-PNSITIONS

a COMPUTED DISCHARGE

Q& INTERMEDIATE DISCHARGE
QB BASE FLOW

Q1 INTERPOLATED DISCHARGE
011 INTERMEDIATE DISCHARGE
oM INTERMEDIATE NISCHARGE
OMAX MAX, DISCHARGE

ON INTERMEDIATE DISCHARGE
00 EXCESS OF PEAX 0 NVER GR
0T INFLOW DISCHARGE

8 HYDRAUL IC RaADIUS

RA RATIO OF DT T0 Dx

SF AVERAGE FRICTIOM SLOPE
S0 CHaNNEL 8SED SLOPE

S0 12y

51 FRICTION S) OPE

52 FRICTION SLOPE

T TIME 1IN SECONDS

TVMAX TIMF OF MaX, VFLOCITY
TF TIME L IMIT FOR SOLUTION

TG TIME Tn C. OF G. OF INFLOW HYDROGRAPH
THETA CENTRAL ANGLE OF CIRCULAR SEGMENT

THMAX TIME OF MAx, NEPTH

TO (21

TP TIME TO PEAK INFLOW WYD. DISCHARGE
To t2)

TOMAX TIMF OF Max, DISCHARGE

ug 12

¥ VELOCITY

¥V VELNCTTY

VE CELERITY DOF WavE

VA INTERMEDIATE VELOCITY
VC CRITICAL VELOCITY

VH VELOCITY HEAD

VM INTERMEDTATE VELOCITY
VHAX MAXTMUM VELOCITY

VN INTERMEDIATE VELOCITY
VP AVERAGE VELOCITY

WP WETTED PERIMETER

X POSITION &LONG CHANNEL

XX POSITION OF CRITICAL DEPTH

XF TOTAL LENGTH OF CHANNEL

XL WORKING LFNGTH OF CHANNEL

X0 INITIAL POSITION ALONG CHANNEL
1 12y

72 12}

73 12

78 (2)

ang
LWT
LT
LWT
LWl
NG
INC
LT
LWT
LT
LWt
LWT
LWT
INC
ang
T
LWT
INF
WY
I WT
WY
I WT
INF
A0l
DNO
LwT
INC
W7
D{\]
INC
INC
LWT
coM
LWl
INF
L L]
CoE
A0}
ANz
(o8 L]
coM
LWT
INF
INF
com
IHF
INC
and
THC
802
LwT
DCH
iNC
LWT
LwT
LWl
w02
INC
CIR
LaT
INC
LWT
LWT
LT
coM
oM
coN
oM

(11 DO-LNOP COUNTER OR VARTARBLE SUBSCRIPT

(2) INTERMEDNTATE VAR]ABLE

INC
Bo1
INC

LwT

INC

Bol
Coe

CoE

INC

LwT
BOl

CoE
Bo1
BD2
CIR
Bo1

INC

INC

INC

Com

INC
INC

67
16
56

To

71

an
18
15

24

65

76
S0

53
To

40

&1

27

14
23

LWT

comM

Bo2
och
801
Boz2
Boz

Bo2

com

Coe
InC

15

22

52

.25
27

&7

ie
20

34

50

19

49

14

68

Bo2

CIR

802

801

Bo2

43

4%

as

46

24



DNgd
DCad
DNPF
OcpF
N=

ox =
X0 =

AF =

T0 =

TIME 1S
PNT

Ao OE~NT U FW -

A24. SAMPLE OUTPUT

(Mo input required)

TF = 2.uuludpooren2
- -
oo s SO =  1.0uw0Q0U0E=0]
1.00785%nd5+00
D = 29cB20000E =AY
1.22658217c+00
F = Leduludpude=1e
LeD0TaS4kdE+00 Wi iR
il " = 1.2285906TE*ny
e
M PERU & =s.13sealda-ivs
- E*n
FEFERIENe FB = 1.093940008=n1
S FC & =l.ivasdp00E=nl
B.2LT00000En2
0a

LE] SEZ.

L] ') [*]
1.€2751153E400 3.73A6512BE400 1+C00LUO0DER]
1:€27254THe Uy 3, 01172018E400 1+0UC00000E=N]
1226935970400 3.T7390n945E4 00 1+000CUU0DE=D]
1.¢2653979EU0 3, Ta060=24E4N0 1:00000000F+n)
1222604 705E400 3, 742591 bBE«ND 1-00U0V000E=*n]
1422563390800 3, 7508720400 1+00000000E=n1
1.22467663E.00 3, 74815459€00 1+00000000E*n]
1.€2373955E. 40 3,75198332E«00 1+00000000€E+n]
l-gZRSGTb&Eoﬂﬂ 3,75673887E.00 1+0G0UV00DE=n]
1+€21101TIEC00 3,76271830E«n0 1.00000000E9]
1421925208800 3,7702424RBE400 1+0000U000E+n]
l1e21094368E,.00 3,179771010E«n0 1+0000U000E*n]
l+£14005892400 3,79190800E400 1.00000000E+n]
le€l02S6l5E000 3.ROTSNKSEELOY 1+0000V000ED]
1:€0543223E.00 3,82778a29E400 1+00000000E*n])
1499136172400 3,A3451247€400 1+0U00U000ED]
11907587100 3,89064717E.00 1+00000000E+a])
147928185830 3,9«121n02E.00 1-000G0000E+n]
1.462T253AL 00 s.nlnnyrdecano 1+00000000E0)
Y ELLEEE TN b 1%u2esabEn) 1.00000000E+01
1+U073468L .00 4 _AT27Ha27E4N0 14000C0000€+n1

1:257778025+0) sEC,

- "] [+]
lecadndiTE00  &,007a510bEqn0 1:0908y0528 +0]
1:€6233405E400 3,R1U91023E400 102365727k ep)
1+23503333E.00 3.78135739€.00 1:01632011En1
1230775356400 3,76282331€.00 1.00829123€+0]
1.22815193E.00 3,753721 %6400 1400803055845
lsc2643453E.00 3,750471 MEsn0 1001886828401
1.22512882E.00  3,75063471E+00 120008647 Feg)
1223326508400 3,75307908E400 100033452601
leg22b2b6l3EL00 3. TET2118BEWN0 1+00012d04E"g]
14€2109743E400 3,76290aT8ELND 1.00002208E%0]
1:21922238L+00 3,7T03140TE«DD F+99IBETISE=Q0
1.2168781RE. 00 3,77T979125E.00 ©.99936b99E00
1+€13915528.00 3.79192241E.00 99311 2hE g0
1e21013645E400 3,A0753208E.00 3+99845979E 00
1+£0526892E.00 3.,82783191Eun0 3.99855630E4 00
lal3891042E400 3,A5467948E400 $.99622388E400
1+09042701E400 3,89108931E.00 §=99T92128E+00
1+47868937€ cuy 3,94273126E400 G« T9RaB9TAE 0D
lelbuTs100e.00 6. n269845TELON 1+ 000484990 )
led21B8401nE400 L,2lT21L39E400 1.00334580E401
1.01178211£400 4, AB339433E.00 1400747613401
235[53500nr0u; SEC, "

. 53703E«00 e, 61171807E«00 1-2e2Tcl30€+01
:-i::sae?g=.uo 4,020483397c.00 1+1233T03pE=n]
17991237600 4,01154236E.00 1+12272947E+n1
Le€bn0eT25E-00 3,37593858E400 1-0u8722562E+01
1254504236400  35,3A089371€400 1:060019426+01
lec4380278Ea00 3,838345U3E400 1:.03955128E40]
1+23687335E400 3,80459917€.00 1+023u6293E+n]
1423103902600 3,78968713E.00 1+01330666E+01
1+€2690871E4 00 3,719447X0Ean0) 1+00902771E+01
1.£2358088L«u0 3,7759AA59E«00 1+00514418E+p1
1+22000781E .00 3,7T7780%91E«00 1-00262383E+p1
1€17T61135E.00 3,78400R59E.00 J+001aThl4E=n]
1e21425B13E400 31,79%29187E.00 1+00UTUADGE )
12c1024555L .40 3,3089234les00 1-000273%36+01
1.20525563E+00 3,82877&15E.00 1+00002195€+01
1+19877501E400 3,855552868E.00 9« 3986581800
1o 49013001600 I RIZTOTHBESND h.ﬁjhﬁuultlooo
1eA7759714E-00 3,94730051E400 G.99B733859E00
124572860 TEUY w, new213T5Eayd 1.90!309105-01
le112¢3252e490 “«,26h91RJBE00 1400254592801
1+01002234E400 4,3T9TR6 158400 1006922448401

TIME IS5 4.7/ .
e R L 133e03g-01 sec,

LT NTOF WA -

———

.

ledbua3243E00
les0STT995c .00
14354441092400
12437950970 000
ledl®ig0eaead0
129703942600
Teg 9916528400
lecta0e2lEavy
l+é523)210E-00
lacadissoze.uy
le€33618)03c-00
lec2042764E.00
Llec2405247E.00
1.213932d8k.00
1.20748294E400
LelyvugadnE.uy
lad9uasnsobaio
Llal7be84b3E.30
124539802200
lei0n370%48c400
1.v0963598c.00

L
*.AnClaitinai
b AL LT TR
SLANBRIMANE, 14
L o20TANBINE, o0
SO1AM VI,
b ALl CT TN TR
Loplhanay “
3,959329 0 jar, 18
A, 905M 4 shE, n
3,907 0588, 0
I, Hesndaner, g
I MEN T heg. ia
I A2ntuainn, 4
EPLEL LY TR T
LTS E TR T T
EEELELE RN T
LI
Fo96M4 A ™
L LTTY LT
. 29R8 000 00, 00
& BT ITH et

2:0311120/F=01 s£3,
-

leal8n]T98E00
levGtiaude.uy
lesdv2yTé3t.0y
levw2bis)Tdcaup
lesQueT2lacauo
10377439 30400
leaSe 7083 kv
le3ddeadseainy
1+312083836400
lec92a) 204k 200
17541013800
lseS3nuadpesut
lecd3by9laraty
1€3414072E.00
lec2i%3a0ata0u
lec097111 000
l1.19008 620 .u0
1ei792101088-00
leaS20621veauy
1.10%67303E.0u
1+u1000437E00

]
S TTHTAANTE o1
AR LI R LT ET )
S TUNSUANNE L0
L LET T ET LT
“.500%%mulg .00
Coalmhyanageng
AP R LR LY T
Tk L TR Y 1P
Sl A0
L U ELET T
boNNNAD 4 1T Gah
I IHMITA P g
R R LT
3,929 ILaan
3.9120 vaner, g
B b Rl LT
ERLALELTEY [T
I A9 eAntin,
L LA A A LT P RTS
s A2 s meine i
S BTdAIAB ¥y na

B.20880009E+01 SFT,
-

1.03393203E400
1.564339295E.00
1.22079354E400
1+312063408.00
1.48481235E.00
lesb2y2enoeslv
La%3931100E.00
len]lh2ae9gL .00
1-39285492E-00
1+36958417E400
1:34558655E.00
1.32410358E.00
l.30237007€400
lec8152962E.00
1+26152722E400
1sald3TIBE V0
leg2LeTB44EUD
144967871 k200
lelbasyesieaul
1a113TyaBuEaul
1.U1589205L400

v
Aolalennesd .
bR LLE S T ST
LR IR EL T Y
LA ETE Y
S TAYRG Y OF ann
S, TN o e an
S.hdneu) 1Akt
L RMIA | aask g
b AARG AR
LALELEY SL AT
=208 g aay
S 2TRa2adat i
M LR TR R TY
S.lsoentabk, i
SAUMOTITIRE sih
=, 0722800800, 04
ALLAA CE LT T RT]
L LTS IR ST PR Y
A RAEL T LT
MRS LAELTIPPE |
L HITIUISTE W

TeSensbBliF=ul s7f,
-

1.58Ua5001€.00
1.91yssB890L 400
1+58701464E.00
1+3BUSABIE LU0
15549246 1E.00
14536 70802E. 00
lealnaThdiE.00
leequgsl Tokatu
le#T232H65E. U0
leS4988239E .00
1+426d2953E.00
1+503237782-490
15379094 lac-00
1ed5439038e.00
143290076RE.00
1e30266633k.00
ledTh21620E0Un
lecdalipaacatv
lecolud2er€sud
lelénlydnze.ue
levad2ie2eE.0n

Ll
Sl I ETT L PET
3,008 3910 .00
5.029711 580400
S.0027903 )00 .00
R RIS YT
LR TYE T ET T
LR RELEL ST
APRLLERL W ET AT
AR LA LY [
RN LR T U]
AL LA L IY FIPT |
LR IR TR
S A0LeenlEann
Losblingds
& 3854120050
AR ELIETY S [T
“ N RUIRAE g
LS R L P LT AT
REELAREEEIT N
LIS TRLTERS [ POT]
=, ¥nndaidlbaan

o hemadd
TR 1]

AR L N
aEILIrY



TIME S5 Eedusnablacsy] S50,
1Y -

—
U S L TP

oo s

Ta

l.oH32TI55E4 00
140423355400y
lep3insToucadl
lenZonlnbakedd
L LIV ELY TS
1e3Tulnusgreud
1e3VeJiTuanedy
leabedrndieeuy
le2dondudze .y
lenlisl29jaaly
lew9bys9sat.iy
JauTud3353m. vl
leswSdosnTutauy
Tesd9WlA3lTRYY
lewls0s505E-30
1-3789340 380y
Jedu29535 1 Leul
leafimdaz gk euu
legnansiiicoig
leglad3nddheuu
lauGvdandat .0y

Lelun22daicwyd sl
-

Te2BLU3aTH4maUu
Temhdla]S|R.uu
liobay59Talll
LeB5bl36Y[Eeun
leodpugngge.iu
leb2536%aca 0y
IRR-TELE LT IET-avTi]
1e299356a 2600
Lez7972145E.00
Lezbis2203k.U0
leosonpad ss. il
1a22H5550qk .00
lesg9320 070400
lewpdusisak.uy
lewabTaa29E.UD
Lewdi715800.00
lewldSas0ledu
1ea77634270.00
leadadsdsTe.uu
laeTul3adaksCu
LedTab2102E400

]
R REE -1 1)
PEFTEAATE L0
EPLIRER SR TN
CE LT E TN |
P TLLERILE S8k
F A HARRAR I L
LS REE -
T R R T [ |
b abY P35 0E400
#8393 04E
4 _BUPTH3SEE
4,Thzagy 2]
4, 78371 nlEs 00
EOECEECE P T
Sohwn] 33 T4sa00
w B1PBPTI5E40D
b, RHARAIMEF LAY

+ RiawIT]ae
4, TThuinlsE
RL121223392R.0)

v
3,0075439284n09
+,3%RT 111 2E D0
4,35014736E.00
4,943 834900y
% 356581356407
LI RAR S T Ee ]
4, G7R941 158400
,316312T8ELND
+,30% 173908409
L EL LA EE S|
%, HT308a84E .01
b BNEY | TE2ELAN
4.83411S503E+00
G oHl9TR3s51R400
6,034 7ITELND
4,7929Tal 7LD
L THeANTSAELN])
&, 8177172338400
w,37132982E+00
e, 03573801leann
5,312M4503 E.n0

leligaodpestuz sEL,
4

leoWTha7dekayy
leoddunelae gl
l.oBs03]n5eut
1.072895203E.00
Leo5798944k.00
lemdd03275E4u0
Leaddisasstaul
14062490008k 4L0
1ro0NIF229E 00
Lea¥a9uTinEavu
IRELDELEL D]
1363589200400
le349d] 143E.00
Le2din]lTUTR LY
le2llY8B835E.u¢0
leeB¥i216nzauy
lewfin]aencaul
lewdduzgTieavu
14292581 31E400
ledalo2098c 00
Jag3943830C+00

1425177805707 SET,

1e719a1l63b400
Leb99771850 00
109562593000
1+DHILIGIZELY
LebTeet508E 400
lecbed] T5ue.00
1.8522371 500
labal99]|52E.00
Lebdu02a36ca0y
legl7432650abU
1+80303388c .00
1ea9ia]17076440
1e97099904k«0U
leabl2laTpEsCY
1454382663E.00
122234643 72400
ledbynaTdoe 0
leuwTll2BBTE.L0
Taw350PETRE400
LsaB3935%42.00
1a2BIBTS52E.00

l+3pa540udEslE SEC,
-

172393020400
beu9iuagleEaly
1e09 /902050l
1evBbPe283E .00
leaTonTdleca0l
JEERE PERTS ST
labhénnidie«ul
leohb | RAl2E e ui
lewdalaalqtayy
1eo33486532.00
1eo2ed6eTik+00
120100339 kL0
1a8069399150 .00
lesHen5Hlatul
lesbhanalaEali
lesd (0B89I 1L UD
1e22991390E 40y
lews9Sepgita00
lesbnn)Tdncatl
lewlods5aiEabil
1230739898000

v
u, FUEETIRIELND
. 2ON2RGT2ELAN
4 ATasa133EL00
L BRIN3133EenD
4,499251 58K 00
4,88329724E400
“LRIN]dadTELnD
4 BdeHRI10ErY
4 RAETII05Ew00
4 A748KA8EELN
b AT41133)Eenn
4, 8RY34280E.00
%, 080903 35E 00
W A9 sedELnD
4,q824T880ELN0
4,8TN25506E010
& BRI TIILELND
L L R BT LT AT
L,99239a08E.00
3.121812305+09
3.A9123249Ea00

i

4,719 3TELNY
4,31039= | 2E+00
4 TIRZRQI0ELNN
4 Aln2Ta3ilE«n0
& HZHANT13E«0D
w B2054a3RE.N0
W B3339) TYELND
w,832093T3E+00
S RiB11169E.00
G A37T745TE+NN
,835972568.010
G B a1 338400
4,R4B0A2LIEN1
+, B52naql3E.00
4, BA2T1&I3E«00
W BHLIIATIZE«A0
b 3ldnaasEan
4, 359803088400
S,03415354TEL010
2. 16TTan4sE+nD
3.6076a563E400

o
4 BRZTINZIENnn
b, T2aN4529E 400
w, Thlk6a2hEwnn
4, 73232000401
&, 74431n35E+00
“,T40327UBELNN
4, . TAIAIITEEL D
4, ThAAG] THELND
W TlezaTDdELnn
%, T4241833E«00
, TAYESE20ELN0
%, 7471 68d9Ewln
L8Rl TaFdE0n
a Alef93nTesnd
4,835 1 n44E.n0
4,840 Y andEenn
%, A904RI83EL]

S TeB1430Ea0N
3,nT0h88 Ake 00

e 12t

i
JeFasaluaTian]
Tea93dedZInE+n]
1e923319676%0]
1s8Anldadngen]
1elmduildnEen]
Jetasgaring+p]
JedlrlunTAr=n]l
VeToadhTTarsn]
1sTelndanifsn]
LeBdN2ZinAlEeQ)
1=94budTdaren]
Lefudrilearsn]
JebaEd9903r+n]
leSldrdadgren]
100312496 40]
el f9LTLTE=D]
1ed7U2d2L1AEN]
leled2uginEsn]
1+£71023835F =1
14232704996 n]
leledzAvdagsg)

'l
197930144k =01
1e9743832nEe01)
1«6 981531E0l
TeFcdbdhnib+pl
1+F097dLLTE=NL
1+8a30TallE+p]
JeBad]l Te9aE+n]
1.93632424k+0]
1«20 7460556+
1« TTHI423TE+)]
1sT4Tall95E+0]
1+71215730E+n1
15403731 3E+n1
1ebua)ds32Een]
1+60736380E+01
1+58400983E+0]
1454 T0703eE+D]
Teddvasdlasen]
Je%3829211E+01
1e39316k93Een]
1+3429254RE401]

u
LR LETTRY ]
leFooysauppen]
1+32024n4REeg]
1+93853420E+0]
leallas50F=n)
1eS0E3ud aFen]
1eBduTagnlEepn]
1eansaaTHTE]
JeFansiATIE+p]
1+8227877aF%n]
1+ T9990R48F =01
1.T7317521E+01
1= ToudslTaE+g]
1+ 7243592260
1469538 10AE+0 |
1+66379091E+01
l1ebiuaiaaTEsq]
1sbuk29ldgeng]
1+80806137E01
1-52311udaE+p1
1+48814018E%0]

il
1eaaT2481E+0]
IEECLLELE IS
1+93600776E+01
149&T35612E+n]
1+915a¥TLAE+]
1.50L58293E+01
1«Bd8pewT3R=n]
1«814392nn1K-01
18597 T3735F 01
1+B4000]1%4F+01
1823 42230E+01
1.804T141TE+Q]
1eTe203442E=01]
LeTo4ndTelsenl
1eTa31aS0pE+01
1+T20BISTIE+D]L
1eb6Y0TTRTOE»p)
1e6/123404F*1
1ebadldviinsnl
1-51133102E=01
143687 79542E=01

4
1+80d43756T7E+0]
1+5122370RE")
1+70dH30NTFen]
1901 3004TE=01
1.BYIBE398E40]
1+Ba3536daten]
LediFeuldde=0l
LLETEL B B
tefo2389TeE-N]
1+8a291lb03E+0]
1+B2%923RF 01
10BL323LL1ED]
1eB8001L6TRE=D]
1eTasllusTe+q]
1eT6730303E+01
faTudhubT1E4n]
1aTIUMZI00E0]
1 TLOBIYETE+D]L
1eARIZ40TSEn]
lebtinmsl91En]
labuda /378 E+n)

TiME IS5  145u¥333mgFeug SEC,
BN -

T ]
T leldhcsss]E.00 4,4T232alEend
r4 leodeo2ddBe«00 L, 6202932BEND
3 le09138287E 400 4, 58975489E400
“ 1.08130299E400 4,63%30TT0E«00
8 107795023600 4, 6418887900
6 1+0T2aTR24E U0 4,A5597758E«00
T . lebbeossdseslQ w, mTIn318E4nD
# 14858509700 4, 6457916 2E. 00
9 1euby0ps27E«00 4,TUlR1T53E.00
10 leDbiblBegELOy 4, TI128T423E«00
11 1+83209666E.U0 “,T256%1553E.00
1¢ 1+02108551E+00 4, TIRIRIBSEND
13 1010331 31E.00 &, T92Ta843E01
1% 1+2097458T79EL00 4, 77007T7TLE+nD
15 1+58270221E+00 £,79245735E+00
18 1:26549225E.00 4,82232716E400
17 10245L7070E00 4,862585613E400
14 1.22052281E+00 4,91754516E400
19 1a6840390RE-00 3.00385751E4n0
20 1es37e3100E0U 5,1A93011BE.00
21 1032273776E400 3.710B53a51E«00
TIME L5 1.635111a2F+02 SEC,
PhT - W
'y 1+2BUF0592E.00 4,3793531TE+N0
2 laohTafBbak.00 4,43 TNATRIESAD
3 lenTTwpoloeb0 4, 48534¢u5E000
& lebbuloTéTE00 % ,52034201E+20
5 1+868Z8TORBEL00  ° & 5284na3%2E+a0
] leo6d77830E 00 +,5513084TE«00
1 143547 1437E.00 4,5/923759E.00
L] 1.5545534RE.00 4,54917a3TEnD
3 leoadl271sE4uL0 4 Bl0TyuosEEND
10 leB&L90402E.00 4 B2TLISALSELND
11 1e53435385E.00 4, 64581382E400
1¢ 1.02599062E.00 G, 6ES]TIL4ELON
13 leolede3TaE-00 4, 68444839E400
14 1leB05LT7T794E.00 4, 70T65486E«00
15 1:35205095E-00 4,73570201E.00
16 leaTb20724E.00 “, 7T054734E00
17 1+557457008+00 6, RL5NT7T6EL00
18 1+234T72802E.00 4 HT&IarhbELON
19 1e30436598E-00 4,87T1532TSE«00
20 lesadTaS38EL00 5,156809934F«n0
21 1e331le8314E400 5,73386720E.00
TIME IS 1.Te0BRA923E+CZ SEC,
PNT - W
1 1+05708791Le00 4,248691 35E400
2 lebedn3338Laul 4,3706%3306E+00
3 leo5d97684E 00 4,34598479E+00
s 1+05085536E400 4,40508133E00
-] 1495337 164k4G0 G, u097T8T4EL0D
[} lebaybat51Eaul 4,4825200RE00
7 l1e04659]1 734000 4, 4h6T5085E400
4 lroasl 72842400 4,6963R458E40N
9 1483960527400 4, 5058941 TIE«00
10 1483525615E400 4,53034738E.n00
11 le02568165E.00 4,55381163E+00
12 1452294804E400 “, 5TAISTITELJO
13 le8la05028L400 “,50258151E400
14 14B0501702E4U0 L bdlane¥lesnn
15 1+29423358E400  6,66461083E4 30
is 1458U4a997E400 4, 704888238400
17 1+36355099EU0 b, TE#16n5BE+N0
18 1541579226400 W B2130259E400
19 1ealudTab1Es U0 6,54159083E400
20 1+558435322E.00 5,13893n75€+n0
21 1+33436358E-00 5,761348545.00
TIME [S leBdnsbToir+02 SEC,
PNT = v
¥ 1e23378401E.0u 4,.18901075E«0D
2 145279709 1E-00 4,25516794E400
3 1:0382618RE-00 %, 2376INGBESND
) 1eb31dp135E400 w,2973141EE4ND
5 1:035T79d86E.00 %,30953537E-00
6 1223235375600 4,33830479E«00
7 1.231d5162E.00 4.35842830E400
] 1+03001255E€400 L AE2RTL0GBELD0
9 leb269568pE-U0 w . u0900088Ea00
10 1+826037T54E400 %, 43194cB5E400
11 1+51964504E400 &, 4585u339E400
12 1e0luap494E400 B oGHGTT&28E00
13 1+D0HUB]l1GE VY 4, 81419780K.N0
14 1+00ul14UEE«IU b S46T9933E+00
15 1+59026515E.00 4 SR42T7H5ELG0
16 1a57800338E« U0 b, B283T7455E450
1 lesegepb33E-00 4, 4B8352595E4n00
14 leDbl]l Ta94E.u0 b, TS945a09E400
19 145095030k04 00 b B8a5] 373400
20 la%51iap138E-0U 5,17%8988764010
A leddl2sedlnesui 3,73322595TE+00

2
MaXIMUM vaLUES Anu TIMES 47 EacHd  uCaTIon

CrsTaste
0.0u
4Qa0b
al.72
122,57
183,43
214.29
243,15
2B6.U1
326.87
JeT. T2
4ra.od
E g
45030
S3l.lb
572aUe
61d.a7
A53.73
L1
739,45
776.31
A17.18

MaK JEPTH Timg
1,73 Lda, s
1.70 leg .97
1.70 136,24
1ot lls,ea
lebd lwg, 5%
lanT lew, ba
Legb  led,ds
LeB& 130,93
Lets 185,11
lebd 157.22
lab3d iel.s)
Labd led.5)
1.82 lo7.70
Lanl led.an
1.59 173,93
1,88 L7609
1.58 led.23
Ly5% in2, 34
Laol lag.éH
1.8 i78.1%
1.33 1Te.ya

[t}
1+82255254E%0]
1+H5520726E*n]
1+B308TS6TE=(]
1+85316948E201]
1+H2280565F 0]
1+8509673RE=p1
1+84737125€%01
1484257Te2Ewg]
148367338 E-ql
1:82916308E 01
1-8¢061295E+01
1.B1ORTTYIE0L
14B00]3948Eq]
1-ToBas5aTaE+p]
1+ T7588495E+9]
1«T023763BE+01
1+T4TH33LTE*D]
1+73179381E+01
1«T136TT94E=0]
1+69313995E+01
1.68510325E+01

W
1+T2066114E40)
JeTHe043T4ESN]
1+Td600S32E=01
1 T9364802E+01
1+74354271E+01
1+ T9937248E=01
1eB0LLL13TE=0)
1+B01055687E=01
1+-B004581BE*n1l
1« THH0508E=n]
1« THeb09d2E=0]
1+ TEISTTHRE*N]
1+TH&|9348E=01
1+ 777323d2E=01
1+769a1432E491
1+76038839E«01
1+T5025224E+g1
1+73063053E=01
1.TETTT923E=01
1«TLL996%0E=01
1.TOTS1360E=01

]
1+BT83albRE+0]
1= 710354 d]1E=0]
1+T1382843E+0]1
1+T264d19TE=0)
1:T3110783E=g]
1+T3881T96E=01
1eTuldT2l22E=01
1eTal761RRE*0D)
1+ 79l 7785E=01
1¢79301019E%0]
1+ T5%08308E*g1
1+72392824E+n]
17227995 0E=01
1aTadniITE2E=Q]
1=Tuf39366E*p]
le7a30E95E+n]
1+73761425E=9]
1+ T305T3526%0]
1eT2503226E%01
TaTlaebédaisg]
1-T1452381E+01

"
1ablsdeadPEr0]
1+5s011513E+01
1+6843596TTSE=Q]
1+60022896E+0]
1ebEB69854E=0]
1+075302d6E+01]
1+5d38BHIBE+0]
1e59051159E+0]
pefvhaglagEen]
1=TULEeBT2E+]
1-T0345656E%01
1+ Tyskl938E=g]
[ERSRTEELTTEY B
1eTL256R94Ew0]
17131 7043E+p1
1+T1EB2500E+01
Lo TLLITI9TRE=Q]
1= TR479THeE+q]
1709724 45E+0]
1eTJ269S00E*p]
1aTUBdU9T2E«01L

Mgk we,  T[we
5,00 EETEK]
5,05 Hi.85
R.N3 ToehE
96 Be.95
4,78 Hoela
4,958 Hee2a
4,33 G443
“, 32 Y8573
w, 30 10Ue82
u, 89 1ngal2
4,88 19w
497 10%al})
.11 113+70
i, de 115430
4,47 1lv9ssa
4,58 12] 455
.51 125478
“.36 127447
S8 129eu7
5,18 13ka28
5.7% , 17ha0%

444 TlwE
20.00 10042
L9768 Lnaeaz
la.82 1nA.31
L+.37 11110
19.21 115430
19e0a 173,489
13.ay9 12159
1d.73 125.78
1H.58 128,37
ldesn T3helt
1430 13R.3%
lrnal4 Ta04%
- R

feBY laR. 86
177h 1%3.03
1753 155.13
ale5l 159432
17.39 153451
ifa2 167470
17.15 17190
LI«15 L7609



APPENDIX 3 Subroutine BOWNDZ

COMPUTATIONAL DETAILS OF FINITE - DIFFERENCE
SPECIFIED INTERVALS SCHEME OF THE METHOD TR

initial discharge

- Input
OF CHARACTER'ST‘CS Subroutine CIRCLE Compute h
|psitin characteristics L ol
l i Compute i
A. i central angle by given depth| |Second order interpolation
3 |. FLOW CHART I for depth and velocity
Compute
area, wotted perimenter,
hydraulic radius, top width e
Is
Print Compute time greater
Set distance and time increments. depth and velocity | than input hydrograp
physical constants such i . Tompute by time and less than
as diametor, length, slope €riction factor] Newton-Raphson iteration next input
SEEadult. Call INCOND (subroutine COEFF )
i to calculate velocity amd *
=y depth for all distance Compks Compute
coefficients for computing Lo Steady non-uniform flow Call CTRCL maximum depth, velocity, discharge
friction factor from I {standard :“’9 method ) and their associated times
Reynolds; samhas Print e K Aravition Interpolation of discharge for
I depth, velocity, and Houto-Rap noe Soons Lajeinte regular time intervals
di e vs. distance coefficients of the e tum |
Set P Peig ity two partial differential
physical parameters such equations
as velocity distribution Fedreﬂnition of subscripuJ ‘I.’ "\2' 52. Cl, D]. 52,
coefficients.
i e i e |
Set ety [ Re turn |
g downstream control constants. Call BOUND 1
to compute velocity and tﬁuhmntine DNORM )
depth at inlet =
Read Subroutine BOUND] Subrout ine DCRIT
inflow hydrograph. Y Subroutine COMP CD
Print
s depth, velocity and
< discha at inlet ey
initial conditions from the s - m Initial assmumed Taitial 2ssweed
inflow hydrograph. H depth = 0.62 diamcter depth = 0.62 diameter
l s Compute
- negative characteristics m
Print § - *
inflow hydrographs and
system parameters. Call COMP l §§ E econd order i-tsrpnlnlil it EE" nm_g'
sEput " for depth and welocity Compute RCLE
to o velocity and depth sal 8 i) positive and megative I_I_I
Call DCRIT I 2. & characteristics
to calculate critical depth. Print s= £ Call DCRIT Calcul
depth, velocity and discharge lt.n compute gritical depth I
di .
L Call DNORM —| S i“““ lncwd—erdnr interpolation
to calculate mormal depth,
Call BOUND 2 ]d-pw = normal depth | | depth = critical d-vil
to compute velocity and
__Calculate depth at outlet. = o
distance incroment. l s ilm.d s b:te lf‘i:r:u >
eloc ep ween depth an 5
Print ry = ot ond of time interval normal depth within “":::Il:g::n:;t““
depth, veloclty and diith. sod yalnsity the tolevance Tians
discharge at outlet B imt
Frint i |Newton-Raphson iteration Compute
normal and critical depths, Print l "“12'- velocity, depth and
maximum values reached for depth, :::’;:ﬁ‘:;d‘ﬁm::‘“
velocity, and discharge at each Comput & i
Calasdate distance for all times. maximus depth, velocity, discharge
time increment. T

and their associated times



184

A.3.2. FORTRAN I¥ COMPUTER PROGRAM

MAIN PROGRAM FOR UNSTEADY FLOW BY METHOD OF CHARACTERISTICS

PROGRAM LINSTDY

1 CINPUT «OUTPUT » TAPES= [HPUT« TAPE 6=00ITPOT)
C=====-ATTENUATION ANA| YSIS = CIRCULAR CHNSS SECTION

C=====M] INITIAI CONDITIONS

UNS
UNS
UNS
UNS

Co==—-DETERMTHNATION OF HYNROGRAPH AT THE SPFCIFIC PDINT WITH TWO CONTROLUNS

Co====={ AT UPSTREAM AND NOWNSTHEAHM } HY THE wat TenD OF CHAHACTFRISIICS
C=———-FRICTINH COFFFICIENT F VARIrS wWlTH WEYROLDS NUMBES
OIMENSTON RIS0N) s BNT (5000 OMAXIAD0) . Q5000 . 20T 5000

DIMENSION QL (2000« OMAY (2000
DIMENSTON TRMAX (2001« Tul2udla

DIMENSTON VISON) s VOTISON)« V4L (20014 XISO0)

COMMON As8R+AC AN AF s Al PHA AT MM HETALCD COLDa DE 0T
COMMON DEPTHeDDDTATTN DM o IR N ODHT DT 20 THL + D7 4 ED
COMMON FoFBeFCaFDaFNIlaGH Lo TTOGTINC [R0s ANy JeMCaNsHUTH
COMMON NTyM1«0s0HQNT 01 A THADMAL s G0 R e REY « 500 To THMAX
COMMON TFTHETA»TINGTP . FOe TUMAX IVRAX Vo VIIT A VMAX swV s WP

COMMON XoXE«XF 4 XX

(=====PHYSICAL CONSTANTS NF THF SYSTEM

OTA=2,9267
XF=A2] .70
Sn=0.001

tweee=COFFF ICTENTS FOR COMPHTING F FI0M THF REYNOLUS HUsHE R

Fril=0.n000141

FA=0.10939%

Fre==0.17%4
Co====PHYSICAL PARAMETERS

GP=32,175

ALPHA=] .00

HFTA=],00
Com====DNWNSTREAM CONTROL CONSTANTS

Cn=0.0

En=1.35%
Cm====COMPUTATIONAL PARAMFTERS

N=?D

ixn=2

TF=200.

110=20.

DroL=o,0000l
Cm====NFLOW HYDROGRAPH

READ (5:2008) NOCD

RFAD 1S+210) (TOCI1-01(1) e =1aMaCD)

QR=0111)
ap=0a1(2)
TP=TQI?)
VoL=(oP=0R1=TP
QRA=QR/OP
Ni=h+l
on 10 1=l.Ni
DMAK(1)=0.0
VMAX (T)=0.0

10 UMAXIT)=D.8
WRITE (h12200
WRITE (6.270)
WRITE (642300 QW
WRITE (612501 OV
WRITE (hs?60) TP
WRITE 16:320) QRA
WRITE (62400 VOL
WRITE 162701
WRITE (6780}
WRTTE th4290) 50
WRITE (6+100) ALPHA
WRITE (6:3100 SFTA

uNS
NS
umns
UNS
UNS
NS
NS
LN
NS

UNS
NS

UNS

UNS

126

WRITE (Ae270) UNS

NOTTE (8. 130) M. JER.TF.110 [
Commmm=CNuPUTAT I OF MDWEAL WEPTr Al (ol PICEL vkt i NS
on=08 ums

cary DCRIT UNS

CaLL DNDRM 1INS

IF (DN=DCY 2042004 48 UNS

20 WETTE (hs340) UNS
Gn TO 190 uNS

3o IF ICN) 465040 UNS
0 Mr=] UNS
Xx=0.0 NS

DOUT= (DR/CNY o8 (], D/F11) UNS

6n TO KO NS

50 MC=2 UNS
xx=4.,5¢0C UNS

GG ED TS uNS

A0 AF=XF=xX NS
An=N UNS
Dx=XE/AN NS

WRITE (647500 ANDC uNs
Comw===COMPUTATION OF NT ¢ TIFE DiwWE e il UNS
an=0p uNsS

CaLl DERIT UNS
DFPTH=NC uns

Call CIRCLE uHS
VC=aP/a IS
DFPTH=N,AZ=NTA NS

CalL CIRCLE NS
DTulluiull?.OORFrliilvrttalHnﬁOHllnloﬂudlll||hLPHn-u}|a)u-2:-ur-uauuq

1+ (4. 08RETASGHEENM]) ) ) 1
DT=0THAK® .5 UINS
Co==DT/0X uNs
NT=TF/nT s
ITN=TI0/0T UNS

WRITE (6160} DXWDT UNS
~COMPUTATINN OF VELOCITY AN DFETH AW ALL DISTAACES £ AT TIMF 0.0 NS
OIN=IDOUT« N3 /2.0 UNS
DEPTHM=NDOUT unNs

CALL INCOND UNS
QIN=0H uns
T=T0(1) LINS

WRITE (63703 T UNS
WRTTE (hs«3R0) 1INS
WRITE (64750} uNS

Dn 70 I=leNlelxn 1INS
WRITE 16+400) X(EreMiTrevildanncild LINS

70 CoNTINUE LNS
1TnC=1 NS

on 17D J=2WNT UNS
T=T+DT NS
Co====COMPUTATINN OF VELOCTITY AND IWPTH FuR THE THLET AT TIME | UNS
CALL RNUND] LINS

IF (1TNC=TTO} 9N«AN.SD UNS -

Bo WRITE (63703 T UNS
WRITE (63800 UNS
WRITE (A«190} UNS

WRITE (64000 (T} aPDTILIavOTITIOOTIN) UNS

90 1xnc=1 UNS
0on 120 1=2.N UNS
Co====CAMPUTATION OF VELOCITY AND DEPIH AT TINE 1 UNS
CArL CnMpP uNS

IF (1TNC.E0.TTN.AND.IXNC.EN.TXN) 1004110 UNS

100 1xnC=] UNS
WRITE (G+400) XE1DaPDUCI) o VOT I odl i1} UNS

G0 TO 120 UNS

110 IxnC=120C+1 UNS
120 CONT INUE UNS
Co====COMPUTATINN OF VELACITY AND OFPTH FOR THE DUTLET AT TIWF T UNS
T=Nn1 UNS

CaLL ROUNDZ UNS

IF (I70C=TT0) 14041304140 uNsS

130 ITnc=1 UNS
WRTTE (6+400) XA11DOTLIYaVOTLL)GNTLTD UNS

G0 10 150 UNS

140 1TNC=]T0C+1 UNS
150 Do 160 [=1.NI UNS
atni=antTin UNS

128
130

134
1
130

142
Lud
laf
148
150
152
154
56
154
160
162
)
166
168
170
117
174
176
1R
180
1H2
184
1A4
184
190
19¢
194
196
1494
200



160
170

1A0
190

Biry=pATLN
Viti=vorin)

CONT INVE
HBG=NL/S0+1

DO 1BRp TIT=[+NPG
1r=50e111=-49
IL=1T+a9

WRITE i6A+4l0)
WRITE (646200

Do 18D I=Tla1L

UNS
UNS
LINS
LUNS
UNS
UNS
UNS
UNS
UNS
UNS

WRITE (64300 X (D) oNMAKCT ) TNWAXT L) o VAR (T ) o TYMAR T1) o UMAX (T )+ TOMAXUNS

Tiny

IF (I.EQ.NL) GO TG 190
CONT [NUE
CALL EXIT

e

200
210
220
230
240
250
260
ero
280
290
aoo
10
320
330
34N
50

360
amn
380

ERIH
400
410
420

430

FnRMAT (1T

FORMAT (BF1D.4)

FORMAT (1H] 42X+ % INFLON HYDRUGRAFH PARSMETENS® . /)

FORMAT (2X4%08= SF10.5+%CF59)

FORMAT (2X,®WAVE V0I UMF ARNVE HASE FLOW= =FB.2.%CU FT#)
FORMAT (2X,00P= &F |6, ,h40Fs®)

FORMAT (PX48TR=  AF 0,5 H5F0#)

FNRMAT (/)

FNRMAT (2X+0SYSIEM PAMAME IEHSH. /)

FNRMAT (= 50 =eF1R.5)

FORMAT (= ALPHA=#F10,%)

FORMAT (= BETA =#F10.5)

FORMAT (# QH/OQP=eF|0,%)

FORMAT (# N =815/8 (X0 =#]5/% [F =9Fa.0/% TI0 =*F10.5)
FORMAT (*® FLOW IS SUPFRCRITICAL®)

UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS

FORMAT (PX4®MNORMAI NEPTH=  *FA,44#FT2.4X 202 ITICAL DEPTH= #F 6,4+ 5FUNS

ITo, /)

FORMAT (2X480M=  #FA,S.9F T#aGi #0T=  aFH, %.85FCRys)
FORMAT (1H]+SX#CONDITIONS al 29, 38SFCONUS*/ /)
FORMAT (2% +8DISTANCE® sGXo #NEP THI B oVFLOCTTY R«

1 TX«®DISCHARGE®)

FORMAT (4Xo®{FTi#a]lXa (FT)®s UK (FPSIA4 LI Xa? (CFSI®a/)

FORMAT (4(FLl0.4+52))

FORMAT [//8]1 MAXIMUM VALUES AWD TTMES AT EACH LOCATION#//)

FORMAT (® DISTANCE MAX UEPTH  TIME MAX VEL TIME
TIME®)

FARMAT [FR.Z22314XaFAZa2XF 1,.7])

END

SUBROUTIRE FOR COMPUTING INITIAL CONDITION

SURROUTINE INCOND

DIMENSTON D(500)y NDT(SO0]+ DMAR(Z003. G(SN0)« QOTISOD)
DIMENSTON Qli200)« QMAX (2003

DIMENSTON TDMAX(200). TQ(200). TOMAX(200)y TVMAKI200)
DIMENSTON V(500)s VDT(500) s VMAX(200)4 X(S00}

COMMON A+ ARvACADAF + A1 PHASA s AC B BE TACCUCOs Dy D s DDT
COMMON DEPTHaDMaDIAsD TN DM DMAR N DONT DT OTOL s D2 ED
COMMON FoFRwFCoFDaFNUSGR« s [TOLITOC X0 TADC e MCaNeNOCH
COMMON NT N1 3idsORBaONT 0 QTN GMAX BP0l ol e FEY 2 S0 T+ TOMAX
COMMON TFeTHETACTINSTE TR TUMAK TUMAX « V4 VIIT ¢ VMAK s WV 4 WP
COMMOMN XeXFaEF s XX

CALL CIRCLF

CONDITION AT INITIAL =nSTTION

Vy=RB/sa

VH=YVeyV/ (2.08GR)

COMPUTE RFYNOLDS NUMBER

RFEY=VyaR/FNU

CAMPUTE FRICTION FACTOR

F=FReREY®BFC

S1=FevH/ (4.0%R)

EE1=DEPTH+ALPHA®VH

X(N+})=XF=XX

Dinely=D0UT

ViN+11=VV

QiN+1)=0R

NCOUNT=0

MAX O

UNS
UnNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
NS
UNS
UNS

INC
INC
INC
INC
THC
INC
INC
INC
INC
ING
INC
INC
INC
INC
INC
INC
INC
INC
INC
INC
INC
NG
INC
THC
INC
THC

284
286
288
290
292
294
296
298
3no
lae
304
06
108
310
3z
314
36
38
320
kFd

326
izZs
330
32
334
136
338
40
342
354
346
348
350
is2
54
156
i58
3an
62
d6&

i6a
3T

1n

90

100
110
120
130

<
140

150
160

170
180
190

IMTEGRATINN OF STFADY Fitw

DO 150 L=1N

Kx=XX+nX

DFPTH=DIN

CALL CIRCLE

Vv=gH/a

REY=VVeR/FHU

F=FREREY®SFC

HF TH=0,.5%THETA

DTHET=4,0/ (NTASSTMF IHFTHY )
DAREA=D,125%DIA®NTA® (] ,0=COSF ATHFTAP B¢ IHET
DW=0.52D1A®DTHET

WP=0,.5#DIA=THETS
DRA={WPSDAREA-ASDW) / (WD R P )

DFNG=] 0= (DA®0R/ IGR® (As#T) j ) BDAKK A

DSLO==FEQREQAS (P N9HEAYDARF A+ (ARS2]2NWA} /M, 2HHT( (HEARRZ )8R} )

yy=0B/a

VHEVVEYY/ (2.026GR)

REY=VV=R/FNU

F=FBeREY®aFC

BYH/ 14, NoH)

SF=(51+52) /7.0

EFP=DIM+ALPHASYH
FRATINS(EF2=EF1oDYR (SN=5F ) ) F (NENGe (FEA=EE L] =hs U/ (S0=5F))
NFWTON=-RAPHSON ITERATION

DCOM=DIN=FRATIO

IF (DCOM) 30420440

WRITE (6+200)

6n TO 190

DCOM=ABSF (DCOM)

IF ARSFANCOM-NTNI=RTOL) 13041 30,50

IF (0,R22N[A=0COM) KO« 1204170
DIN=DCOM®0.5

IF (0,R2eN]A=DIN] RO.80.90

DIN=DIN®D.5

NCOUNT=NCOUNT + 1

60 TO 70

IF [NCOUNT=20) 100+100.110

G0 TO 10

WRITE (64210}

Gn TO 190

DIN=DCOM

G0 TO 10

IF (ABSF(DCOM=DNI .| E.NTOL) 1604140

END OF NEWTON=-RAPHSON

DIN=DCOM

51=52
EF1=EF2
REDEFINITION OF SURSCRIPTS
11=N=L+1
XTI =xF=xX
D(I1}=RIN
ViTli=wv
Q(I11=aB
CONT INUE

G0 TO 180
DFRTH=ON
CALL CIRCLE
vv=qB/a
CANSTANT CONDITIONS
0N 170 J=L+N
IT=N=J+1
X{TTh=xF=Xx
Di1T1=DN
VETT =y
Q(il}=0B
Ex=xX+DX
CONTINUE
RFTURN

CALL EXIT

Cmmama

200
210

FORMAT (= DCOM FQUALS 7ERD =)
FORMAT (& [NCOND NOES NOT CONVERGES=)
END

TNC
INC

INC
INC
ING
INC
INC
NG
NG
INC
NE
INC
NG
INC
INC
INC

INC
INC
INC
INC
INC
INC
INC
INC
INC

INC
INC
ING
INC

1a2
lag
146
168
150
152
154
156
158
160
162
164
166
166
170
172
174
176
178
180

184
186
188
190

194
196
198
200



£b

C=====COMPUTATION OF VELOCITY AND DFRTH AT THE TIME T+DT BY KNOWING THE

SUBROUTINE FOR COMPUTING DEPTH & VELOCITY AT END OF TIME INTERVAL

SURRDUT INF COMP

Cm===eVFI OCTTY AND THE DEPTH AT THE [IME T

C

20

C
an

40
50

&0
70

RO

UIMENSTION DISONYs DNTES00) « NDMAXIZH0)« DIS00)s WOTIS500)
DIMENSTON O11200)« OMAK(200)

DIMENSTON TDMAXK (P00)« TOI200), TOMAX(Z010)s TVMAXKEZ00)
DIMENSTON-VISON) s VDT (5000, VMAXI2B8). RIS00)

COMMON AsABsACAD+AF s A1 PHA HoHC s N HE 1A+ CONE0BaDCDOT
COMMON DEPTHaDD+DIADINe DM MAY s INDOUT s 1T+ DTOL DX FD
COMMON FoFBaFCoFDsFNUaGRa T 1TO ITOC [XO0s IROCy JeMC.NeNOCL
COMMON NToNTsOsQRsGDT ] 4G INeOMAX DR N0 FaREY 1 50T TDMAR
COMMON T THETA«TIOTPTHTUMAY s TVMAX WV VDT o VMAX s vV 1 WF
COMMON XoXE o XF XX

Dn=0(11

VysviD)

CAl L COEFF

DFPTH=D(1)

CalL CIRCLE

POSITIVE CHARACTERISTIC

coM
com
com
coM

CP={2.0°BETA) Z/(VII)S(ALPHA«ME (A} +SOHTF LI IALPHA=BETA) #0218V (1) 4V (11COM
L

1+ (4.0%ARFTARGAR/A) D)
NFGATIVE CHARACTERISTIC

co
com

CM= (2, 0%AFTA) / (V{112 (A] PHA+HFTA)-SuUKTF (I {ALPHA-BETA) Re2) oV ([} =v{11COM
Ccom

1+ (4, 08ASAFTASLR/R) D)

up=CO/CP

UN=CO/CH

2ND DRDER INTERPOLATION
DR=DIT=1)#0.50UPU [UP=1. s D01V (]0=UPusZ)eil s} ®n500P (UPe] )
VREV(T=11#0.580P0 (UP=1, ) oV (1)1 ] o=UPoa) eV i [+ 120, S500UHO (UP+)4)
DS=N{T=1) 20 580" (=1, ) 01110 (| =Usve2) sDL]+ 1120, SOUNS (UN+] 4)
VSEVIT=1) 0. SoUNSEIMN=T.) sV IT)e (b =inea2) oy ]+ 1120, SOUN® (IINe] .}
Fre=ACeCP-HC

Fru=AC®CH-HT

GCP=AR

GrM=aAR

SCP=AFeCP

SCM=AF=CM

TCPsFCPoNR«HORPAVR=STPORT /U

TCM=F CMENS+ GEMUYS=STMEnT /00

VFIOCITY AND DEPTH AT Fr e TIMF INTFHVAL

VR (FCPETCHM=-FCM® IR/ (FCP oMM -f LMo D)

DRz (TCPRGCM=TCMGOP) / (FCP®AOMF CHELTS)

IF (OP-0.RP*N14&) 20410410

WRTITE (61430) K(114]

Gn TO AQ

DFPTH=NP

CatL CIRCLE

anT il i=asvP

onvel
VnT il =vP

HAX DEPTHs VFLOCITYs AND DISCHANGE « &M0O TUF IH ASSNCIATEN TIMES
IF (DDTIT)=DMAX [T} &Nedna 30

DMAX (T3=0DNT (1)

TAMAK{T=T

IF IVDTII)=VMAX (L)) &0.A050

VHMARLT)=VDT L)

TvMAR{T)=T

IF (ONT(1}-OMAX(]1) AD.RO.TAN

Guaxipy=aniil)

TMARITY=T

RE TURN

Cmmm==

kil ]

FORMAT (® FLOW 1S FULL AT X = SaF faie® T = sskh,.2)

Enn

20
30

SUBROUTINE FOR COMPUTING COEFFICIENTS IN ORDINARY DIFFERENTIAL EQUATIONS

SURROUTINF COEFF COF
T C=====COMPUTATION OF ALL COEFFICIINTS OF THF w0 PARTIAL OIFFFHENTIA COF
Co==a=ENUAT IONS COE
DIMENSTON DIS00) s POTIS00) s DMARIZ00) s Q45000 QUT (D00 COE
DIMENSTON QIt(200)s OMAX{Z00) COE
DIMENSTON TDMAX(200)s TO(200) s (QMAX(Z2000s TVMAX(200) COF
DIMENSTION VISOD)s VNT(SO0) s VMAKIZDU)e XI500) COE
COMMON AsAR+ACsADAF = A1 PHAHoHT o411 HE TRy CUIe COUs r o DOT COE
COMMON DEPTHDDDIADIN DM UMAX « T DONTUT o+ DTOL«DXWED COE
COMMON FsFRFCyFDeFNUGRe T« ITO ITOC TX0s LANCs JeMTNaNACH COE
COMMON NTsNLsQsORODTa0Is GINOMAX QP s s HaREY s SO0 To TOMAX COE
COMMON TR THETATIOTR TR TOMAX e TVHAK 4 Vo VLT o VHAK s WV o WP COE
COMMON Ky XE s XF o XX COE
DEPTH=ND COE
CalL CTRCLE COE
A=A/ (YVER) COE
Di=l.0rvv COE
AP=ALPHA®VV/GR COE
BR=RETA/GP COE
RFYNOLDS NUMAER COE
RFY=VveR/FNU COE
FRICTION FACTOR COE
FeFRA*REY**FC COE
ENFRGY SLOPE COE
SF=.125%F sVVevy/ (HeGR]) CoE
Ep=S5F-50 COE
AR=AL®AZ2 CDE
AC=Al=a2 COE
COE
COE
COF
Bn=-A2=D1 COE
RF TURN COE
Enn CoF
SUBROUTINE FOR COMPUTING NORMAL DEPTH
SURARCUT INE DNORM DNO
DIMENSTON NISON). BOTLS00) . DMAX (ranbe wibnole GDT (500D NO
DIMENSION Q12000 OMAX(P00) DN
DIMENSTON TOMAX(200)s TUL200). TAOMAX(ZUU)s TVMAKLZO0) DN
DIMFNSION VIS00)s VOTISDN)« VMAXE20DY e Ri1S00) phio
COMMON AsARsAC AN AF o &1 FHA L MO o HOHE T ATy CO il DT DND
COMMON DFPTHaNDoDIA DTN DM MAR 01T 4 DTOL sUTFID OND
COMMON FeFRaFCaFDaFMUfle Lo ITN21 100 Tuts JAUC JeMCHakUCH DN
COMMOM NTsN1sQsOH«ODT DT IHsDEAK UF NNy HEY 4 Siha Ty [1IMAX DND
COMMON TF+THETASTIO TP TGO TUMAX y TWHAR SV VI T VMAZ s WV o WP DN
COMMON XsXE+XF o XX DNO
DFPTH=N.628NTA DND
CALL CIRCLE LIND
Vv=00sA nNo
REYNOLNS NHMBER DND
REY=VVSR/FNU NND
FRICTION FACTINR nNO
FaFA*REY®®FC L]
NFWTON=-RAPHSON DND
DN=DEPTH= (WP=(F* (UR®82) ) AlH o0 dS0e (Reodjoa) ) (3, 0401 /4=-2,0/STHF (DNO
1THFTA/2.001 DO
IF (ABSF {ON=DEPTHI=-DTOL | 30«20«20 oNe
DFPTH=NN DNO
Gn To 10 NN
RF TURN ND
ExD DN



¥

SUBROUTINE FOR COMPUTING UPSTREAM BOUNDARY CONDITION.

SHRKOUT TNF AGUINNT BO1
= COMPUTATION OF VELOCTTY AN DFPTH BOR X=0.0 AT THe TIME T RO
DIMENSTON NISO0)y NDTISEG] e BMAXIZ00) s {5001 QDTIS00) 801
DTMENSTON 0112001 . OME2 (2000 Hol
DIMENSTON TDHAX(200)s TOL2000. TOMAX (2000 TVHAX(Z0O0) 801
DIMENSION VIS0D) s VNTISONI, WRAX(200). AiS00) 8ol
COMMON A+ARCACSAD«AF « Al PHA W BC oI« AE TASCHa CU Do DO 0T BO1
COMMON NFPTHaDDDTASDTH M 0MAK s INDONIT o DT« OTOL sUx+ED Hol
COMMON FoFRsFCoFDyFMUGRaToTTI 1IN0 120 IXOCs JsMCoNsNOGCD BO1
COMMON NTNTeQeRBODT o] 0 iMaIMAX e s alia R aHEY 9 Stha Toa TUMAX 8ol
COMMON TFaTHETASTIONTR, (M TOMAR TVHAX s Vo VDT s VMAK UV 2 WP B0}
COMMON X XE«XFaXX BO1

CALL INFLN] BO1
DFPTH=D(1) BO1

CALL CIRCLE 801

G NFGATIVE CHARACTERTSTIC ROl
CM= (2, 0%HETA) Z (V1) (AL PHASHETA) =SER IF { [ (A1 PHA=HETA) @82} 8y (1) ey (11801

1+ (4. D"A%AFTASGR/H) ) ) BO1

IF (CHM) 10+20+30 Bo1

10 UN=CO/CH HO1
< 2NN ORDER INTERPOLATIOM FOR DFERIH AND VELOCITY BO1
DS=D{1)#0,5%UNS (UN=T.) +U {2} 8 (| =tINas )+ [1{ 3380 . S5FUN® [UN+1.) Aol
VE=VI1 1 R0 5%UHS (UN=To s VI2}F LHa=UNS22) sV} 0. 5FUN® (UN*] ) Bol

Gn TO &0 BOl

20 KS=Xi(1) BO1
Os=01i1} BO1
ve=vVil 801

Gn TO 40 BO1

30 an=0IN HOl
CaLL DCRIT Bol

op=0C BO1

Gn TO AD 801

40 on=nily a0l
vusviole BO1

CaLL COEFF BO1
FCM=ACSCM=RC 801
GoM=AR B0l
SCM=AE=CHM BO1
ASMALL =NS=(SCHUCMINT=GEMIVE) JFCH BO1
HSMALL==0IN=GCM/FCH HO1
bpP1=DI(1) BO1

30 RN=2.020P1/DTA-1.0 BO1
DFPTH=DP1 BO1

CAlL CIRCtE BO1
FOP1=DR]=ASMALL = {RSHALL /A1) Bo1
FOPIP=].0+{HSHALL/&®®2 )0 ( (DIA®L].0=-COSF (THETA)}/2,00% () ,0/50RTF(1.B0]
10=-RO==2) 1)) B0l

c NEWTON=-RAPHSON TTERATION BO1
Dp2=DP1=-FDPL/FNPLP BO1

IF (ABSF (DPZ2-DP11=-DTOL) TH.T0W60 BOl

60 Dei=Dr2 BO1
G To S0 RO1

« ENPD OF NEWTON-RAPHSOMN 801
70 DP=DP1 BOL
Al IF (DP=-0,8220IA) 100+90+90 BO1
90 WRITE (61700 X{11aT ‘o1
Gn TO 160 Bnl

100 DFPTH=DP BO1
CALL CIRCLE a0l
VP=0IN/A BO1
pnTL1)=NP BOY
VnT{l1=vP BO1
anTily=aImM BO1

C MAX DEPTHs VFLOCITYs &MD NISCHARGE. AND THEIR ASSACIATEN TIMES BOM
IF (DDTI1}=-DMAXI11) 12041204110 Bal

11 DMaX{11=DDTEL) Bol
TNMAX (1) =T BOL

120 IF IVDT1I=VMAX (1)) 14Ds1404130 BO1
130 VMAX(1)=VDTIL) BO1
TYMAX 1) =T BO1

140 IF (QOTIL)=QMAX (1)) 1&N+160+1S0 BO1
150 QMAX (13=0NTI1) RO1
ToMAxX(]1)=T ROl

160 RETURN HO1
C===== BO1
170 FORMAT (@ FLOW IS FULL AT X = #,F7,2,8 T = 8.F8.2) BO1
END BO1

134
136
138
140
142
lad
la6
148
150
152
154

SUBROUTINE FOR COMPUTING DOWNSTREAM BOUNDARY CONDITION.

SURROUTINF BOUND2 Boz
DIMENSTON DI500)+ DNTES00) « DMAK (2000« (500}, GOTIS00) BOZ
DIMENSTON QI(200), OMAX{Z0N] HOZ
DIMENSTON TDMAX (2000 TUIZ00)s TOMAZ{Z00] s TVMAXI200) An2
DIMENSTON VISD0)s VOT 500« ¥MAKIAODYs XESud) ANZ
COMMON AsARsAC AN AF o Al PHA oo HC oM HE TAWCUSCOs Do DCDOT wo2
COMMON DEPTH«DDsDIADTN Mo IMAX s DN DOUT + DT« DTOL« DX EDQ Bo2
COMMON FoFBoFCoFDeFMNIsGHy 1o iTO21TOC T X0 TXOCs JeMCoNaNQCTD Ho2
COMMON NT«Ml+QsQPR+ODT+ QT QO INDIMAR QP+ N« RREY S0 T TOMAX w2
COMMON TFsTHETA+TIOTR T« TUMARK s TVMAK Vo VOIT s VMAKX s ¥V 3 WP 802
COMMON X4 XEsXF XX An2
DEPTH=D(N1) RO2

CALL CYRCLE wo2

C PNSITIVE CHARACTERISTIC BO2
CP=(2,09RFTA) /IVINII®{ALUHASAFTA) +SuUKTF [ ( (ALPHA=RFTA) w2} ey (N]) *V (BO2
INL) + (&, 0%A=BETASGR/B) ) ) Ro2
Up=COsCP :[oFd

< 2ND ORDER INTERPOLATIUN FOR DEPTH AND VELOCITY BO2
DREDIN=1)1*0.5%UP® (UP=1 .} +D(H} 9 (| o=UP902) s NI} 20 SRUPD (1P 1,]) AN2

VRSV [N=1)#0.59UP® (UP=1,) + VNI #{ | ,=UPa42} + ¥V (HL) *0S9UPR (1iP+ 1 .} Hoz
Dn=DiN1) Bn2
Yu=ViNDY BOZ2

CALL COEFF B2
FCP=AC®CP-AC RO2
GCP=AR anz2
SCP=AE=CP Boz2
CSMALL=NR=ISCP*CP*NT=GCP* VM /F L BozZ
DSMALL ==GCP/FCP Bo2
DPI=0(N1} Bo2

10 RN=DP#2.0/DTA~1.0 Bo2
DFPTH=NP1 Ro2

CALL CIRCLE = Aoz

G0N TO {20430} MC ao2

20 Fn=COsnPl=eED : HOZ2
FOI=SCOSEDANP] & (ED=1.0) Hnz2
U=FD/A Ho2
FNP1=DP1=CSMALL=DSMALL #1) B02
THFTAZ=THFTA/2.0 oz
DADD={DIA/2.01 2 (1.0=COSF (THF TAD}# (1, 0/500TF (1.0-RN®42)) BO2
DUND=((ARFDI)=(FD=DADN) ) /{A®A) anz

Gn TO &40 Bo2

30 U=S5QRTF (GR=A/8) 802
FNP1=0P ] =CSMALL-DSMAL| 1) a02
THFTAZ=THETA/2,.0 aog
DUND=(2+/DTAI# (1 0/SORTF (| .O=HO®S2J 1% [0/ ® ({BiARH20 (|, 0-COSF (THHOZ

1ETA) 1D/ (B 0PB)={A® [NTA/Z,0)2COSE (THFTA2 ) fHe#2)) BO2

40 FRPIP=].0=-DSMALL #DUIND BO?
< NFWTON=-RAPHSON TTERATION Bo2
OpP=0P1=FNPL/FDPLP BO2

IF [ABSF(DP2-DP1)=DTOL) AD+hD+50 BO2

s0 OP1=DP2 BO2
Gn TO 10 RO2

C END OF NEWTOMN=-RAPHSON Ho2
60 DEPTH=DP? BOZ2
IF {(DEPTH=0.82°NDTA) HO.TN+T0 woz

10 WRTITE (6+1R80) X{I)aT a0z
60 To 170 B2

L.11] CALL CIRCLE BO2
ONT (N1 =DFPTH Bn2

G0 TO (9041000, MC Bo2

90 ANT (NLY=CNeDEPTHe#EN BOZ
VNTINLI=ANTINL) /A Boz

GO TO 110 BOZ

100 VNT (N1 )=SARTF (GReA/R) Boz
GRTENLI=SVRTINL) A B2

[ MAX DEPTHs VELOCITYs AND DISCHARGE. AND THFIR ASSOCIATED TIMES Bo2
110 IF (DDTIN1)=~DMAX(N1)} 130+130.120 B2
120 DMAX (N1} =NDTIN1) BO2
TRMAX (N1} =T o2

130 IF (VDTAINY ) =VHMAX(NII) 15041504140 Bo2
140 VMAK (N1)=VDTINI) Ho2
TYMAX(N1)=T Boz2

150 IF (QDT(N1)=OMAX (M1)} 17041704160 BO2
160 GMAX (N1}=NDTIN]) Bnz
TOMAKINT) =T BO2

170 RFTURN Bo2
Lot £ uo2
180 FORMAT (® FLOW IS5 FULL AT X = 0a4F7,2.% T = 8+FRL2) RO2

Frr ROZ2

126
128
130
132
134
136
138
140
142
lé4g
146
14AR
150
152
154

158



4
v

20
o

40
50

o=
100
110

20

EL

SUBROUTINE FOR COMPUTING GEOMETRIC PARAMETERS OF CIRCULAR SEGMENT

SURROUT INE CIRCLE

DIMENSTON DISE0) s DOT (5081, DMAR{Zud)e QISOD}« DOTIS00)
DIMENSION QI IZ00) DMAX (200D

DIMENSION TOMAX (2000« TQ(200), TOMAX(P00) s TVHAXIZ00)
CIMENSION VISO0Ye VATIROG)s VMAXIZAN) s 21500)

COMMON AsARSAC A0 AF s A PHALHIC s WD RE TACDCO DD DT
COMMON DEPTHsND«DTACD TN DMaOIMAX o I ET o 131« DT s ED
CoMMon FoFR«FCoFDaFMUGGRs T+ TTOs F10C« LU IXOC o demTNyNOLD
COMMON NTN1+Os0R0NT 401 DTN OMAR 3 10 oM o REY « SO Ty TOMAX
COMMOM TFoTHETATIO TR TRTAMAKs I VMAX Vo WDT o VMAK s UV o WP
COMMON Xy RE»XF o XX

TEST T TNSURFE NERPTH LFSS ToAM 0.HZ DIA.

IF (DEPTH) 10+20+20

WRITE (61000

CaLy ExIT

IF (DEPTH=0.82=D1A) 40.48.70

WRITE (&+110)

CalL EXIT

IF (DTAZ2.0=-NEPTH) &0«40.70

THFTA=1,1415%

6n To 90

SURTENNEDN ANGLF

cir
Clr
Clr
cir
CIR
CIR
Clm
(= L
cim
cle
CIR
CIR
CIR
cir
Cim
cim
cir
clm
cie
CcIRr
cim
Clm

THETA=AL2RILA-2 0% ATANF { (SORTF (DTASDERTH=IF PIH=DESTH) ) / (DEPTH-DIA/CIR

12.m1)
6o 10 90

THETA=2  N*ATANF ( {SORTF IDTA=NER TH=FPTHEEPTH) ) ZLDTA/240=NEPTH) }

IF (THETA) Al+904+90
THFTA=A,2AJ1A*THETA
ARFa

A0, 17S® [THETA-SINF (THFTAI} = (B [A®®2)
WFTTED PERIMFIER
WP=(DIA/2.0)®THFTA
HYNRAUL IC RADIUS
R=A/WP

SHBFACF WINTH
H=NTA®SINFITHFTA/Z2.00
HYDRAIN 1C DEPTH
UM=2/R

WF TURN

FORMAT (® NFPTH 1S NEGATIVE®)
FORMAT (* FLOw IS FuLL®)
Exn

SUBROUTTNE FOR COMPUTING CRITICAL DEPTI

SURROUT INF DCWIT

DIMENSION NISONY, DOTISNNY . NUMAALAON) . 015000« ODTI500)
DIMENSTON 12000« OMAX (P00

DIMENSTON TNMAX (PO0)« TOI208)s TOMAXIP00)s TYMAXE2000
DIMENSTON VISSO0)s VAT (50N VMARI2A0)« Kin0Na)

COMMON AcARSAC+ A =AE « Al PHEcH ML oM ahF FACINaCOD il DT
COYMON DEPTH«DNDTADTH o o 4AY o Vastiii o1 «DTHL 2+ DYFD
COMMOM FolAaFCaFDab et [alToba | 1000 TRU« JROCs JoMTaNoNUTT
COMMON NT N1+ Qa0HRNT ot I a0 TmaiMAR s e HaME Yo S0 T+ TOMAX
COMMOM TR THE TAST IO TO o [Na IDMAX o TUMAY Vo yUIT s YMAK s YV o WH
COMMON XeXF o XF o 1X

DEPTH=Uu . A?¢NTA

CaLL CIRCIF

NF W TON=HAPHSTIN

DE=NEPTH= (A (AS3) =ALPHAS ( (900} #02) /) /(1,00 [ {Hea) 82} = (2,00 (A®SDCR

1 *COSF ITHETAZZ 0V ) FISIMPITIR TAZA40h 1)
IF C(ARSF (DC=DFBTHI=0101 } 3320420
DFPTH=NC
G0 TO 10
HF TN
Enn

SUBROUTTNE FOR COMPUTING INFLOW HYDROGRAPH

SURROUTINE INFLOL

Com=e=COMPUTATION OF THE TWFI 0% HYDRGwARH

c

1o

20
30

wl
50

DISCHARGES AT TRREGULAR TIMF INMTERVALS

DIMENSION DISO0)s BT (S00)« DMAXIZ00)« 215000 QOTIS00)
DIMENSINN AI1200)« NMaxX(700)

DIMENSTON TOMAX (2000« TOU(200). TOMAXR(ADD) TYHARL200L)
DIMENSTON VI500)s VAT (5000 VMAX{ZD0)s X1500)

COMMON AvARsACsAD s AF « 41 PHAH B a4l HE TAR T CO e N ¢ DUT
CoMMON DEPTHaDD s DTA«D TN g AT oo e 3NIT o118 « DT o D o ED
COMMON FaFBsFCoFDeFNUGHe 1o I TN LTOC 1X0e FXOC JyMC o MaNULD
COMMON NT«NIsRaOHORToN 101N DMALUP sl e HaiFY 4 S T TUMAX
COMMON TFaTHETASTIOTR IO TOMAKy TVMAK WV VIH s VMAK UV o WP
COMMON XeXEoXFoeXX

Ag=)

T=(AJ=1.0)20T

in=1

INTERPOLATION FOR REGIH AR TIMF INTFHVALS

IF (TLGE.TOINOCDY) 10.20

QIN=0] (NOCDY

Gn TO 50

IF (T.GE.TQUIO) JAND. T} ToTuilneill & o

In=10+1

G0 TO 20
QIN=QIUIGI+(GLIIO« 1 =AT (I ) *(T=10110n /tiaclusli=Tattan
Gn TO 50

RETURN

END
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A.3.3. DEFINITION OF VARIABLES

NAME NEFINITION
A ARFA OF CTRCILAR SFrMiw] Ci® &0
AR (£3] CUOF 5%
ac (1] CNE Sk
AD 21 COE S8
AE 12 T
A [RE] INF 2n
ALPHA VFL DISTRIAUTION FACINP=tWEwGY NS 56
AN MIMHER OF NISTANCF THTEWVALS WNS Lbe
ASMALL () Wil 78
al [E]] coE 32
a2 12y COE A&
R FRFE SURFACE wiNTH [ G
ac 2 COF 62
RO 2 COF  Fa
AETA  VFL DISTRTAUTION FACTAR=sOsENTLM  LKNS S
ASMALL (2) WUl BO
A2 [ta] CHE W
co ONTLET DISCHAHGF COFFFICTENT NS R2
[+« NFGATIVE CHARACTERISTIC DIRECTION HO1 34
1] HTNUIS NT/NK UNS j92
cP POSITIVE CHARACTERISTIC DIRECTION COM  of
CSMALL (?) HOZ %
n DFPTH NF FLOW AT TIME T ING sk
DADD DFRIVATIVF OF ARFA WITH DEPTH Ho2 78
DAREA DFRIVATIVF OF AREA WITH NEPIN NE Ta
nc CRITICAL NEPTH ned 30
DCOM  CAMPUTED DEPTH INC o0&
no DFPTH Hil &6
oot CFPTH NF FLOW AT TIME TenT Hil 122
DENG (?) INC W2
DEPTH DFPTH OF FLOW HiHl 2H
Hed o4
S LT
INC &0
ucH e
DIA  DIAMETER 0OF PIPF UNs 38
DIN  INITIAL VALUE 0F REPTA INC 118
NS 202
oM HYDRAUL IC DEPTH ciF e
OMAX  MAXTHIM DFPTH NS 9R
DN NOPMAL DEPTH ety &40
DOUT DEPTH OT NUTLET UNS 152
e DFPTH Bl 62
0Pl INITIAL VALUF 0OF RFPTH “mil A2
op2 CNMPUTFD VALUE 0F UFPTH 0l 98
DR INTERPOLATED VALUE nf DEPTH HNZ 38
DRA 21 INC B0
os INTERPNLATFD VALWF nF NESTH nil  as
DSLD DERIVATIVE OF ENERGY SLUPE WITH NPINC  Ha
DSHALL(2) LITE
DT TMCREMFNT OF TIME S Jun
DTHET DERIVATIVF OF THETA WiTH DEFTH INC T2
DTYMAX TIME OF MAXIMUM DFPTH UNS Ib6
DTOL MaAXIMUM ERROR TN DFPTH CALCULATIONUNS 76
ouwbD () BU2  AD
[0 () NG 76
[:1] INCREMENT OF D1STANCE NS les
o1 12 T 84
ED ONTLET DISCHARGF FabDnEnT UNS o
EEL EMERGY AT KNAwh MESTR inl a2
EE2  ENERGY AT ohanJwh SFET- NG am
€2 [EL =
¥ GABLrenf [EMAlw SFCILTIN s L aps fasl g
L4 -
ie FASTow tm el . & Sl @ om0t -l W
£ T8 e Bl.ut, = NI ®oa T ptoamd g
Lo e - ¥
row : - -’
L Antae = - el T - —— - L
v r - -
E o - -
= e s w

Cnm
g

IkC

N
H0z
Hig
Hiv L
Hig
UhS

nCH

Hig

FLE A

Lh
In

156

112
118

At
1u2
1A6

=2

132

ind
Llng
log
L}
56

s2

ag

STATEMENT NUMBERIS)

INC

Com
CoM

ANl
BO2

UNS
(L]

IncC

CoM

28
98

116
108

204
24

136

136

g3

60

UNS 284

CNE 2R
CON &
coM 92

INC 14

coM 108

FNU KIMEMATIC VISCOSITY

FRATIO(2)
GCM 2
(1= 21

GR ACCFLERATION OF GRAVITY
HFTH (2

1 m

11 ()

IL LINF PRINTING INDEX
10 it

110 TIME INTFRVAL RETWFFN DUTPUTS
ITOC TIME« NUTPUT INTERVAL rMuMTER

IX0 DISTANCE TNTFRVAL HETWFEN G0IPulsS
TX0C OISTANCEs OUTPUT INTEWVAL Cinplilps

J i

L (3

mc BACKWATER PROFILE CNOF
N IMRER NF X=[NTFRVALS
NCOUNTITFRATION COUNTFR

NPG OUTPUT PAGF CONTRO|

NT MIMBER OF TIME INTFAVALS

N1 NUMBER OF X=TNTEGRATINM LOCATIONS

Q DISCHARGE AT TIME T

nR BASE DISCHARGE

QDT DISCHARGF AT TIME T+DT

at 1MBUT HYDROGRAPH TSCHAMGE
QIN ° INTTIAL DISCHARGE

MAXIMUM DISCHARGE AT TIME T
ap PFAK HYORNGRAPH DISCHARGF
] DI SCHARGE

aRA PFAK TN HASF DISCHARGE Halla
R HYNRAULIC RADIUS

RO DFPTH TO RADIUS RATIO

REY  RFYNOLDS MNUMBER

REY
SCH (2
SCP (21

SF FRICTION SILOPE (AVERAGE)

so INVERT SLOPE

51 FRICTION SLOPE AT KMOWN DFPIH
52 FRICTINN SLOPE AT INKNOWM DEPTH

T TIME
TCH (21
Tce (21

TDMAX TIME TO MAXINUM DFPTH
TF FINAL TIMF FOR CALCULATION

NUMRER OF TWNPUT HYNROGEASH &) [HTS

[
Bar
Ll
g
s,
(L
s
UL
UL
INF
UNS
s
WAS
s
ue
e
s
M5
NG
s
(L
1INS
1S
(LU
NS
HU
1S
UL
1HS
NS
URL
NS
[ L
Hul
(L1
COF
LTEE
e
nc
NS
InC
e
LA
Cra
L
Hol
NS

THETA CFNT ANG SUBTENDED RY FREF SUWFACFCIN
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Key Words: Finite-Difference Schemes, Unsteady Flow Equations, Method of
Characteristics, Numerical Solutions of Differential Equations.

Abstract: This fourth part of a four-part series of hydrology papers on flood
routing through storm drains presents the computer-oriented numerical methods

on solving the quasi-linear hyperbolic partial differential equations known as

De Saint-Venant equations of gradually varied free-surface unsteady flow. Formu-
lation of various numerical finite-difference schemes either explicit schemes
based on the two partial differential equations, unstable, diffusing, upstream
differencing, leap frog, and Lax-Wendroff or the specified intervals scheme based
on the method of characteristics is analyzed. A comparison between the specified
intervals scheme of the method of characteristics, the Lax-Wendroff scheme and
the diffusing scheme is discussed. Flow charts and computer programs for these
various numerical methods are given in the appendices.

Reference: Yevjevich, Vujica and Albert H. Barnes, Colorade State University,
Hydrology Paper No. 46 (November 1970) "Flood Routing Through Storm
Drains, Part IV, Numerical Computer Methods of Solution".

Key Words: Finite-Difference Schemes, Unsteady Flow Equations, Method of
Characteristics, Numerical Solutions of Differential Equations.

Abstract: This fourth part of a four-part series of hydrology papers on flood
routing through storm drains presents the computer-oriented numerical methods

on solving the quasi-linear hyperbolic partial differential equations known as

De Saint-Venant equations of gradually varied free-surface unsteady flow. Formu-
lation of various numerical finite-difference schemes either explicit schemes
based on the two partial differential equations, unstable, diffusing, upstream
differencing, leap frog, and Lax-Wendroff or the specified intervals scheme based
on the method of characteristics is analyzed. A comparison between the specified
intervals scheme of the method of characteristics, the Lax-Wendroff scheme and
the diffusing scheme is discussed. Flow charts and computer programs for these
various numerical methods are given in the appendices.

Reference: Yevjevich, Vujica and Albert H, Barnes, Colorado State University,
Hydrology Paper No. 46 (November 1970) "Flood Routing Through Storm
Drains, Part IV, Numerical Computer Methods of Solution".

Key Words: Finite-Difference Schemes, Unsteady Flow Equations, Method of
Characteristics, Numerical Solutions of Differential Equations.

Abstract: This fourth part of a four-part series of hydrology papers on flood
routing through storm drains presents the computer-oriented numerical methods

on solving the quasi-linear hyperbolic partial differential equations known as
De Saint-Venant equations of gradually varied free-surface unsteady flow. Formu-
lation of various numerical finite-difference schemes either explicit schemes
based on the two partial differential equations, unstable, diffusing, upstream
differencing, leap frog, and Lax-Wendroff or the specified intervals scheme based
on the method of characteristics is analyzed. A comparison between the specified
intervals scheme of the method of characteristics, the Lax-Wendroff scheme and
the diffusing scheme is discussed. Flow charts and computer programs for these
various numerical methods are given in the appendices.

Reference: Yevjevich, Vujica and Albert H. Barnes, Colorado State University,
Hydrology Paper No. 46 (November 1970) "Flood Routing Through Storm
Drains, Part IV, Numerical Computer Methods of Solution".

Key Words: Finite-Difference Schemes, Unsteady Flow Equations, Method of
Characteristics, Numerical Solutions of Differential Equations.

Abstract: This fourth part of a four-part series of hydrology papers on flood
routing through storm drains presents the computer-oriented numerical methods

on solving the quasi-linear hyperbolic partial differential equations known as

De Saint-Venant equations of gradually varied free-surface unsteady flow. Formu-
lation of various numerical finite-difference schemes either explicit schemes
based on the two partial differential equations, unstable, diffusing, upstream
differencing, leap frog, and Lax-Wendroff or the specified intervals scheme based
on the method of characteristics is analyzed. A comparison between the specified
intervals scheme of the method of characteristics, the Lax-Wendroff scheme and
the diffusing scheme is discussed. Flow charts and computer programs for these
various numerical methods are given in the appendices.

Reference: Yevjevich, Vujica and Albert H. Barnes, Colorado State University,
Hydrology Paper No. 46 (November 1970) "Flood Routing Through Storm
Drains, Part IV, Numerical Computer Methods of Solution".




No.

No.

No.

No.

NO.

No.

No.

No.

No.

No.

No.

No.

No.

No.

No.

No.

No.

28

29

30

31

32

33

34

35

. 36

37

38

39

40

41

42

43

44

45

PREVIOUSLY PUBLISHED PAPERS

Colorado State University Hydrology Papers

""Sampling Bacteria in a Mountain Stream," by Samuel H. Kunkle and
James R. Meismann, March 1968,

"Estimating Design Floods From Extreme Rainfall," by Frederick
C. Bell, July 1968.

"Conservation of Ground Water by Gravel Mulches,'" by A. T. Corey
and W. D. Kemper, May 1968.

"Effects of Truncation on Dependence in Hydrologic Time Series,"
by Rezaul Karim Bhuiya and Vujica Yevjevich, November 1968.

"Properties of Non-Homogeneous Hydrologic Series,'" by V. Yevjevich
and R. I. Jeng, April 1969.

"Runs of Precipitation Series,' by Jose Llamas and M. M. Siddiqui,
May 1969.

"Statistical Discrimination of Change in Daily Runoff," by Andre
J. Dumas and Hubert J. Morel-Seytoux, August 1969.

""Stochastic Process of Precipitation," by P. Todorovic and V.
Yevjevich, September 1969.

""Suitability of the Upper Colorado River Basin for Precipitation
Management,'" by Hiroshi Nakamichi and Hubert J. Morel-Seytoux,
October 1969.

"Regional Discrimination of Change in Runoff," by Viboon Nimmannit
and Hubert J. Morel-Seytoux, November 1969.

"Evaluation of the Effect of fmpoundment on Water Quality in
Cheney Reservoir," by J. C. Ward and S. Karaki, March 1970.

"The Kinematic Cascade as a Hydrologic Model,' by David F. Kibler
and David A. Woolhiser, February 1970.

"Application of Run-Lengths to Hydrologic Series," by Jaime
Saldarriaga and Vujica Yevjevich, April 1970,

"Numerical Simulation of Dispersion in Groundwater Aquivers,' by
Donald Lee Reddell and Daniel K. Sunada, June 1970.

"Theoretical Probability Distributions for Flood Peaks,'" by Emir
Zelenhasic, November 1970.

"Flood Routing Through Storm Drains, Part I, Solution of Problems
of Unsteady Free Surface Flow in a Storm Drain", by V. Yevjevich
and A. H. Barnes, November 1970.

"Flood Routing Through Storm Drains, Part II, Physical Facilities and

Experiments'", by V. Yevjevich and A. H. Barnes, November 1970.

"Flood Routing Through Storm Drains, Part III, Evaluation of Geometric
and Hydraulic Parameters,'" by V. Yevjevich and A. H. Barnes, November

1970.



