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ABSTRACT

This first part of a four-part series of hydrology papers on flood routing through
storm drains presents results of experimental studies in a 3-ft diameter, 822-ft long
storm conduit and theoretical studies of the unsteady free-surface flow. The derivation
of the two quasi-linear hyperbolic partial differential equations of gradually varied
surface unsteady flow based on the principles of conservations of mass and momentum are
given. The numerical integrations of differential equations by the specified interval
scheme of the method of characteristics, the diffusing scheme, and the Lax-Wendroff s
are discussed; the method of characteristics is selected for the practical integration
procedure whenever the complete differential equations are used. Experimental and
analytical investigations of the geometric and hydraulic parameters that define the
coefficients of the two differential equations are summarized. Particular attention is
given to geometric characteristics of a circular conduit, to hydraulic resistance, to

velocity distribution coefficients, and to junction box energy losses. The initial and

boundary conditions are experimentally studied and are expressed mathematically for the
numerical solutions. The analytically computed waves are then compared with the expgri-ﬂ
mentally observed waves by using the same initial and boundary conditions. Qualitative
and quantitative comparisons are given for depth hydrographs at different positions, for
depth wave profiles at different instants in time, and for the peak-depth versus both
position and time. From a practical point of view, good agreement is indicated by these
comparisons. The applicabilities of simplified routing methods are also compared in
general terms to the solutions obtained by solving the two partial differential equations
of unsteady flow. The errors in conduit geometric parameters, in hydraulic parameters,

in numerical computations, and in experimental observations are analyzed and discussed.
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FLOOD ROUTING THROUGH STORM DRAINS

Part 1
SOLUTION OF PROBLEMS OF UNSTEADY

FREE SURFACE FLOW IN STORM DRAINS

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

Chapter 1

INTRODUCTION

of flood waves upstream along a long drain, and
similar effects.

The advent of digital computers enhances the
feasibility of using the most complete mathematical
equations for the computation of unsteady |free-surface
flow in a storm drain. Besides, progress in urban
hydrology and the improved understanding of precipita-
tion phenomena enable a better prediction of storm
flood hydrographs which enter the storm drain system.
These two factors encourage applying unsteady free-
surface flow equations in their most reliable mathe-
matical forms to storm drain design.

In summary, the historical development of methods
for design of storm drains may be classified in
three broad classes: .

A. Steady-flow approach of storm drain design,
the logical consequence of the rational type formulas
in predicting storm flood hydrograph peaks.

B. Simplified unsteady flow approach of storm
drain design mainly based on the storage equation or
its modified forms of kinematic waves, the logical
consequences of unit hydrograph approach in predicting
storm flood hydrographs, of limitations in accuracy of
hydraulic properties of storm drains, and of available
computational devices and numerical techniques in the
precomputer era.

C. Unsteady free-surface flow approach of storm
drain design, based on the complete equations of con-
servation of mass (continuity) and momentum of un-
steady free-surface flow, advanced methods of pre-
dicting flood hydrographs, the use of rapid digital
computers with adequate storage capacity, and the
advanced numerical methods of integration of differ-
ential equations.

The potential of using improved flood routing
methods through storm drains by this third approach
has inspired the investigation presented in this paper.

1.2 Objectives of Investigation

This study of the hydrodynamics of unsteady free-
surface flow in a storm drain has the primary objective
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of adding the information for developing flood routing
procedures adopted to a digital computer and verified
by hydraulic model tests. The ultimate objective is

to provide results which permit the development of
working design methods applicable to various situations
where drains are used for removal of storm water in the
gradually varied free-surface unsteady flow.

Other objectives are the analytical study of
various aspects of basic mathematical equations of
unsteady free-surface flow; detailed analysis of
hydraulic and geometric parameters of storm drains
simulated by a long smooth circular conduit; com-
parison between the physical waves simulated and
observed in a smooth circular conduit and the
numerically integrated waves with the same initial and
boundary conditions; study of particular boundary con-
ditions and losses at singularities along a storm
drain, and similar objectives.

1.3 General Initial Conditions Assumed for the
Analysis

The following are the general initial conditions
of a storm drain assumed for the study. The depth
of water in a storm drain is shallow prior to storm
inflow, as a steady low-flow regime. Storm inflow
hydrographs along the drain are given either as simple
hydrographs of any shape, or as composed hydrographs
of successive individual storm hydrographs. Each
inlet point (i) has an inflow discharge hydrograph,
Q; (t), with the shape, peaks, and time of peaks of
the hydrograph differing from inlet to inlet. These
hydrographs depend on the catchment area of each inlet,
storm characteristics, and the direction and speed of
storm movement.

1.4 General Physical Constraints in This Study

To simplify basic and applied research, physical
constraints of a storm drain are assumed as follows:

1. The storm drain consists of a single contin-
uous conduit.

2. The inflows of storm water occur at discrete
points of inlets located along the storm drain.

3. The inflow discharge at any inlet has a
negligible momentum in the conduit direction,

4, The conduit is circular.

5. The conduit dimensions change only at manholes
and conduit junction boxes, open to atmospheric pres-
sure, The junction boxes might or might not be inlet
points. No inlet occurs outside the junction boxes.

6. The conduit has both the matching crown-lines
and the matching invert lines at junction boxes except
in the case where a drop junction box occurs,
Hydraulic characteristics of drop junction boxes
should be known as boundary conditions in the form of
the outflow rating curve for the outlet of upstream
conduit, though this case is not analyzed in this
study.

7. The head loss function of transitions at
junction boxes is known in relation to the main conduit
discharge, the inlet discharge if any, and a water
stage. This head loss is a singular resistance at
junction boxes.

8. The slope of the storm drain under field con-
ditions is constant between junction boxes. The slope

changes occur only at junction boxes. Po
slopes change are equivalent to junction bo
out inflows. However, the slope of the 1
conduit is kept constant for a set of e
computations in this study.

9. The slopes may vary in both suber
supercritical flows, reaching three to fi

10. The alignment of the storm drain j
even though small deflection may occur at
boxes in the field; the head loss due to
included in the general singular loss of
boxes.

11. The flow regime is a free-surface
during all the movement of a storm flood th
drain.

12. The outflow at the end of the storm
generally free, or although some controlled
tion for wave movements without inflows are
The outflow stage-discharge relation (rat
family of rating curves) is assumed as kn

13, The Darcy-Weisbach f-factor for
conditions is used to define the flow res

1.5 Various Potential Applications

The free-surface unsteady water movel
pipes, tunnels, various types of storm dr
other conduits, either of circular or any
is applicable to many problems. Some of thi

1. The problem of removing rainfall
highway and urban areas through storm dra

2. The problem of free-surface wave
along water power tunnels and conduits, wh
computing the hydrograph transformation al
nel with free-surface flow.

3, The problem of using tunnels and
storage under conditions of unsteady free
flow.

4. The problem of handling the pass
floods of small water courses through div

or conduits.
i

5. The problem of propagating of water
the sea, lakes, estuaries or rivers with th
entering the storm drains, etc.

1.6 General Approach for Investigations

The problem of unsteady free-surface
storm drain in this study is investigated

1. Analysis of the hydrodynamic aspe
problem is pursued with a minimum of basic
and neglected factors.

2. Assumptions and neglected factors
cussed under conditions of removing floods
storm drains.

3. Simplifications matching the accura
available data, with the precision of thel
are introduced when their evaluation is poOSS

Development of equations. Basic hyd
equations are derived in this text, althoug
derivations repeat many classical studies.
done for two reasons, to relate them to the
tion of unsteady free-surface flow in a stoT




hese analytical expressions to specific

s of storm drains. Mathematical ex-

1 that describe unsteady free-surface flow

: on a set of assumptions which means a differ-
b’ﬁfgeen mathematically computed surface waves and
upgt waves is unavoidable. All methods for com-
unsteady free-surface flow are only approxi-

so the extent an approximation agrees with

'éw is a basic question to answer for each method.
is little value in discussing merigs of a method
+ determining its degree of approximation.

jection of method for solvin uations. Select-
“method for computing unsteady free-surface flow
depend on an economically justified degree of
stion, and on the risk and uncertainties in-
Two questions should be answered in principle,
is the degree of approximation for each method,
‘hat degree of approximation is justified? To
jgate methods for computing unsteady free-sur-
“flow in a storm drain, two different approaches

5 ued. Applied research may be started by

a simple method giving an approximation of low
Then the method is improved by adding the
ously neglected factors, so as to proceed from
degree approximation to a higher-degree approxi-
This approach was widely uSed by many pre-
Another approach is using the

tical approximation of the physics of the un-
free-surface flow. Any computation of unsteady

approximation attainable at the present status
plied mathematics in fluid mechanics. Then neg-
some factors and simplifying the initial and
- conditions, and quantities which describe
conditions, the lower-order approximations are
irived. As the accuracy of computations decreases
increase of simplification and neglect of factors,
practical optimization problem is in determining
order of approximation as the compromise between
dccuracy and the economy of data procurement and
utations.

Methodology used. The methodology followed in
second approach is:

s 1. Regardless of which mathematical expressions
used to describe unsteady free<surface flow, sev-

%4 @ssumptions are always made. They introduce the
| "UISt departure between the real flow and the theo-
Merl flow, described analytically. Effects of

th Assumptions are rarely discussed by investigators.

2. The two partial differential equations

Wually called the De Saint-Venant equagions of un-
and efree‘SUTface flow, as the continuity equation
generg] ;:mentum equati?n, are presented in their most
face £lou im. The physics of the uqsteady_free-sur-
Quantii S Stressed, clearly showing variables and
i €5 that are significant parts of equations and

effects on flow patterns.

3.

'y

1hesg Beneral equations are adapted for suit-
Utations of flood movement along a long storm

rabiade]

L4 Initigg

* th and boundary conditions are discussed

€y affect the computation method.

5. Methods of integrating the two partial diff-
erential equations are particularly discussed in view
of using the most adequate numerical computational
methods and digital computers.

6. Specific hydraulic problems related to storm
drains are studied in detail with the objective of
testing the analytical methods of flood routing in
comparison with the observed physical waves.

1.7 Various Aspects of Investigation

Physical and analytical waves. When a flood is
produced in a storm drain and observed both at its
beginning and its end, it will be called '"the physical
wave''. When a initial flood wave at the storm drain
entrance is assumed and the flood wave is computed at
the end of this storm drain by an appropriate inte-
gration procedure, it will be called '"the analytical
wave'. Comparing the most accurately computed analy-
tical waves with the most accurately observed physical
waves is one of the basic objectives of this study.
This comparison is analyzed with regard to errors in
basic data, errors inherent to methods used, and
tolerable errors.

General solutions of unsteady-flow differential
equations. Analytical solution in closed forms of
the two partial differential equations for unsteady
free-surface water flow is not possible for conduits
and channels under natural conditions. As soon as
simplifications which permit analytical solutjons are
introduced, the departures from real physical condi-
tions may be so large that in most cases the results
become invalid. Thus, methods of approximate inte-
grations of simplified differential equations have
been imposed.

One hundred years, from 1871 to 1970, of applying
the two basic partial differential equations of un-
steady free-surface flow for purposes of computing
waves along canals, channels, and conduits have resulted
in a variety of methods of solution, graphical, numeri-
cal, and analytical, with a wide range of degrees of
approximation to exact solutions. Because the amount
of work to be done in the past by numerical methods
was very large, graphical methods of various types have
dominated the field until recently. These tedious and
time consuming graphical procedures have been often
replaced in practice by the flood routing methods based
either on the simple continuity equation, or on it and
on a simplified momentum equation. A large number of
these approximate methods have been developed and used
[1]1*, and most of them are still being used.

Recent developments. Two relatively recent dev-
elopments have greatly influenced the computations of
unsteady free-surface flow: (1) many new and approp-
riate numerical procedures came into being, mainly
based on using a finite differences method of inte-
grating the partial or characteristic differential
equations, and (2) electronic computers (digital,
analog, hybrid) of varying characteristics ‘become
available, which could do large computations at a
relatively low cost. Innovation and constant progress
within these developments have made possible the use
of procedures known, but considered impractical 20 to
50 years ago. Among these procedures of integration
are both the method of finite differences in solving
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the two partial differential equations of unsteady
free-surface flow under complex conditions, and the
method of finite differences applied to the character-
istic differential equations as an equivalent set to
the partial differential equations,

Two types of equations used by finite differences
approach. Using finite differences, as the ratios of
31¥!erences instead of derivatives, in the graphical
or numerical methods of integrating the partial differ-
ential equations by their equivalent characteristic
differential equations is usually called "the method
of characteristics'. The phrase "method of finite
differences" will be used for both cases when the
ratios of finite differences replace the partial
derivatives in the partial differential equations or
when the ratios of finite differences replace the
derivatives of characteristic ordinary differential
equations.

Junction problem. The selection of the flood
routing method in the case of the junction of two or
more drains is often a relevant problem. Inflow hydro-
graphs at various inlets along adjacent storm drains
may have different time lags of peak discharge occur-
rences, with different rising times. Water may temp-
orarily flow in both upstream and downstream directions
in a set of storm drains in an area. Junctions of
storm drains create interdependence of unsteady flow
in a system of storm drains. Flood routing methods,
such as those based on the simple storage equation
which cannot easily take these conditions into con-
sideration, are not theoretically feasible for treat-
ing the unsteady free-surface flow in storm drains.

The use of the two partial differential equations is
an ideal approach for this complex and realistic flood
Touting case.

Selection of solution method for attaining a given

accuracy of computations. Estimation of inlet hydro-
graphs along storm drains is subject to errors. Pre-
dictions of design storms also have a limited accuracy
when compared with the real storms of a given probab-
ility. There is a limit of accuracy economically
justified in flood routing. This accuracy should cor-
respond to the precision of the basic data used, part-
icularly to the accuracy of computed inflow hydrographs
along storm drains. The greater this accuracy, the
more the accurate flood routing method is justified.

1.8 Justification of Investigations in This Study

Investment in storm drainage. There is a contin-
uous increase in the total activity of urban and high-
way drainage for removal of storm flood waters. The
investment in storm drains, both urban or highway, or
combined urban-highway, in the United States is esti-
mated at about two billion dollars per year, and these
annual expenditures increase with an increase of time.
Simultaneously with this progressively increasing act-
ivity and investment in storm drainage, pressure is
building up to reduce cost by keeping the total risk
of overflooding urban areas and highways below a given
probability level. Therefore, it is reasonable to
expect an increase in public and private pressure for
better methods of storm drain design, particularly for
the more accurate techniques of optimization between
investment, maintenance, basic risk, and all uncertain-
ties.

Basic risk and uncertainties. Basic risk is
defined as the probability of a storm drain not being
able to evacuate the storm floods. It is a direct
result of stochastic character of floods and all other

random factors in storm drain design. y
result from various errors in determining
of given probabilities, errors inherent in ¢
mation of hydraulic factors of storm drain, :
of methods used for routing floods through
and similar sources of errors. Basic risk p
uncertainties comprise the concept of total
is used in practice. While the basic ris
changed except by various flood control wor
tainties may be decreased by a better pr
design storm floods, by a better knowledge
properties of storm drains, and by more r
ods of routing floods through storm drains.

The justification of investigations
this study are mainly two-fold, a decrease
ainties in hydraulic properties of storm dra
a development of flood routing methods for
which would enable a better optimization b
and risk, provided these methods of flood
through storm drains are more reliable than
sently used methods. 5

Combined urban-highway drainage system.
drainage problems studied separately for urb:
and separately for highway drainage, in
with important highways crossing them, are
economical. The optimum solution of cost .
in a combined urban-highway storm drainag
Reliable flood routing methods can contribu
planning of these integrated storm drainage
As many large metropolitan areas lie in lo
rains, the slopes of interconnected storm

small over large distances. An integrate
age system requires flood routing methods he
solve problems of storm flood water moving
grid of interconnected storm drains.

Pollution control and storm drainage.
tion control of rivers, lakes, estuaries, an
creasingly puts constraints on the quality
water from urban and highway areas. The g
ency at present is to separate the storm d
tem from the sewage drainage system. This
ment on the quality of urban and highway s
age water affects the various concepts in pl
their surface water drainage. Reliable flo
methods through storm drains and storage s
posed by flood control, would undoubtedly ¢
to more economical and less uncertainties-
utions of storm drainage systems as it con
water quality.

1,9 Practical Relevance of Investigations

Several aspects of these investigations
practical relevance. It is expected that
this study would increase the confidence
in using mathematical equations in the form
partial differential equations of unsteady
flow, or their equivalent characteristics di
equations, in comparison with the present
fied equations, mainly either of simple s
or only of kinematic wave equations. Pract
vance of investigation is in showing the X
limits of accuracy inherent to any analytical
of solving flood routing problems. Relevan
study is seen also in its basic direction of
exclusively the inexpensive finite difference
gration method made possible by fast digital
As in any other systematic research approa
product is the detection of various problems
more study and better solutions by pointing
needs and potentials for new research result
tical relevance.



ef Historical Review of the Project
' tigations of unsteady free surface flow
; z::;: hive been initiated by the original
'+ of research project entitled "Unsteady
' ,‘2’;, in a Storm Drain", outlined by Mr. Carl
at that time Chief, Hydraulic Research
& Bureau of Public Roads, and presently

']

oS 3
s gffice of Development, Federal Highway
tration, U. S. Department of Transportation.

ption is given as Appendix 1 to this paper.

First-year investigation was limited to gen-
analytical studies as the basis for an advan-
rogram in subsequent years. As a se-
.o, a report also entitled "Unsteady Free Surface

2 Storm Drain" by V. Yevjevich, Professor of
Engineering, Colorado State University, as a
"a] analytical study, was submitted to the
Bureau of Public Roads, Hydraulic Research
ton in June 1961. This report outlined problems
1, set-up basic mathematical techniques, dis-
he initial and boundary conditions, and select-
general approach to be followed in the next
of the research program. The above study
the decision to build an experimental
al research facility on a hillside in the Outdoor

of the Engineering Research Center at Colo-

te University, Fort Collins, Colorado, as
d in Part II, Hydrology Paper No. 44, of this
‘of hydrology papers.

~ Since beginning, five M.S. and one Ph.D. thesis
been written from this project. Several progress

s with investigation results have been submitted
‘U.S. Bureau of Public Roads.

&

The sequence of these four hydrology papers, in-

ng this one gs the first paper, is a comprehensive
iption of research activities and of final results.
four papers are all entitled "Flood Routing

gh Storm Drains'", and the four parts are: Part

s Solution of Problems of Unsteady Free Surface Flow
Storm Drains; Part II, Physical Facilities and

ents; Part III, Evaluation of Hydraulic and

ic Parameters; and Part IV, Numerical Computer
ds of Solution . These four papers represent the
Teport and the termination of the research

Ty

£ ,Ike Teview of literature on unsteady free surface
) foy ghannels has been undertaken by V. Yevjevich
|%=‘t -60 under a U.S. Geological Survey project.

Eb TeView was later published under the title

| ¥ 5;°3'3PhY and Discussion of Flood-Routing Methods
v s::ady Flow in Channels", as U.S. Geological
ing ofeiezerwSUpply Paper 1690, U.S. Government Print-
Period ang’q ashington 1964. During the ensuing
5 uring the project life the newest liter-

ature on unsteady free surface flow has been continu-
ously reviewed and used in the project.. Some of these
newest references are given in Appendix 2.

1.11 Organization of This Paper.

Though a sequence of four hydrology papers repre-
sents the results of this study on flood routing through
storm drains, this first paper, Part I, No. 43, is
conceived as presenting all material related to the
study. However, the material presented in detail, in
Parts II, III and IV, or hydrology papers 44, 45, and
46, is only presented in this paper in summarized form.
The organization of the material is such that paper
No. 43 is independent of the other three papers, except
when referring additional details in the other three.

The organization of this paper is as follows.
Chapter 2 presents general procedures of investigation,
with the underlying approaches to the problem solution.

Chapter 3 gives detailed derivation and discussions
of the two partial differential equations of gradually
varied free-surface unsteady flow, and derivations and
discussions of the corresponding four ordinary charact-
eristic equations. The hypotheses underlying the
development of these equations are also presented.

Chapter 4 refers to experimental facilities, which
is condensed material from Hydrology Papers Nos. 44
and 45.

Chapter 5 is related to the study of finite-
difference numerical integration schemes of unsteady
flow equations; it basically represents a condensation
of information from Hydrology Paper No. 46, and partly
from No. 45.

Chapter 6 gives comparisons of the computed and
observed waves, It is the major chapter of this paper
treating both the qualitative and quantitative compari-
sons of these waves. Appendices 3, 4, and 5, containing

‘a large number of graphs, support the discussion in

this Chapter 6.

Chapter 7 discusses in a summarized form, the
simplified methods of flood routing, particularly
emphasizing their relations to more accurate computations
by the use of complete differential equations of flood
waves moving through storm drains,

Chapter 8 is a summary of the effects of individual
errors, both in observing physical waves and in computing
analytical waves. It also includes the effect of some
simplifications in the coefficients of partial differ-
ential equations on the evolution of flood waves.

Chapter 9 gives basic conclusions, limitations
in the developed methods, and recommendations for
further research. >



Chapter 2
GENERAL PROCEDURES OF INVESTIGATION

2.1 Specific Aims

The general procedures of the investigations
described in this hydrology paper and in the three
following papers, comprising a series of four papers
are outlined in the subsequent text. Before the pro-
cedures are presented the specific aims of the
research conducted are delineated as follows.

(1) To supply results of basic and applied
research regarding flood routing methods of gradually
varied free-surface unsteady flow in a storm drain
using the most complete one-dimensional partial
differential continuity and momentum equations. These
results may enable the research sponsor or another
agency to develop a set of practical design methods
in the future for flooding routing through storm
drains. Each design method should be a feasible
procedure for given conditions of storm floods and
drainage system characteristics. The design methods
based on unsteady flow approach, expected to be
developed in the future on the basis of information
supplied by this four-part sequence of hydrology
papers, should cover the range of flow conditions
necessary to compute the depth, the velocity, or the
discharge hydrographs at any point, and/or the wave
profiles of depth, velocity or discharge along a
system of storm drains at any time.

(2) To better understand flow phenomena, through
basic and applied research, of gradually varied free-
surface unsteady flow in conduits, especially in storm
drains. This understanding may supply pertinent in-
formation for developing practical criteria that
decision makers can use for storm drain design.

(3) To conduct analytical and experimental
studies related to various hydrodynamic aspects of
gradually varied free-surface unsteady flow in pris-
matic channels and conduits that could affect flood
routing methods developed for storm drains using the
unsteady flow approach.

(4) To produce information for improving
existing design flood routing methods by using digital
computers and Fortran programming, on any available
digital computer manufactured in the United States.

After considering the specific aims the general
procedure for doing the research on free-surface
unsteady flow in storm drains was divided into three
parts:

(1) Experimental hydraulic studies.

(2) Analytical studies using numerical digital
computer integration procedures.

(3) Comparison of numerically integrated analyti-
cal waves with the experimentally observed corres-
ponding waves, and the study of various aspects re-
lated to this comparison.

2.2 Experimental Phase

The experimental hydraulic studies were mainly
conducted in a moveable conduit, 3 ft in diameter and
‘822 ft long. The conduit could be moved across a
hillside, as described in summary form in Chapter 4
of this paper and in detail in Hydrology Paper No. 44.

(1) The experimental phase of the prg
sisted of studying, measuring and obsery
aspects of flood waves and conduit, Th
roughness of the experimental conduit was
under conditions of free-surface steady
objective of determining whether the cond
considered as hydraulically smooth, and i
the Darcy-Weisbach friction factor is rela
to the Reynolds number, or to the depth
phase of study is briefly described in Ch
this paper and in detail in Chapter 3 of
Paper No. 45. Results were then used as inp
for numerical integration of flow equations
digital computer.

(2) The relationship among the head
discharges of two joining storm drains an
levels at junction boxes of the storm dra
studied. This experimental research consid
a given junction box with two different in
tions of the lateral drains. This phase
described in Chapter 4 of this paper and in
in Chapter 4 of Hydrology Paper No. 45.
summarized in head loss equations were th
input data for the numerical integration o:
equations.

(3) The relationship between the de
surface flow and the discharge at the con
as downstream boundary conditions was studi
rating curves were considered in the steady
different conduit conditions, such as the
or the controlled outflow, to be used as the
boundary condition for the numerical integr
the flow equations. This phase is briefl
in Chapter 5 of this paper, and in detail ir
6 of Hydrology Paper No. 45.

(4) Velocity distributions in the ex
conduit flowing partly full were measured
as accurately as feasible the velocity dis
coefficients, o and A , for their use
into the numerical integration of flow equa
This phase of the study is briefly describ:
Chapter 4 of this paper and in detail in
Hydrology Paper No. 45.

(5) Flow phenomena were observed and
to assess the degree of development of pa
problems of physical waves, such as secondai
third dimensional oscillations, and similar
analytical reproduction of flow phenomena
for the comparison of physical waves and
waves numerically integrated by using a digit
puter, These secondary phenomena are not U
taken into account in the one-dimensional p
differential equations of unsteady flow.

(6) The waves were studied at several sl
For reasons of cost, only the smooth boundary
and one diameter were used, so the slope W
variable, while the conduit diameter and its
were kept as constants.

(7) Simulated floods were studied and
in the 3 ft diameter, 822 ft long storm condl
introducing inflow hydrographs either at the
of the conduit, or at both the entrance and



ts along it. The experimental procedure
accurately record the inflow hydrographs by
ate devices, oT the discharge as a function
Then the movement and development of flood
-ioms the storm conduit and at the conduit
. re also accurately recorded. The recorded
:;drogrgphs'were used as_input data for tpe
arized numerical integration of flow equations.
e corded hydrograph at any point along the storm
“c:rved as a basis for comparing it with the
.oh determined for the same points by the
31 integration of flow equations.

Certain flow phenomena involving free-surface
flow were not studied, such as the amplifi-
of flood waves in channels of steep slopes, the
jlity of flow when the p?pg is flowing Pearly
“the passage from supercritical to subcritical
h the hydraulic jump, the instability of
sition of hydraulic jump in unsteady flow, and

’ﬁ:: problems.
~ Numerical Integration

The reason for developing methods of integrating
sady flow equations by numerical finite-difference
ses on a digital computer was to investigate the
sibility of using the two partial differential
yations of gradually varied free-surface unsteady
as the basic mathematical equations for routing
ds through storm drains. Or rather, the hypothesis
tested that drains best can be designed by the

y flow approach instead of the steady flow

h. However, in this study both the dynamic

the kinematic aspects of free-surface wave move-
its through storm drains were taken into account,
tead of just the kinematic aspects of some

)lified unsteady-flow approaches, as is sometimes
case.

The influence of certain parameters in the two
partial differential equations were investigated by
numerical integration of these equations for
given inflow hydrographs and storm drain character-
istics. The advantages of using computerized numerical
itegration of the two partial differential equations
Of free-surface unsteady flow are: (a) economy of
Computation; (b) rapidity of predicting or computing
the evolution of flood waves along the storm drain;
and (c) improved accuracy in flood wave routing,
Particularly if the background data are sufficient
and accurate.

The computerized numerical integrations and the
:ﬂhri:antal hydraulic studies were carried out
tar neously. The rgsuits obtained by the experi-
3 amzork were used in developing proper computer
closely ato simulate numerically physical waves as
S practically feasible under given conditions.

lr.ti:;“q:pg;oaches are_used_for the_numerical in-
T € two partial differential equations.
Schenes asapPr0§ch uses finite-difference explicit
#quati ons o;?Plled to the two partial differential
increment unStany_flow3 with the study of effects
S Ehs' or f%nlte’dlfferences of time and
e e numerical 1ntegrations. The s?cond
Nmericy) Sc;“tegrat19n applies the finite-difference
ﬂterist'emes of integration to the fogr
Tived g0 t;c ord1nary_d1ffercnt1al equations, de-
:‘Mtation e two partial differential equations.
Oserveq oo from this method are compared with the
eXperimental or physical waves.

Additional problems may be solved by using the
results of this study. The effects of certain para-
meters on the flood wave propagating along a storm
drain can be found which parameters define some
coefficients of the two partial differential equations
of gradually varied free-surface unsteady flow.

Reliable and accurate computer programs of
numerical integration schemes can be developed so
that some hydrodynamic problems, which are not yet
solved, can be studied in the future. One of these
problems is the criterion to use when a wave in a
storm drain either does not change or amplifies
under different wave and conduit characteristics.

Also, the computer programs presented for the
numerical integration of the two partial differential
equations could be used effectively by other researchers
to assess the accuracy and reliability of different
existing simple design flood routing methods, or to
develop new simplified design flood routing methods
for storm drains.

2.4 Comparison of Physical and Analytical Waves

Comparisons are essential to assess how well the
numerical integration of differential equations of
unsteady flow, called the analytical waves, by the
most reliable numerical methods, approximate the
observed or physical waves, The comparison of physical
waves with the analytical waves obtained by the
numerical integration of the complete equations indi-
cates how the basic hypotheses in developing differ-
ential equations and the various errors in parameters
affect the accuracy in mathematically describing and
reproducing the corresponding physical waves.

The closer the analytical waves are to the
physical waves, or the more reliable the numerically
integrated waves are, the more valuable the two
partial differential equations become for assessing
the accuracy of a large number of simplified design
flood routing methods, either in existence or still
in a state of continuing development, under the various
conditions of flood hydrographs, channel or conduit
characteristics, and their boundary and initial condi-
tions.

2.5 Relation of this Study to Other Problems of Storm
Drainage

To drain highways, urban areas, and airports
during storm precipitation, and to avoid their flooding
for the given probability of occurrence of rainfall
intensity and duration by using large storm drains,
four problems should be properly solved. The inflow
hydrographs into inlet points of the drainage system
along the highways, or streets or airports must be
accurately determined. Curb inlets must be well
designated so they will not impede the free and
desired conveyance of flood waters into the drainage
system. The primary and secondary storm drains must
be designed to avoid flooding highways, streets, and
airports for all hydrographs smaller than the selected
design inflow hydrographs. The water from the outlet
of the main storm drain must be evacuated by either
gravity flow or by pumps. The research of this study
is limited, through basic and applied research, to
methods of solving the problem of primary and secondary
storm drains. The design inflow hydrographs, the
geometry of curb inlets, and the types of outflow
conditions at main storm drain outlets are assumed to
be known in this study.




The gradually varied free-surface unsteady flow
in storm drains is studied under two conditions. The
first of these conditions is that main storm drains
are often vertically positioned as close to the highway
or street surface as feasible, to minimize the over-
burdening and to avoid the cost of reinforcing the
storm drain. This means a decrease of the available
water head between the flooded highway or street and
the drain outlet, thus minimizing the advantage of an
eventual use of drains flowing under pressure.

The second condition is that the maximum dis-
charge for free-surface flow in conduits is approxi-
mately at the depth which is 0.9 of the conduit
diameter. If the same discharge should be conveyed
in a full flowing conduit, or under pressure, the
slope of the energy line must exceed the bottom slope
of the drain. This greater slope might not be A
available in most cases, even with a flooded highway,
street, or airport.

Two approaches may be used to determine the
dimensions of a storm drain in the unsteady flow
method of flood routing through storm drains. First,
the method is so simplified that the diameter or
other basic cross-section dimensions can be computed
directly and explicitly. Second, the dimensions of
a drain are first assumed, then the design storm flood
is routed through that drain, If the dimensions come
out to be either smaller or larger than the best use
of the assumed dimensions, say 0.9 of the diameter at
the flood peak depth, new dimensions are assumed and
the analysis is repeated until the right dimensions
are obtained. This approach needs repeated routing,
some of which require larger and some smaller
dimensions than the dimensions assumed. When the two
partial differential equations are used as the basis
for flood routing, only this second approach seems
possible and feasible. The first approach is, however,
a goal that should not be neglected in future research.

Flood routing methods, generally use
start with any given flood hydrograph at
along the conduit and determine, dividing
graph by a unit time At in many parts,
formed hydrograph at a distance position
stream or even upstream from this initial
Since some design storms are often assumed
hydrographs, sometimes they may be well ;
by analytical expressions. Though the ana
integration of the two partial differentia
of unsteady flow are not the subject of
a potential practical, storm drain flood
method may be developed on the basis of ro
parameters (say the three parameters of an
equation for the flood hydrographs) along
prismatic conduit, instead of routing the
of the hydrographs. Although this method
studied, it is briefly discussed in this
Chapter 7. If it is shown by future res
practically feasible, it may be used for
putations in preliminary design, or it ma:
of determining initial dimensions with
flood routing methods to follow. The de
the feasibility of such a method to storm
putations, however, is outside the scope o
study.

It is expected that future studies wi
produce a set of approximate design methc
puting unsteady flow in storm drains. On
the comparison of either waves observed in
experiments and/or waves observed in nature
necessary conditions and the accuracy of
existing design method be evaluated for it:
ability. For this comparison to be valid th
accurate available numerical computation b
digital computers and the unsteady-flow a
design of storm drains must be used.



Chapter 3
THEORETICAL CONSIDERATIONS

vation of the Two Partial Differential
Tions for Unsteady Free-Surface Flow in

rivation of continuity equation (law of conser-
= _ At time t the cross-section area
cteady free-surface flow at the section x is

2 in Fig. 3.1. At the same time t and the

x + Ax the area is At-g—i—Ax, with A&x
antal length. The mass of water between

two sections (slice 1-2-3-4-1 in Fig. 3.1) is

%.p %% (ax]z. By neglecting the second-order

rential term for Ax + dx, the mass is pAAx.
ng that the lateral outflow or inflow is q,
per unit length of conduit, with q posi-
r inflow and negative for outflow, the change
s with time is

) = pA Eé%!l + pAx %% = pqax (3.1)

1In considering the velocity v, of an individual
:le moving between the two cross sections for the
terval At, then Ax = vAt, Integrating Eq.

a cross section A, by using 4x = vAt, the
g integrals are obtained in passing from the

e velocity v, to the average cross section

»
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Defi?ition diagram for derivation of con-
zinu1ty and momentum equations of unsteady
Tee-surface flow in an open channel.

The derivative d(4Ax)/dt for a moving individual
particle, for Ax only a function of t, and At + 0,

is
v
(v + — Ax)At - vAt
At>0
The derivative dA/dt is
dA A 3A dx A 3A
e e A T I o T R &4

For the non-prismatic channels, the derivative in x
is;,

A _3A 3y . (aA
ax 3y oax ax/y X

in which the last term is the measure of the change of
cross-section area for a given y. This term can be
neglected in the case of storm drains which are assumed
to be prismatic conduits between any two inlet points,
because a longitudinal section of drain is studied for
the movement of unsteady free-surface flow.

Equation 3.1, in passing from the particle velocity
to the average cross-section velocity, gives

av dA JA
s AR E T o
or
3 (VA 3A
M . B ca=0, (5.6)

in which V is the mean velocity in a cross-section,
V and A are the dependent variables, and x and
t are the independent variables. Equation 3.6 is
sometimes also written in the following form

ﬂ.‘i&._qgo

ax ot (3.7)

with the discharge Q = VA,land A and Q now being
dependent variables. Becausg¢ 3A/3t = Boy/3t, with

B the width at the surface cross-section and y the
depth of water above the bottom of the cross-section,
Eq. 3.6 becomes

AEF..,, VB-B.Z +3§Z. _q=0

3x X 3t (3.8)

Any of the above four equations, 3.5 through 3.8, may
be used in practical applications.

Derivation of momentum (dynamic) equation. New
ton's second law, the law of momentum, reads in a
given direction as




dw .5, (3.9)
in which m is the mass, v is the velocity of an

individual particle, and F is the resultant force
of all forces acting on the particle. Replacing the
movement of a particle by the movement of an elemen-
tary slice of water between sections x and Xx + Ax
of Fig. 3.1, and replacing the particle velocity v
by the mean velocity V in the cross-section, the
following velocity distribution coefficients must be
introduced

o=t (fvian ,and p=L5 ffVPan . (3.10)
av® Av?
A A
Coefficients o and £ depend on velocity dis-

tributions in a cross-section A, and consequently
depend on the shape, area, roughness and the mean flow
velocity of a cross-section.

Equation 3.9 is applied along the direction of
the conduit bottom, as shown in Fig. 3.1. All acting
forces, external and internal, are projected in this
direction. The tangential component, G sin ¥, of
gravity force along the bottom, taking the positive
sign with the direction of flow as shown by Fig. 3.2,
is pgAAx sin ¥ . Friction force, Ff, with the

head loss aHf along the conduit bottom, is Ff =
-pghspax, with 1lim aHf/ax = dHf/dx = Sf for
Ax + 0 being the friction slope at Xx .

Fig. 3.2 Forces acting on the incremental volume of

the channel.

Pressure forces, and other magnitudes as shown in
Figs. 3.2, 3.3, and 3.4, can be expressed, assuming
the hydrostatic pressure distributions along the vert-
icals, as follows:

jy (y-n) B d
F_ = -n n
P 0 pgly n

and

aF y ¥y aB
. 3y on) —r-dh
2= [orBngn e [ootmm tan
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because y and B depend on x while g
independent of it. Since

y 28
A, and ax [ pg (y-n)ger dn = @

with Fy, F,, and F; pressure forces defin
3.4, then 5

aF,
ok s

= ax =(Fy +7F;) N

so that the resultant pressure force in the
direction, normal to the cross-section, is

™

. Ax 9F,_/3x + (Fy + F,)| = BF.
By By 43,085 4.0y g .

and the pressure force in the direction of
slope is given by \

L
an = pgA 5% Ax cos ¥ %

B .';
B f

N OOl “’
bl\n |

An 7"

¥y

Fig. 3.3 Geometric elements of a channel ;;,
surface flow.

The derivative of Eq. 3.9 is, without the
deration of the momentum of the total lateral
outflow,

dmy) _ v av 2 om am
dt. T Waxy Y oa YV ot N
The mass m of an incremental area AA and

mental distance Ax is m = pAAAx = pvAAAL.

2
LA 13v)
mv = paaz X Ax -
BV v
m e phAA 3t Ax =
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4 Forces acting on an incremental slice in
free-surface flow in a channel.

L = pAA E%éil = 0, as Ax is independent
and
= plA 2%%51 =0, as Ax is independent of t ,
gives
130v9)
ﬂM'E X Ax 3

3.11 now becomes

2
= pAAAX [l ) , (3.12)

2 x

v
at| -

-8§:ting Eq. 3.12 over the area A, the second
hside the brackets of Eq. 3.12 should be multi-
4By 8 of Eq. 3.10, because the term is a

ot 2
_::“ of v, and the first term inside the
S of Eq. 3.12 should be multiplied by o of

3'éga because the term is a function of v°.
6 are, 2 EQ: 3.12 has two terms integrated over
2 A in replacing AA by dA,

aVv

v
{I°'§g Ax dA = BpAAX

' 2
II -] Eilﬁl AxdA = apAAX a;V2!
A 9x 2 ax

The momentum of the total lateral inflow or outflow,
qix, is

of[ qoxvdA = pff qv’AtdA = BpqAxV
A A

because this term is a function of vz, and B of

Eq. 3.10 takes care of the velocity distribution across
the area A. Equation 3.9 then becomes, by including
the momentum of the total lateral inflow or outflow,

2
apAsx a_a;v__)_ + PBpAhx v + BpqhxV
2 ax 3t
= - - -a-L
pgAAX sin pghﬁxsf pgAix 3% COS §il (5

For the approximations sin y * tan y = S/ with So
the bottom slope, and cos ¢ = 1 for small slopes,

Eq. 3.13 changes to
T 5k B A S
Ix 2g g ot X o f

(3.14)

*EE%’Q.O.

The slope of Fig. 3.1 is So = - 3z/3x. The energy
line gradiant is

av?

28 . (3.15)

y+z+

sl

Designating the terms in Eq. 3.16 by

e

5 7% , the slope of the total energy line,

e |®

%% » the local acceleration slope, and

B Vq
q gA

outflow, Eq. 3.16 becomes

S

, the slope due to lateral inflow or

(3.17)

Multiplying Eq. 3.17 by Ax, with aHB = Se X
aHa = So Nz, ﬁHf = Sf Ax, and qu = Sq Ax
then

(3.18)
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or the sum of all slopes or of all head changes along
Ax - length is zero. Equation 3.14 is sometimes given
in the form

2y v 1B -BYVgq
Vi T Vet t B ™ 85, -89 % (319

Names and physical meanings of different terms in
the two partial differential equations. The four
terms in Eq. 3.5 when multiplied by AxAt give the
dimension of the volume. In the order of sequence,
they have the following physical meanings: (1) wedge
storage which results from the difference of depths
at the beginning and the end of the elementary reach
Ax by a change of area A along the conduit; (2)
prism storage; (3) storage of rate-of-rise of level
resulting from the rate-of-change of area A with
time, and (4) storage, positive or negative, resulting
from the lateral inflow or outflow.

The six terms in Eq. 3.14, in their order of
sequence have the following physical meanings: (1)
rate-of-change of velocity head, also called the
dynamic head, the velocity-head term, the energy grade-
line inclination, and the instantaneous energy grad-
ient, which is the slope created by the change of
velocity head along the conduit; (2) acceleration
term as the ratio of accelerations, or the ratio of
the change of velocity with time and the acceleration
of gravity, also called the acceleration-head term,
the velocity=hydrograph inclination, or the localized
acceleration gradient; (3) rate-of-change of depth,
or the depth-taper or the depth-change term, which is
the slope created by the change of depth along the
conduit; (4) bottom slope; (5) friction slope, and
(6) part of the gradient on the energy line created
by the lateral outflow or inflow. Equation 3.14 is
differently expressed in various publications: dimen-
sionless as in Eq. 3.14, or with dimensions of head,
acceleration, momentum, energy, or in some other
dimensions.

Selection of dependent variables. The two partial
differential equations of unsteady free-surface flow
are simplest in the case when the dependent variables
are the mean velocity V and the depth y, with
length x and time t being independent variables.
In order to get a discharge hydrograph at a place x
of the drain, the depth hydrograph y(t), and vel-
ocity hydrograph V(t) are first obtained. Then the
area hydrograph A(t) is determined from the depth
hydrograph. The discharge hydrograph is then Q(t) =
= V(t) A(t)

If the discharge hydrographs at different places
should be the final result of flow routing through a
storm drain, it might be convenient in some cases to
use discharge Q and depth y as dependent variables,
instead of velocity V and depth y. The computa-
tional procedure time using a digital computer (pro-
gramming and computation time) might be somewhat
longer in using Q and y than in using V and y
as dependent variables.

Condition for the combined use of the two partial
differential equations. The continuity equation in-
volves the cross-section area, while the momentum
equation is based on the rate-of-change of energy line,
or of water surface position, plus the dynamic head.
For irregular conduits with changing bottom slope and
irregular cross section shape and area, the joint use
of these two partial differential equations begins to
create the first complexity in the mathematical
analysis. The rate-of-change of cross-section char-
acteristics, as related to the bottom position, and

the rate-of-change of bottom slope with
when expressed in analytical form, general
the joint use of the two equations. Some
and simplifications for cross-section, and
position, are necessary to facilitate

lytical treatment of Eqs. 3.5 and 3.14,

To use jointly Eqs. 3.5 and 3.14, the
area function in the form A(y,x,t) shoul
able, where the variable t designates th
the contour position with time for a movabg'
section boundary. Assuming that the con
are fixed, and in some movable alluvial b
assumption is only approximately satisfied
function becomes A(y,x) . There are two
cases to deal with when the relation of a
is considered for the geometry of the condu

(1) The conduit is prismatic, so that
or the area for a given y is independent
The simplest equation is A = By, a rectan
matic channel or conduit, with constant wi
which is usually used for the theoretical .
of unsteady free surface flow in channels.
natural channels of a power function, A =
often feasible with p and s constants.
of the circular drains of a given diameter
arccosine function of the depth, and for a
y the area is independent of x.

(2) The geometric description of the
the channel in a non-prismatic case is given
function A(y,x). The power function A =
applicable for some channels, with p and
functions of x. The converging and dive
cular conduits belong to this category of
This dependence of area to y and Xx ;
should not be mixed with the change of area
length of conduit in unsteady flow.

The joint use of Eq. 3.5 and 3.14 ca
accomplished unless the relation of A and
defined along the conduit. A storm drain is
to be prismatic conduit between the two suc
manholes or junction boxes, so that A(y) - val
for that reach, or the area is independent ﬁgi_
for a given y. In this case

A _ A 3y _ gy

3 7 9y 9% at
and

3A 3A 3y g Y

ax Jy ax g =
with

B(y) = 3A/dy

Introducing the expressions of Egs. 3.20
into Eq. 3.5, it becomes

A 3V _ 3y

—_— = +

1
VB 3x T 3x v



poth Eqs. 3.23 and 3.14, which describe
ally varied free-surface unsteady flow, are

in dhensionless form.

umed also that the function of q
_ in advance, which in a_general form @s given
x,t). The variable t is necessary if there
'cﬁanges in time (slowly opening gates, or

and slow breaches of levees, in the case of
s or conduits). The term with q can be
ed for storm drains in general, except when
e long lateral spillway outflows, or also

.gn;:inunus lateral inflows along the drain.

| 1¢ must be ass

- qly
;'.ny

on of Basic Assumptions Used in Derivation

piscussi i i
%?'EEE‘TQE_?artial Differential Equations

Assumptions in the derivation of differential

+Tons, The general approach in deriving.Egs.

T 3.14 starts with the gradually varied un-

free-surface water movement. This implies

the partial derivatives, av/ax, aV/at, ay(ax,

ay/st Tepresent relatively small changes, in

that this basic assumption of gradually varied
be justified. It can be stated that the

sbiguities arise mainly from the subjective inter-

rations by various investigators of the term

ally varied." As far as the writers know, none

myriad of investigations of unsteady free-surface

since De Saint-Vernant's time, in this last

:d years, has attempted to quantify the term

ally varied unsteady flow".

Nevertheless, the basic assumptions underlying
development and the application of Eqs. 3.23
.14 are:

(1) Vertical acceleration can be neglected in
arison with the horizontal acceleration, or the
tical acceleration normal to the conduit in com-
irison with the acceleration along the conduit is
r small, because of the gradual change of depth
discharge with time and distance. The steeper
wave, the less justified becomes this assumption.
is not applicable in the case of water surges,
the form of bores and sudden wave depressions.

(2) Unsteady flow as gradually varied has the
PStatic pressure distribution along a vertical.

(3) Flow patterns in vertical planes parallel
10 the longitudinal axis of the channel are the same.
% S assumption in the case of curvilinear channels
-_;ms that the vertical surfaces parallel to the long-
Atudinal axis have the same flow pattern. The influ-
;‘NEO.of the channel sides and their curvatures on flow
Ig::::rns can be neglected. This assumption is equi-
;ﬁth t to stating that the flow is two-dimensional,
third dimension effects negligible.

JuE

:‘!Gteiz] Velocity distribution along a vertical in
’ Steaz flow is the same as the velocity distribution
that they fiow.for the same water depth. It means
- B ip Eq "g ocity distribution coefficients a and
lﬂhlrge & -14 are constants for given values of dis-
~not n%1u8pth’ and velocity, or the unsteady flow does
tion de énce these coefficients. Since this assump-
time Pends on the rate-of-change of velocities with

and distanc 5 P 3 3 s
a e, it is justified only in the case of
Bradually varieq £1ou.

: (S}t FTiCFion resistance in unsteady flow is the
ptic e_fr%ction resistance in steady flow. This
locitg N 1s justified only if the rate-of-change of

€S with Trespect to time and distance is small.
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(6) Conduit slope is so small that cos § can
be replaced by unity and sin ¢ by tan y.-

Effects of these assumptions. There are no data
in the literature that show the numerical individual
effects of the above assumptions on the computed waves
along the flow channel. Evidence is lacking for the
justification of these six assumptions in terms of
the specific characteristics of a wave, of a channel,
and of a lateral inflow or outflow. Only global com-
parisons between the observed waves and the computed
waves by using Eqs. 3.23 and 3.14, and usually with
a=f =1, are available in literature, mainly in the
most rudimentary form, The total influence of all of
the above factors is relatively small in the case of
very gradually varied unsteady flows. It is, there-
fore, justified to neglect the effect of six assump-
tions for this particular case. i

It is expected that the assumption of a negligible
vertical acceleration produces departures between the
mathematical waves and the physical waves, which in-
creases with an increase of rate-of-change of hydro-
graph. A relation D = f(dQ/dt), with D the de-
parture and dQ/dt the time rate-of-change of dis-
charge hydrograph, would give a general picture of
how the first assumption influences the computed wave
movement., The second assumption is implicitly in-
cluded in the effect of the first assumption, and its
effect will also increase with an increase of rate-
of-change of discharge hydrograph.

Mathematical methods available for the computa-
tion of unsteady free-surface flow are more accurate
either for a very gradually varied flow, in the case
where the two De Saint-Venant partial differential
equations are used, or for a steep surge in the case
where the available equations for traveling bores
and steep depressions are used, than is the case for
a steep wave which is between these two extremes.

The effects of the third assumption are negligible
in straight line conduits, provided that the inlet
conditions and lateral inflows do not create the per-
sistent lateral oscillations of the body of water in
conduit during the flood wave passage.

The effects of differences for velocity distribu-
tion coefficients and flow resistance factors between
the unsteady and steady flow patterns are difficult
to assess without accurate experiments and basic
studies. The steeper a wave is, the more influence
the constantly changing boundary layer in unsteady
flow has on the flow resistances and velocity distri-
butions. These differences must increase with an in-
crease of the rate-of-change of the discharge hydro-

graph.

The effects of the sixth assumption are very
small for storm drains with moderate slopes, say up to
5%.

The effects of the preceding assumptions are not
simple to investigate in detail, even for a research
conduit sufficiently long and with a large diameter.
Although some discussions are given in other papers
about effects of individual assumptions, the comparison
between physical recorded waves in the research conduit
and computed analytical waves by digital computer
produces a general picture of the effects caused by
all six assumptions. But even in computer analysis,
various other errors mask an accurate detection of
the resulting effects.



3.3 Derivation of Characteristic Equations

Definition of characteristics. The two partial
differential equations for gradually varied unsteady
free-surface flow in conduits, with the two dependent

variables (V,y) and the two independent variables
(x,t), have the general form
3V av 3 3
Max * Bigg * Gap t Dpae v Bpmo,
3.24
and ( )
) s A 3y 3y
Ayax YBygy 2G gr o Dygy ¥ By,
(3.25)

with the coefficients A, B, ..., and E being
functions of V,y,x, and t besides being functions
of conduit system properties.

Equations 3.24 and 3.25 are linear in relation
to partial derivates, but the coefficients are also
functions of dependent variables. Therefore, Eqs.
3.24 and 3.25 are called quasi-linear partial differ-
ential equations. For other data on the character-
istic curves see reference [1]. The derivation in
this study closely follows the derivation of character-
istic curves derived by Courant and Friedrichs [2].

Equations 3.23 and 3.14, in order to be comparable
with Eq. 3.24 and 3.25, must have the forms

L Dol s A M g i
VB ox " ax * v - vE "0
(3.26)
and
oV v, B AV . 3y i 8 Vg
g an gt Y T A gA o
(3.27)
In this case
A = S T
A ATt aiy oa T RN TS VB
- 3 %K) . &
A2 i T B2 w30 02 =1, 02 = 0, and
g 8Vq
By % 8= 8, * ok
Since E, and E, are not zero, Eq. 3.26 and 3.27

are nonh&mogeneoug nor are they reducible. Furthermore,
the roles of dependent and independent variables are
not interchangeable. In other words, the hodograph
transformation of the (x,t)-plane into the (V,y)-
plane is not applicable. The solution of Egs. 3.26
and 3.27 gives the two functions V(x,t) and y(x,t).

Because the waves are gradually varied free-surface
movements, it can be assumed that Eqs. 3.24 and 3.25
or Eqs. 3.26 and 3.27, as well as all coefficients in
these equations, are continuous and possess as many
continuous derivatives as may be required. It is also
assumed that the condition

1)
2 B

0
=

1

2

:ﬂ'l Al

7l
B =

is not satisfied. This last assumption is
cause from Eqs. 3.24 through 3.27, the inequa
for Eq. 3.28 is

2 f0f14w
aV'B

A linear addition of Eqs. 3.24 and 3.25

A, and Ay the linear multipliers, respectiy
g%ves
av v
(A *3g80) 3% ¥ (48,850 5¢ + (4G

EZ‘ =
+ [J\ID].%J\ZDZ} =t (AIEIH\ZEZJ 0

For the (x,t)-plane, assume a curve
t(x). Then dt/dx is the tangent or the di
this curve with V(x,t) and y(x,t) the sol
Eqs. 3.24 and 3.25, or Eqs. 3.26 and 3.27.
case, the total differentials are

av aVv
dv = fry dx + 3 dt
and
dy = L dx + 3 dt
ax at y
If %, and A, are selected to satisf
condition
d_t. . AlAl-i-izAz » 11C1+A2C2
A b P T RIRET T

Eq. 3.30 can be written as

(llAl-rJ\zAZJdV + {11C1+R2C2]dy
+ (11E1+12E2)dx =

The derivatives of V and y in Eq. 3
combined in Eq. 3.34 so that the derivatives
the same direction, dt/dx. This direction is
the characteristic direction and the corresp
curves in the (x,t)-plane are called the ch
istic curves.

Equation 3.33 gives the ratio Alflz as
) il_- Azdt-Bzdx Czdt-Dzdx
= = = 3
Az Aldx Bldx Cldt Dldx

which can also be expressed as
a(@t)? - 2b dx dt + c(@x)® =0

2b = A,D and

1% 172

2 = By

- AD

with a = A.C 271

s ot A
c = BID

AZC



jon 3.36 has two distinct roots for hyper-
+ia) differential equations giving b2 - ac >
,ding the case when all three coeffici§nts
; c) vanish. Also a # 0 is satisfied in
26 and 3.27 because a = A,C,-AC) = A/VB-aV/g,
&r V- Vgh/uB, or for V =C, or when the
elocity is equal to the celerity of a small
nce in quiescent water with hydraulic depth,

to A/B.

gnating the slope of the characteristic
s 220 (3.37)

6 becomes

a2 -dErc=0 (3.38)
‘has two different real solutions, £  and &_,

S e, or
de (3.39)

s dt = —
::_- (de+ e and gl (dx 5

. Because a, b, and c¢ are functions of V, y, x,
| t, so are the slopes of the characteristic
or (dt/dx), = £+[V,y,x,t) and (dt/dx)_ =

x,t). The two parts of Eq. 3.39 are two

ate ordinary differential equations of the first
They define two one-parameter families of
teristic curves, usually called just 'character-
", suchas C, and C curves in the (X,t)-
belonging to the solutions V (x,t) and y(x,t).
two families represent a curvilinear coordinate
and are shown in Fig. 3.5.

Net of characteristic curves Gl
in - (x,t)-plane.

and C_

Derivation of four characteristic ordinary
differential equations. The four equations, 3.26,
3.27, 3.31, and 3.32, with four unknowns, 3V/3x,
av/at, dy/dx, and 2dy/3t, can be written into a
single matrix equation:

av
L L L0 v
aVv
Sists S Bl 5E 7k
(3.40)
dx dt 0 0 2l -|a
X
ay
0 0 dx dt 3t dy
Solving Eq. 3.40, the four derivatives are
determined to be
A T A 1) A
AT Sk | AN SERe VG A 2
T e T e 8 e
with
[ =1
o L O R
hz Bz C2 02
A = Y (3.42)
dx dt 0 0
0 0 dx dt
and al, az, as, and h4 are obtained by replacing

in Eq. 3.42 the first, second, third, and fourth
column, respectively, by the column on the right side
of Eq. 3.40.,

A unique solution for the derivatives of Eq. 3.41
exists only if the determinant A # 0. When the
directions £, and £ are such that the determinant
A is zero there is no unique solution along these
directions. It is initially assumed that the first
derivatives of V and y in x and t have finite
values in the (x,t)-plane. If the determinant A
vanishes along directions £, and &  then deter-
minants ﬁl’ Az, 53 and ﬁ4 must also vanish;

therefore, 9V/9x = 0/0, av/st = 0/0, 3y/3x = 0/0
and 3y/at = 0/0._ Expanding Eq. 3.42 with A = 0

it becomes a(dt)2 - 2b dx dt + c(dx}2 = 0, ‘or Eq.
3.38 if Eq. 3.33 is satisfied. If this latter
condition is not satisfied, then 2b = &lﬂz-AZDl +
B.C,-B,C Equation 3.38 then gives

j e e s S
dtl b Vbz—ac 3.43
E =g, = 2r2E (3.43)
+
and
dt| _ BN bz-ac (3.44)
Ty o2 Ee a :
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If Eqs. 3.43 and 3.44 are two real solutions, Egs.
3.24 and 3.25 are a system of hyperbolic equations;
for two complex solutions they are elliptic and for
one real solution they are parabolic.

As previously mentioned, if the determinant A
vanishes, and because the determinants A4,, A,, 4.,
and A4 must vanish when A vanishes, tie cgse gf
A, = 0" with the determinant expanded gives, for
example,

dt d av
[A1CAC)) G5 - (BiCp-B,C)] G5 + (ABy-AsB)) Go +

dt
+ (AJE,-AE)) 3= - (BE,-B,E|) = 0 (3.45)
Substituting either (dt/dx}+ = g4 or (dt/dx) = &_

of Eqs. 3.43 and 3.44, respectively, into Eq. 3.45,
two ordinary differential equations in V and vy
along the characteristic curves g, and E_ are
obtained.

Simultaneously solving these two ordinary

differential equations, with the two unknowns V and
y give the functions V(x,t) and y(x,t). No new
relations are obtained when the determinants al, 62,

and A, are made equal to zero., Using the
coeffigients of Eqs. 3.24 and 3.25 as given by Egs.
3.26 and 3.27, and putting 2b = A.D,-A D, + BlCZ ~
B,C, in Eqs. 3.43 and 3.44, the chafacfefistit
dlréctions or slopes of these two latter equations
become

[3_; . 28 - g, (3.46)
* OV (a+8) +‘\ﬁu~8)2 Ve ‘.‘.’]_‘32&
and
dt
(K) - £ (3.47)

28
V (@8) -\ farn)? VP o 2R

The two ordinary differential equations for V
and y along.the characteristics curves £  and £_
are obtained from Eq. 3.47 by replacing dtJdx with
E, and £ , respectively, and introducing the
coefficients from Eqs. 3.26 and 3.27. The equation
becomes

aV dv . A

A__ aV Bl dv , A8, dV A .o

[{VB g) P g] ax * {VBgJ dx ' VB (So Sf -4
BV ga

+%} g+-g—§}§ =0 , and (3.48)
A _ aV, B dyv , A8, dV A o

[(VB 2 5—*g] ax* G2 =t v oS¢ *
BVq, . _ B9 _

g el SE Al (3.49)

Equations 3.46 through 3.49 are called the four
characteristic ordinary differential equations and are
the equivalent set to the two partial differential
equations, 3.26 and 3.27.
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Assuming that a =8 =1, and q =0
‘buted lateral inflow or outflow per unit 1
Eqs. 3.46 through 3.49 become

(dt=€=l—
& v Gm

]gz A dv

AV 1 A .
[~ 25, # glax e ax * v 5o SpE

and

Vop g A0 A AV A I
[(%_E}a-*g]dx+g\!8dx+vs (Sy-8¢)&
The term YgA/B = C in Eqs. 3.50 through

celerity of a small disturbance in quiesc
with a cross section area A and width

Equation 3.26 and 3.27 are hyperboli
they are quasi-linear hyperbolic partial
equations of gradually varied free-surfac
flow with two dependent and two independent

These two sets of four equations, 3.46
3.49 and particularly 3.50 through 3.53,
predominantly in the numerical integrati
method of characteristics shown in Chapt
Hydrology Paper No. 46.

General properties. The coefficients
3.26 and 3.27 contain, beside the variables
quantities A, B, q, a, B, 5f and So,

g. The Darcy-Weisbach formula for resista
is Sg =(£/4R)(v’/2g), with £ the Darcy-

friction factor, and R the hydraulic radil
coefficient £, in general, is a function
Reynolds number, but for pipes of a given
f is a constant. In this case A, B, R,
q are generally functions of y and X
quantities A, B, R, f, o, B, q,
contain derivatives of y and V,
of Vv, oand .

The main feature of this treatment |
istic curves is the replacement of the ori
of the two partial differential equations
3.27, by the characteristic system of the
differential equations, Eqs. 3.46 through 3.
general case, and Eqs. 3.50 through 3.53 in
particular case. Every solution of the o
system satisfies this characteristic syst
converse is also true; every solution of
istic system in Eqs. 3.46 through 3.49 sa
original system in Eqs. 3.26 and 3.27, pro
the determinant, A, of Eq. 3.42 does no

If the differential equations 3.26 and
are linear, then £ and £ are known &
x and t, so that Eqs. 3.36 and 3.47 are
coupled with Eqs. 3.48 and 3.49. In this



Y determine two families of characteristic
8¢ %" " and C_ ,which are independent of the
5 ;i

A linearization of Eqs. 3.26 and 3.27
h a departure from real flow phenomena
not be pursued further.

and if Al,...,Dz depend on

only, which would be a gross appro;imat%on
1 flow conditions, the situation is similar in
differential equations are reducible, the
¢ are known functions of V and
and 3.49 are independent of x and
same case occurs when E, and E, do not
h but depend on V and y “only. TRis last
is applicable to Eqs. 3.26 and 3.27 under the
tion that the conduit is prismatic and the
§ , is constant, because all coeffi-
may be considered as dependent
y. The characteristic curves in
)-plane, designated as T, and T_ are the
f the characteristic curves C, and C_ in
,t)-plane, and are independent of the special
of V(x,t) and y(x,t). However, these
jons made to convert Eqs. 3.26 and 3.27 into
ple equations are already an approximation of
free-surface unsteady flow.

g and
Eds. 3.48

Because the objective of this study is to deter-
ne the effects of different assumptions or the
of neglected factors, any restriction in the
neral differential equations would mean a
ture from the study's basic approach.

he boundary conditions are of a major importance
¢ integration using hyperbolic differential

A curve, with all values of V and y in
X,t)-plane must be known. In the most general
and for a free-surface unsteady flow in conduits,
a velocity hydrograph, V(t), or a discharge
aph, Q(t), is known for a given x-value.

e first case, the boundary conditions are given

§ 4 constant distance line in the (x,t)-plane

ch all values of Q(t) are known. The

i1 conditions are given along a constant time

in the (x,t)-plane with the corresponding values
VY and y known. As soon as the initial line is
oWn, a solution of V(x,t), y(x,t) of Eqs. 3.26

8 3.27 must be found which approximates the initial
and which takes on the prescribed values of V

Using the characteristic form (Eqs. 3.46 through
» OF Eqs. 3.50 through 3.53) of the partial
mi;:ntxal equations, 3.26 and 3.27, the integration
728 can.be treated as the corresponding problem

€ ordinary differential equations.

The integration process shows that the values V

_z a?t the point P(x,t) depend on the initial

: o ong the'llr}e t = 0 between the points (o,x_l)
1‘1;:§} as indicated in Fig. 3.6. In other words,

the va) V and y at point P(x,t) depend only

on the o> V and y in the segment x, to X

: © values V and y between the chiracteristic

- through X, and the characteristic curve

:8h §£._ The interval x; to x, and the
=y cgar: tic curves, €, and C_, “passing
POint P(x,t) in Fig. 3.6, determine the

°§rdependence. The values V and y at
.re affected by the values V and y inside

'::szf dependence and are not affected by the
: E
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On the other hand, if a point R(x,0) is
selected in the initial line of Fig. 3.6, ‘with the
initial values V and y, the characteristic curves

C, and C_ through point R determine the range of
influence. Only the values V and y at the points
{(x, t) inside the range of influence depend on the

initial values of V and y of point R; the out-

side points do not.

If the values of the first and higher partial
derivatives of V and y are continuous along the
initial line, they are also continuous in all the
points in the (x,t)-plane. If, however, there are
some places of discontinuity, either at the initial
line (8V/3ax, BaV/at, 2dy/3x, 23y/3t) or higher, the
partial derivatives are not continuous. This means
that if some disturbances exist, or the discontinuities
are introduced at some points in the (x,t)-plane,
then the discontinuities in derivatives occur only
along characteristics passing through the discontinuity
points on the initial line. Another way of expressing
it is that the discontinuities in the first or higher
partial derivatives of V and y propagate along
the characteristic lines in the (x,t)-plane. These
discontinuities propagate along one or both of the two
characteristics through the point of the source of
discontinuity, and they can never disappear. The dis-
continuities refer to the derivatives of V and vy,
but not to the discontinuities in V and y them-
selves, which propagate as surges (bores or depressions).

The characteristic form (Eqs. 3.46 through 3.49,
or Eqs. 3.50 through 3.53) of differential equations
3.26 and 3.27 are especially useful for numerical
solutions, If the differential equations are replaced
by equations of finite differences the numerical
solutions can be done easily, especially if a digital
computer is used.

‘The characteristic curves, particularly in their
simplified form, are useful in analyzing the properties
of the solutions and studying the initial and boundary
conditions.

Pix,t)

(xz,l)

Range
of Influence

Fig. 3.6. Domain of dependence and range of influence
of characteristic curves in the (x,t)-

plane.



Chapter 4
PHYSICAL WAVES, EXPERIMENTAL WORK AND RESULTS

A detailed description of the experimental
facilities used for this study is given in Hydrology

Paper No., 44. Therefore, only a brief summary is
given here.
4.1 Experimental Facilities

Circular conduit system. A pipeline 822 ft long
with a 3 ft outside diameter was used as the experi-
mental conduit. The entire 822 ft of pipe was supported
on inclined rails about 20 ft apart, which permitted
the pipe to be moved along the inclined plane to any
slope between 0 and approximately 4 percent. Flow
was introduced into the circular storm conduit by
means of an inlet structure that could be adjusted to
develop the desired subcritical or supercritical
flow conditions at the entrance to the storm conduit
and which included a baffle system for developing a
uniform entrance condition with minimum downstream
surface waves. This type of intake structure was
developed from a special reduced model study on a
much smaller scale.

inflows
dividing
about
entered

Three square junction boxes for lateral
were installed along the storm conduit, thus
the conduit into four straight sections each
200 ft long. Flow from a 12-in lateral pipe
into each junction box at a 90-degree angle, simu-
lating the actual junctions of storm drains. Experi-
ments were conducted on the 822 ft conduit without
the junction boxes and with the junction boxes. The
outflow of free-surface flowing water was either as
a free fall or as a controlled outfall.

Water supply to the 3-ft diameter storm conduit
was by gravity through a 26-in underground pipeline
from the nearby Horsetooth Reservoir and was conveyed
into College Lake after it passed through a special
collecting and energy dissipating structure. Figure
4.1 gives the general layout of this experimental
facility in the outdoor laboratory of the Engineering
Research Center at Colorado State University. Figures
4.2 and 4.3 show the facility from the upstream and
downstream sides.

ngmesrng Reseorch

Gonirol far Ouffiow from "
Horsstooth L Canter

Supply Pips to
Laboratory (R}

Supply Conduit for Samulating
Lateral  inflows

Minimum Siope - 0 %
"
SCALE

Fig. 4.1. General scheme of the experimental conduit

with water supply and removal,
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Fig. 4.2.
conduit on the hillside of th
laboratory at Colorado State Univ
Engineering Research Center.

Fig. 4.3, A view from downstream of circ
conduit and the inclined rails.
Instrumentation, Three sizes of sharp-

circular orifice plates, based on the diffe
orifice-to-pipe diameter ratios, were design
calibrated, and used to measure the main infli
into the storm conduit. The three sizes were
to accurately measure small, medium and large
charges through the conduit. The ratios of t
diameter of orifice (d) to the diameter of g
were 0.35, 0.50, and 0.70, with area ratios ot
approximately 1/8, 1/4 and 1/2, respectively.
calibration equations, Q = CymA Y2gH obtain
three orifice meters under steady flow condit:
for m =d/D = 0.35, Q = 2.102 vH, with
for m =d/D = 0.50, Qp = 4.439 /H, with
and for m =d/D = 0.7), Qg = 9.783 /H wit
0.705. In t ese equations Cq is the disch
coefficient, H is the differential head &
orifice in feet, A is the cross section @
conduit in square feet, and Q is the discha
cubic feet per second. Results indicate that
the three discharge coefficients, Cyq is €O
for the Reynolds number within the range 2xi



jderations were also given to the problem
e calibration equations under unsteady flow

HC® S ut no significant deviation was found.

: pnségtails see Hydrology Paper No. 44, Chapter

19-20) .

1 peller current meters with electric

manufactured by Ott, were selected to

the flow velocity distributions in the storm
The current meters were first carefully

sted by making several runs by a tow car at a

ed over a given distance, and then by

. the tow cars at different speed covering

erational range. Good agreement was obtained

the recalibration values and those furnished

manufacturer. (For more details see Hydrology

‘No. 44, Chapter 3, Pages 20-26).

gpns

sssure transducers were used to measure water
~and pressure differences in various measure-
The calibration of pressure transducers was

ed from these standpoints: (a) that the out-
tage be zero for zero pressure input; (b) that
put voltage be a linear function of the

ed pressure differential; (c) that the output
- did not change with time and if it does, it
_systematically checked, and (d) that the
jonality constant between the input and output
m before the observed data is interpreted.
conditions were checked for all transducers

and with sufficient care in installation and
warm-up time, all transducers met the
conditions. (For further details see

gy Paper No., 44, Chapter 3, pages 26-27).

Data recording system. The outdoor circular
conduit is located about 1,500-ft from the
0 State University Engineering Research
s. Data taken from the storm conduit were
tormed into electric voltage signals by the
sure transducers and were then transmitted by
idual shielded cables to an indoor analog-to-
tal converter, The digitized information was
“d onto cards or paper tape, for later computer
sis. Figure 4.4 shows the general scheme of
ta recording system. (For more details see
2logy Paper No. 44, Chapter 4, pages 28-29).

Sconeer B Analog to
Digital Converter

S8 4.4,

Re
=SUlts of Steady Flow Measurements

%hg%d:::uww- An experimental approach
tigat, gﬂlnatlon of conduit boundary roughness was
th ﬂo:r' The Darcy-Weisbach friction factor (f)
Uted ¢, €sponding Reynolds number (R,) were

oM measured depths and discharges. Figure

Scheme of the general data recording system.
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4.5 represents the results in a range of depths from
0.56 to 2.6 feet, or depth-to-diameter ratios of 0.19
to 0.89. The discharges varied from 2.25 to 72.0 cfs.
The corresponding Reynolds numbgr range is from
approximately 3 x 104 to 1 x 10°. The Prantl-von
Karman equation

1
= = a log R V/F) + b, (4.1)
JE 10[0

with a =2.0 and b = 0.4 for smooth boundary flow
is also plotted in Fig. 4.5. The two points in Fig.
4.4 that extremely vary over the other points and the
curve of the Prandtl-von Karman equation are assumed
as mistakes either in observation or in the processing
of data. For data shown in Fig. 4.5, the values of the
constants a and b in Eq. 4.1 are 2.075 and 0.1434,
respectively, or the boundary of the conduit used in
this experimental study is hydraulically smooth.
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Fig. 4.5. Relationship of the Darcy-Weisbach friction

factor f to Reynolds number Re.

The evaluation of f from Eq. 4.1 for a given
R, requires an iterative procedure. To simplify
computations (within practical limits of Reynolds
numbers for specific conditions) it is convenient to
use a simplified form of the f to Re relation. A
practical form of the expression for this relation is

£ = c(Re)d : 4.2)

in which ¢ and d are constants; they were evaluated
from data in Fig. 4.5 and found to be 0.10939 and
-0.17944, respectively.

Although Fig. 4.5 shows a decrease of f with an
increase of R, it can be shown that for a limited
range of R, the changing Darcy-Weisbach friction
factor f may be replaced by an average value or a
representative constant. An average Darcy-Weisbach
friction factor of 0.012 is considered representative
of the experimental conduit for the range of Re
obtained in this study. (For details of this deri-
vation see Hydrology Paper No. 44, Chapter 5, pages
30-31, and Hydrology Paper No. 45, Chapter 3, pages
10-15).

Junction box losses, The evaluation of energy
losses accompanying lateral inflow into a main conduit
with free-surface flow was accomplished through two
separate experimental facilities. A plastic pipe




with a 6-in diameter was used to economically develop
the basic evaluations of junction box losses. The re-
sults were then verified by the tests in the 3-ft dia-
meter conduit. Agreement between the two systems was
good, based on the Froude similitude relation.

The junction box used in the large model study was
square above the half-full level of the storm conduit.
Two positions of the inlet were tested, the upper and
lower. The crown of the upper inlet was the same
elevation as the crown of the storm conduit at its
point of entry into the junction box. The invert of
the lower inlet was made coincident with the invert of
the storm conduit at their junction point, which was
the centerline of the junction box. The arrangement
of the model junction box is shown in Fig. 4.6.
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Fig. 4.6,
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ELEVATION

The junction box used in the model study.

The power at any given cross section of the
conduit is found by multiplying the energy at its
section by the weight rate of flow past the section.
The power equation can be written then as

P = yQE (4.3)
or
2

P=1vQ(z +y+ ‘2’—3) ; (4.4)

in which P is the power in foot-pounds per second,
Q is the discharge in cubic feet per second, y is
the specific weight of water in pounds per cubic feet,
z is the elevation of the channel bottom above the
zero datum, y 1is depth of flow, and V is the
mean velocity.

It was assumed that the power loss ratio, P_ ,
could be expressed as a function of the relative
discharge, , of the lateral to the main conduit
flow when using the upper inlet. The functional
relation between the power loss ratio and the dis-
charge ratio was found to be

(P, - 0.77)(Q, + 0.55) = -0.482 (4.5)

for the upper inlet.

Power losses for the lower inlet were analyzed in
terms of the ratio®of lateral inflow discharge to the
main conduit discharge, Q,, and the ratio of the
upstream depth to the conduit diameter, D,. The
power loss ratio from this procedure is

20

~2.78 + 170 D_ e
" g v 31270, 167 D" 0.7%,

ALE

for the lower inlet. (For additional deta
study of junction box head losses see Hydr
No. 44, Chapter 2, Pages 6-13, and Hy
No. 45, Chapter 4, Pages 16- 20) 1
Cross-sectional velocity distribution:
mine experimentally the velocity distri
cients, a and 8, measurements of the ¢
of conduit cross-sectional velocities were
Time-average point velocities were measurec
Ott current meters. A special procedure ws
for measuring velocities and for computing
distribution coefficients, as described in
Paper No. 45, Chapter 5.

It was expected that the velocity disti
coefficients would differ with changes in
parameters that determine the velocity pru i
parameters that primarily affect the veloci
are the geometry of the cross section, thg'
of the fluid, the condition of the boundary
(roughness), and the mean velocity. All of
variables are encompassed in the Reynolds
(VR/v) and the Darcy-Weisbach friction fac

Because the Darcy-Weisbach friction
related to the Reynolds number, one would e
able to predict o and B coefficients to
tion factor f£. Since the range of the Dar
friction factor is small for the series of ¢
study, and because the Reynolds number fluct
in a limited range, the spread of computad B
coefficients is apparently due to other car

Figure 4.7 displays the relation of a
with the Reynolds number. These results in

increase of the velocity distribution coeff

with a decrease of Reynolds number. The app
scatter of points around a smooth curve may
to be a result of observational and computat
errors.
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Fig. 4.7. Velocity distribution coefficien s

related to the Reynolds number.

The effect of depth on the velocity di v
coefficients is presented in Fig. 4.8. Tﬁiﬁ



. increasing values of both B8 and
: -5132:::zses. This is expected because
ﬁﬂ.pﬂ:run the mean velocity becomes greater and
" factor becomes effectively larger as the
i es. At a depth of half the conduit
ﬂﬂﬁ‘i;:ss e coefficient has a value of approxi-
. 1.01 and the o - coefficient has a value
oximately 1.03. At greater depths, £ reduces
. tely 1.007 and o to approximately 1.022.
less than half the conduit diameter, both
s tend to increase. Data were not available
less than one-fourth of a diameter.

i~
|
|
t
|

. 4.8, Velocity distribution coefficients as
related to the depth of flow in a circular
cross section.

_ The results of this study are applicable to
ically smooth circular cross sections flowing
tially full and having Reynolds numbers in the
0.4 x 105 to 3.00 x 105, For smaller Reynolds
Wers the observed velocity distribution coefficients
" greater but display a greater dispersion about a
e curve. For larger Reynolds numbers the values
toward invariance with lesser dispersion. The
On between o and § has been demonstrated
theoretically and experimentally and can be
3 i:Sed: (@-1)/(B-1) = 2.3 to 3.0. The value of
e, LePTesentative of the experimental results. A
::ﬂtative value of o for the experimental
’ﬁ!th,uns 15'1.03 and a representative value of B8
tiona) dexperlmental conditions is 1.01. (For addi-
-*!lciztails of the study of velocity distribution
1_;;; see Hydrology Paper No. 45, Chapter 5,

® %%%§§2£%s§_§g§ free outfall, The mathematical
: lleg of the downstream boundary condition for the
= Outflow required the calibration of a
(end) restriction. Any geometric configura-
R, gﬁcepgable if it satisfied certain criteria:
exp sse: d}scharge as a function of depth could
B e simply, such as Q = my"™ in which m
: dapthCOHStants experimentally determined and y
"9 of flow upstream of the restrictions.
€ Testriction was not so great as to cause

the pipe to flow full under the maximum anticipated
hydrograph discharge.

3. The approach-velocity distribution was
symmetrical and did not differ appreciably from the
undisturbed flow.

These criteria were satisfied by a constriction
consisting of five 7-inch vertical wooden slats held in
position by two 1/2-inch wide vertical aluminum H-
sections. The clear opening was five inches between
supports. The discharge could thus be controlled by
varying the vertical position or by removing one or
more slats.

Calibration of various combinations of openings
was made by measuring the corresponding discharge and
the water surface elevation approximately 20 ft upstream
of the control., For the range of discharges anticipated
in the unsteady flow runs, it was concluded that the
best combination of openings was with the three center
slats removed.

For this condition the relation between discharge
and depth was determined to be

Ay,

(4.7)
This relation applies for depths between approximately
one-third and eight-tenths of full diameter, and at 20
feet upstream from the conduit end. This gate configu-
ration and flow relation was used for all subsequent
evaluations of boundary conditions in which backwater
profiles were the initial condition. No attempt was
made to modify this steady state relation for unsteady
flows.

For a free outfall the location of the theoreti-
cally computed critical depth occurs some distance
upstream from the end of the conduit. The purpose of
experimental measurements was to determine the location
of the critical depth. This position then served as
the location of the downstream boundary. Water-
surface profiles were measured for a range of discharges
from 2.10 to 16.62 cfs. The channel slope ranged from
0.000032 to 0.001022 foot per foot.

Figure 4.9 presents the water-surface profiles
and the locations of the computed critical depth
within the range of observed end depths; the mean
ratio of end-depth to critical-depth was 0.750. This
ratio tended to be smaller than the mean for the lower
depths.

The location of the computed critical depth from
the channel end varied from less than 3.5 times the
critical depth to almost 5.5 times the critical depth.
A location of 4.5 times the critical depth was con-
sidered typical and was used in subsequent computations.
(For details of free or controlled outflow boundary
conditions see Hydrology Paper No. 44, Chapter 5,
pages 30-32, and Hydrology Paper No. 45, Chapter 6,
pages 30-32).

Flow regimes. The steady non-uniform flow in sub-
critical and supercritical regimes were established
experimentally in the storm conduit. The steady non-
uniform flows (backwater curves) at the hydrograph
base discharge were used as initial conditions in
computing the unsteady flow equations. (For details
on how the initial non-uniform steady conditions were
computed see Hydrology Paper No. 45, Chapter 7, pages
33-36).

The discharge and slope corresponding to the
desired depth of flow in subcritical or supercritical



regimes were estimated from observations. The down-
stream control gate was adjusted to produce the
desired type of backwater or drawdown curve. Because
of the time required for steady state conditions to
develop, it was not practical to adjust the downstream
control until a constant depth developed throughout the
length of the pipe. Thus, several conditions of non-
uniform flow were established both above and below
normal depth. Hook gage readings at the various
piezometer locations were made at approximately 15-
minute intervals until such time as the readings
indicated stabilization.
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Fig. 4.9. Location of the critical depth of a circular

cross section free outfall,

Water surface elevations were determined by means
of hook gage readings taken in gage wells located at
16 positions along the pipe. These wells were
connected to the invert of the pipe through a flexible
hose. The piezometer openings were 1/16 in in diameter.
At each position there were a sufficient number of
openings to insure a reasonable response time for each
well.

The invert slope of the pipe was carefully
determined by a precise self-leveling level with an
optical micrometer which permitted measurements of
the invert to the nearest 1/1000 of an inch. Readings
were taken every 20 ft and a least-square determination
of the mean slope was computed. If the maximum de-
viations at any point exceeded approximately 3/100
of a foot, from the mean line, adjustments to the pipe
invert were made.

4.3 Physical Waves

Inflow hydrographs. Inflow hydrographs were
developed by a motor operated 26-in diameter ball-
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valve at the upstream inlet of the main s
and the 12-in diameter gate-valves on the
pipelines. The initial and maximum disch
established for a given experiment, and the
operated at constant speed within this ran
lateral inflow discharges varied as the ope
the main valve. The discharge hydrograph
measured and recorded by pressure transd
across the orifices which were installed
distance downstream of the valves. Figures
4.11 show the experimentally observed inf
hydrographs of the main storm conduit and
flow, respectively.
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Fig. 4.10. A recorded inflow discharge hydre
the main conduit. ¥
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Fig. 4.11. A recorded inflow discharge hyd:

from a lateral conduit.

Wave propagation. After the generation
hydrographs, the subsequent wave depths were
at several stations downstream as the flood
pagated along the conduit. Waves were.measu
distances of 50.00 ft, 410.00 ft, and 771.70
the entrance during experiments conducted the
of 1965 and at distances of 50.00 ft, 251.24
387.70 fr, 462.56 ft, 669.83 ft, and 771.70 £
experiments conducted the summer of 1966. F
depths were measured by pressure transducers
between the conduit invert and a set of man

The measured quantities were plotted as
versus time relations, (2) depth versus dis
lations, and (3) wave peak depth versus dis
time relations. These experimentally measure
waves were used to compare and check the anal
computed mathematical waves. Complete resul
measured inflow hydrographs and physical wa
presented in Appendices 3, 4, and 5., Analysis
comparison between physical waves and computed W
is given in Chapter 6 of this paper.



s chapter describes briefly a few finite-

-e schemes used for the numerical solution of
iasi-linear hyperbolic partial differential
of gradually varied free-surface unsteady

A description of the subject is presented in

‘jetail in Hydrology Paper No. 46.

two basic partial differential equations of
varied free-surface unsteady flow are

in Chapter 3, and given as Eqs. 3.23 a.nc'l 3.19.

terate, the continuity equation in dimensionless

av 3 19y 8
ot 5 'V 5 CVB 6.1

» momentum equation in dimensionless form is

Vi

o A ) SRR PSR |
u’g’ at»fax [50 sf) AR’ (5.2)

ch

the cross section area,

the mean cross section velocity as a dependent
variable,

‘= 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 free surface width,

= the energy velocity distribution coefficient,
= the momentum velocity distribution coefficient,
= the gravitational acceleration,

= the slope of the channel invert,

= the energy gradient, and

= the distributed lateral inflow (or outflow) as
discharge per unit length of the conduit.

The energy gradient, measuring the energy head
S along the conduit, is expressed by the Darcy-
bach equation in the form

2
s 3/
: ¢ "8 @3)

_%-::l’lich f is the Darcy-Weisbach friction factor,
38 the hydraulic radius of a partially full

l mtmér?ith R=A/P, and P is the wetted

5or the 1,
ol
b

1d ydraulical ly smooth boundary as a function of
Scoe:. humber, R, = VR/v , with v

si the kinematic
981ty of the water.

&'ﬂm friction factor is expressed in this study

Eqmt}ons 5.1 and 5.2 generally give the closest

nels tions of the actual flood movement through

y if ::d conduits for the one-dimensional unsteady

Bons ¢ basic conditions for applying the two

Sant are approximately satisfied. The most

® floog condition is that of gradual variability of
hydrograph; this condition is nearly always
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Chapter 5

COMPUTATION OF WAVES BY ANALYTICAL METHODS

fulfilled for storm floods entering into and moving
along storm drains.

5.2 Methods of Solution

Because of the mathematical difficulties of
obtaining the analytical solution in a closed form
to Eqs. 5.1 and 5.2, numerical finite-difference
methods of integration must be employed. For solving
Eqs. 5.1 and 5.2, finite-difference approximations are
made as follows. Since there are two independent
variables (x,t) and two dependent variables (V,y),
the designation of the time-distance locations of the
variables is based on the subscripts and superscripts
of the variables. The subscript refers to the dis-
tance (space) location, and the superscript refers to
the time location, as shown in Fig. 5.1.

Time t
j+! & &
j & o—
i1 i i+l
Distance Position x
Fig. 5.1. Definition graph for the finite-difference

scheme.

Thus, the depth at distance location i and at time

i

5.1 and 5.2 may be approximated by

j ‘is and the four partial derivatives of Egs.

3yl
v, ViaYi .3
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X3 . -x7
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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

for the time j+1, and the distance i. With the

two equations of unsteady flow, these two unknowns may
be solved for simultaneously. This is an explicit
scheme procedure in that the conditions at a later
time, j+l1, are determined directly from the condi-
tions at the preceding time, j.

Two approaches of the explicit schemes, the
diffusing scheme and the Lax-Wendroff scheme as applied
to the two partial differential equations, were used and
as discussed in this study. A third approach used
in this study, is the specified intervals scheme as
applied to the four ordinary characteristic differen-
tial equations, as equivalent to the two partial
differential equations. This latter approach will
be called the specified intervals scheme of the
method of characteristics.

Diffusing scheme. The diffusing scheme evolves
from an approximation regarding the partial deriva-
tives with respect to time. It is assumed the
dependent variables are known for all positions at
time j. These dependent variables will be designated
as U in this development, and may refer either to
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 derivative of U

in t is approximated by
auy . [AaU
(gfl = (E? 5 (5.8)
i i
in which
au; = ug*l > ui (5.9)
Expressing Ui as an average,
. UJ + Uj
u:il. £ _l"i?;l 1 (5.10)
then A
A vl pre g
+ -
sy, = ui*l - = 5 = : (5.11)

and finally the ratio of finite differences of this
partial derivative is

J j
gl Piar S Yina
w) _ Y% p
At i At
G TS, S,
N el 5%
= 3AT . (5.12)

Similarly, the partial derivative with respect
to the distance x is approximated by
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aU _ [ AU
ey Bl 5= »
ax Ax i
in which
oyl S
aw) _1 U1+1 Ui i Ui Uiéi
Ax i 2 Ax Ax .
so that

]
l } zax (”1+1 Uil 8

It is to be noted that Eq. S. 12 is an ap
aU/at  at the position i, j+1/2; and Eq
approximation for the position i, j.

Lax-Wendroff scheme. To eliminate :
deficiencies ‘of the diffusing scheme, the
finite-difference scheme was investigated
summary of the scheme is as follows. It
that all functions are continuous and cor
continuous derivatives as required. It is &
assumed that products of first-order partia
tives and any derivative of Sf in x and
negligible quantities.

B 2A 5
The expressions 5t B 3t and X

relate A, B, and y. Therefore, the eqg

continuity reduces to

The intended application of the Taylor seri
the use of second-order partial derivatives

b ARG B g e
3 B axat axat
£
and -
2 2 2
ax ax
The momentum equation, 5.2, rewritten
the form
BY. s 8 N g R0 é
3 sV 8ok 8 G Sy
gives
R i
gxats " g o R
X ax
Hence, Eq. 5.17 becomes
2 2 2
_a_Z_(_+1)AV3V EALv3H AL
3t2 R P® axz



5.19 then gives

2 2
Vo R s34
=- g Vaxet ~ 8 oot (5.22)
ing Egs-. 5,18 and 5.20 into Eq. 5.22 yields

2 2
2 AT AV a gydy -

in designating U as the symbol for any
"?invariag?e V or y, the first and second

 derivatives with respect té X are approxi-

J j
Woo-ul
ISR, i
R e (5.25)
—7 = 2 - -
ax (ax)

. Similar equations are obtained with respect to
us, recurrence relations for finding approximate
sto V and y in Eqs. 5.21 and 5.23 are

7 V1)

B |
At
B - o ff%Ji (g = Vo0 v

8ok 0@ oivl, - o vl p
(5.26)
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At Jod i 3 sugd 5
28ax (V3 (Vier Vi) *8 04y Yy 1) *200X(Sg5,)]

dt 1
E = (—) = —, (5.29)
S L R v/ 3
A v 1(d A dv A
(W = E} Ry ¥ E}aﬁ' + gV_B-d?+ 5 (So-Sf)E+= 0, (5.30)

i
g

5 B * 75 6,56, = 0, (5.31)

+

-

with the symbols the same as those defined for Egs.
5.1 and 5.2. These four dependent equations form the
basis for numerical solutions in the method of
characteristics, in this case by the specified inter-
vals numerical integration scheme.

v
i e

There are several procedures that may be used
and these procedures may be broadly divided into two
categories, the grid system and the specified intervals
system. In the second category, which is used in this
study, the dependent variables V and y are known

functions of the independent variables x and t
either as initial conditions at t = 0 or as the
results of previous time computations. For example,

it is assumed that V and y are known along dis-
tance x at time t. Figure 5.2 represents the
rectangular grid in the (x,t)-plane with intervals
Ax and At in the x and t coordinates, res-
pectively. In this case, V and y at points

Aj' Bj,...,Nj are known. The values of V and

y at the time position j+1,
points Mj+1’ Aj+l’ Bjol""’Nj+1’
from equations 5.28 through 5.31 and from the boundary
conditions. The process can be continued as far as

desired or meaningful. This method was selected for

M,

and particularly at
can be computed

in this study because x and t at points Mj+1’
ﬁj+l’ Bj+1"“'“j+1 are exactly known, so only the

values of V and y at these points must be deter-
mined.

- 1
O I S R ¥
R e o)~ 5 [%)1](vi+1 =W N )
+ (5-;-1» 1) g-\'i (Y;H - Zyi + yi-l}} 2 (5.27) Bl
t+Ar —x * ¥ * ¥
5 Misy [Biet |Bisr |Cle1 [P A‘: Njwi
| . € Previous equations are based on the neglect of | Row |
 and the Products of the first-order partial derivatives S [ 5 = B ] 5
. derivatives of S.. For those cases in which i } I i ] At i
ey hETOducts of the first-order partial derivatives |
'Mri?ﬂtlves of Sg cannot be disregarded, h .
b equati L Ax—— Ax—
Ray e derivgd, ons analogous to Eqs. 5.26 and 5.27 =
| E%EEifi?d intervals scheme of the method of Fig. 5.2. Network of specified intervals for the
of gr rIStlcs'_ The two partial differential equations solution of characteristic equations.
i and 5 ly varied free-surface unsteady flow, Egs.
;l.,‘cterizn_When_transformed give the four ordinary
nt jg shStICS differential equations. Their develop- In this method, V and y at point P on the

OWn in Chapter 3.

. 1
tione - .3 = 0 (Egs.

The equations with a
3.50 to 3.53), are the initial

To reiterate, they are
d
. (3‘}) &) npearl S aes , (5.28)
+ V+ /gA/B

(x,t)-plane of Fig. 5.3 are to be computed from the
initial conditions or from previous values of V and
y at points A, B, and C wusing two assumptions:

(a) at is sufficiently small so that the parts
of the characteristics between P and R and between
P and S are considered straight lines, and points
R and S fall within the interval AB, and
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(b) the slope of the straight line PR at point Boundary conditions. One of the tw
P 1is equal to the positive characteristic direction at conditions is the discharge-time relation
the position C, (£,) , and the slope of the straight | the inlet cross section of the channel und
line PS at point P is equal to the negative This relation can be either expressed in
characteristic direction at the position C, (£_). form, or given as discrete points of disch
selected intervals of time.

1
Ax Ax The other boundary condition imposed
blem is that of a discharge-versus-depth re
1+ At P the downstream end, characterized either by
structure or by the critical depth at a fr

¢ ¢ This ?s.the boundary condition‘that must ex:
+ - At |V< VOATB subcritical flow of the base discharge.

I1f the base discharge is in the sup
range or on a supercritical slope the bou
tion must be expressed at the inlet end.
function may take the form of a discharg
relation. This condition, in combination
condition of a discharge-versus-time rela
somewhat difficult to visualize physically;
1 Ax Ax it is a necessary condition because the cha
directions both have a positive slope and
=] is no influence of the downstream conditio
t+At upstream conditions.

Q
O
w
sl

N The following discussion presents a d
At V=+gA/B analysis of these boundary conditions. Ar

flow hydrographs were investigated to test

X the computer program and also to provide ri

e © - evaluating the significance of variations
A R c,S B hydraulic parameters.

The boundary condition at the upstream
given by an inflow hydrograph, Q(t), with
tion on the shape of the hydrograph. A h
t hydrograph, with a Pearson Type III distribt
Ax Ax four parameters, was selected for evaluatir
P effect of variations in the parameter, sh
t+At 5.4, Thus, the inflow Q at time t des
Q(t) may be described by

13 Atv> ~/gA/B
& Q(t) = Q + Qe

-(t-t )/ (t -t ) t/(t
P g P (t"tp) g

AR 5 e B

in which @, is the constant base flow,
difference Eetween the base flow and the p

Fig. 5.3. Rectangular grid for the solution by the t is the time from the beginning of storm
system of specified intervals, At and peak discharge, and tg is the time from t
Ax: subcritical flow (upper graph), of the storm runoff to the center of mass of
critical flow (center graph), and super- runoff, G. One hydrograph with arbitrary
critical flow (lower graph). Qs Qos tp, and tg was used in this p

the study. The shape along with these arb
v values of parameters are shown in Fig. 5.4.
5.3 Initial and Boundary Conditions

The boundary conditions at the downst
Solution of the two partial differential equations | are generally given by a stage-discharge r
Eqs. 5.1 and 5.2, requires an initial condition and this portion of the study a free outfall ai
two independent boundary conditions. of the conduit was assumed. For the free O
critical flow at the downstream end exists,
Initial conditions. The necessary initial condi-
tions for unsteady free-surface flow are that all

velocities and depths of water along the channel must v -

be known at a given time. In this study, it was LA

assumed that the discharge was constant throughout the g&

reach at the initial time. Thus, the problem can be )

treated as steady non-uniform flow. Velocities and r
depths along the channel were then determined by in which A 1is the cross section area and B
computations of conventional backwater or drawdown top width of the downstream boundary.

surface profiles, depending on the downstream control _
conditions. This procedure used the standard step It was also assumed that critical depth
method. a distance of 4.5 times the critical depth
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t (seconds)
1 1 1
400 500

Hypothetical inflow hydrograph of a Pearson
Type III function, Eq. 5.32, with the
selected parameters: Q, = 6.21 cfs, Q, =
8.00 cfs, tp = 100.00 sec., and tq =
150.0 sec.

This assumption was also applied to the unsteady
with critical depth computed from the base dis-
e, Qp. Therefore, the total distance x; from
he inlet to the downstream boundary is determkned by

- 4.5y (5.34)

L F c -
n which xp is the total length of the conduit and

¢ is the critical depth for discharge (.

For the case wherein the downstream end of the

1 is restricted, it is necessary to know the
tionship between the discharge and the corresponding
h. This relationship can generally be expressed as:
) Q = my" (5.35)
¥hich "m" and '"m'" are constants. These constants
 be estimated from previous experience or computed
measured discharges and depths. In this study,

® constants were experimentally determined for

fic outlet geometry.

34 Comparison of Three Finite-Difference Schemes of

Numerical Integration

L3
ilfthgzéﬁ?ria for comparison of schemes. Comparison
?ihﬂroff ree finite-difference schemes, diffusing, Lax-

Mothod and the specified intervals scheme of the

= of characteristics, for numerical integration
the :::lzuzer‘ solution and the eventual selection of

o siap); esirable ?or particular application depend

t rasu;:}ty' stability, accuracy, flexibility, and

ing computer time.

o M:]I:etﬁ&.ﬁp_lﬁﬁm_ of a particular scheme is related

ﬂ*ﬂ"ﬁthm ¢ algebraic description of its numerical

ihqnifiedand the computer programming involved.

Simplici, algebra, however, does not necessarily infer
¥ in the computer algorithm. The stability

a.g 3 7
Olution infers that the process will coverge to

°f3:1“t§0n— This criterion is satisfied in the
| size01\r1ng the De Saint-Venant equations if the
o theﬁt/ﬂx ratio is less than dt/dx, for any

. ﬁtions_ (x;t)-plane used in the integration

The accuracy of a method in this stud
'Ts t 2 E Y
hat the algorithm will reproduce the initial
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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 there will be good
agreement between the computed and the observed
quantities. The flexibilitﬁ 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 conditions
of depth, velocity, and discharge within expected
physical ranges. Generally, this must include both
the suberitical and the supercritical conditions.
Since numerical procedures at some stage require
interpolations, a computer decision is required to
determine the appropriate interpolation.

Properties of diffusing scheme, The diffusing
scheme is the simplest of the three to develop and is
represented in algebraic form. The stability of this
scheme is assured provided the ratio of At/Ax does
not exceed the absolute maximum value of dt/dx at
any point in the (x,t)-plane.

The accuracy of the scheme, however, suffers
during eventual periods of supercritical flow. This
is because the characteristics intersect at a relatively
great distance from the solution point. Accuracy is
further limited because the dependent variables are
assumed to vary linearly within the interval of 2Ax.
Thus, if the actual value of a dependent variable at
a given x-position is more than the interpolated
value, the computed value at the later time will be less
than the true value. This produces a dampening effect
in time at a fixed location. The greater the curvature
of the free surface the more pronounced is this effect.

To reduce this effect the physical size of Ax
may be reduced, but this increases the computer time
by the square of the number n of distance intervals,
Ax. Subsequent comparisons indicate the diffusing
scheme requires more computer time than the other two
schemes.

Properties of Lax-Wendroff scheme. The Lax-
Wendroff scheme is an improvement over the diffusing
scheme in that it accommodates the curvature in the
variation of dependent variables. This, however,
involves a more complicated numerical algorithm,

The Lax-Wendroff scheme also results in a more
accurate solution in comparison with the diffusing
scheme for the same Ax and At intervals, without
a significant increase in computer time. An indication
of this accuracy is demonstrated in Fig. 5.5. The
Lax-Wendroff method consistently produces the same
depth over a very long period of time, whereas, the
diffusing scheme 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.

Properties of specified intervals scheme of the
method of characteristics. Inherent complications
in the specified intervals scheme of the method of
characteristics are justified by its superior accuracy.
Using this scheme, the points of solutions are at the
intersections of characteristic curves, rather than at
any point within the domain of dependence.
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1
100 110 120 BO |40 150 160

t, seconds

Comparison of diffusing scheme (Dj), Lax-
Wendroff scheme (Ap), and the specified
intervals scheme of method of characteristics
(C) in reproducing the steady initial con-
ditions along the conduit, at the distance

x = 796.7 ft.

28

The linear interpolation of this s
determination of the interpolation inte
accommodate flow conditions in both sube;
supercritical regime. The accuracy of this
demonstrated in Fig. 5.5; it is good when
the diffusing and Lax-Wendroff schemes.
that this finite-difference scheme of the
characteristics produces a rapidly conve
stable value, which is comparable to the
of the Lax-Wendroff scheme.

The non-linear interpolation in the
intervals scheme of the method of chara
for dependent variables along distances
time is an improvement over the linear in
However, linear interpolation is used in ;
results (C) of Fig. 5.5 for this method
istics. i

Based on the previous comparisons an
results shown in Fig. 5.5, it was decided
specified intervals scheme of the method
istics on subsequent computations of anal:



Chapter 6

COMPARISON OF RESULTS OF COMPUTED

AND OBSERVED WAVES IN SUBCRITICAL FLOW

mparison

o computed depths and the observed depths of
ks gp;: moging along a storm drain for the
cal conditions of the conduit and.the same
ay be compared in numerous ways. A visual
tion of the plotted data as the first comparison
in Appendices 3, 4, and 5, provides a
tive comparison. Quantitative comparisons may
. in various ways depending on the comparison
s that are considered important. The basic
jes compared in this study are the depth of
‘2 function of time at fixed locations, and the
. flow as a function of distance at fixed
of time. The computed waves have the same
and boundary conditions as the observed waves.
puted waves are obtained by numerical integra-
‘the analytical equations of the specified
scheme of the method of characteristics,
ed briefly in Chapter 5 of this paper and in
_in Hydrology Paper No. 46. The observed waves
e physically produced in the 822-ft long con-
Comparisons in this chapter refer only to the
in the subcritical flow regime.

The comparison of computed and observed waves in
supercritical flow should not be different from the
subcritical flow, provided the two boundary conditions
at the inlet of the conduit for the supercritical
flow are properly defined. Therefore, any difference
between comparisons in supercritical and subcritical
flow would be only a measure of how the assumed depth-
to-discharge relation at the inlet for the super-
critical flow reflects the real physical relation.

The wave property experimentally observed in this
study is the depth as a function of time at selected
locations along the conduit, A qualitative comparison
of the computed depth versus time and the observed
depth versus time, for a representative case, is pre-
sented in Fig. 6.1. In visual inspection the con-
clusion regarding the degree of agreement is a
subjective decision. A quantitative comparison depends
on the consideration of not only the difference in the
depths at a given instant of time but also the differ-
ence in time for a given depth. A test of agreement
could then be a statistic expressing the difference
in depth at an instant, or a difference in time for
a constant depth, or a combination of depth and time
differences.
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Another comparison was made between the computed
and observed wave depths along the conduit at success-
ive instants of time. The observed values are obtained
from basic data on flood hydrographs at different
positions of the conduit. Figure 6.2 presents the
typical experimental values, and the corresponding
computed curves. These values and curves represent
instantaneous water surface profiles; differences
between the depths at each position may be used as a
comparison, The difference between locations of the
same depth for computed and observed waves also can
be used as a comparison. However, this comparison
does not appear to be reasonable in the majority of
the cases presented in Appendix 3 because of addition-
al errors involved in the interpolation of wave pro-
files along the conduit.

A third comparison is made between the maximum or
peak depths of computed and observed waves by consider-
ing them as a function of both time and distance. The
maximum depth of a wave for a given conduit and for
given boundary conditions is perhaps the most meaning-
ful comparison for the design engineer, because this
depth eventually determines the conduit dimension for
a given design hydrograph. A typical comparison of
the computed and observed maximum depth as functions
of distance and time is presented in Fig. 6.3. Appen-
dix 4 presents these comparisons for some experimental
conditions for the experimental data obtained at the
Colorado State University Engineering Research Center.

This chapter refers only to the gen
of computed and observed flood waves.
puted and observed waves are subject to
general comparison then integrates the e:
sources of errors. Chapter 8 of this pa
a systematic discussion of errors, and ef:
some of the simplifications in the coeffic
the two partial differential equations of
varied free-surface unsteady flow. y

6.2 Methods of Qualitative Comparison

The observed experimental data on phy
subsequently called the observed data, and
numerically computed data by integrating
equations, subsequently called the computed
compared in three ways.

First, waves in the form of depth h
encountered at different points along the
compared. Plots showing the computed and
depths of waves at given locations, as a fun
time, are shown as the first graph of each r
Appendix 3. The graphs in Appendix 3 con
plots at each position that depth measure
taken, as well as a plot showing the inflow
as discharge versus time. The solid curves
computed depths and the plus sign, +, i
observed depth (discrete points delineate
depth hydrographs).
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Fig. 6.2. Type of comparison of computed and observed waves for qualitative comparison by visual ins

of depth versus distance for given times.
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Appendix 3 gives the results only of those runs
puted and observed waves that were conducted at
two conduit slopes, the nominal slope of 0.05 per-

(0.0005) which actually varied after adjust-

n S, = 0.00048 (0.048 percent) to S, =
D (0.055 percent), and the nominal slope of 0.1
(0.0010), which became Sy = 0.000990 (0.0990
, after practical adjustment. For economy of
tion, results of other slopes are not presented
Appendix because it is considered that a small
g slope (0.05 percent), and the double of this

81l nominal slope (0.1 percent) are sufficient to
: e the results of comparison for the subcritical

Second, qualitative comparisons are made for the
dted and observed waves at an instant of time.
th is plotted versus distance, which is also
"D in Appendix 3. In this case, either three or
ifferent times were chosen to represent the waves
fferent positions along the conduit. Again, the
1d curvag represent computed values while observed
are indicated by @ . However, depths versus
"i€€ are plotted from a horizontal line, rather
the slope So. Therefore, some depths
.‘ t0 have negative slopes, which results from the
in which the depths are plotted. The negative
oy of the waves, plotted as function of distance
given time, should not exceed the bottom slope.

__ Appendix 3

il gives the same results of depth versus
red v given instants of time of computed and
hose :“esa_for the same runs and the same slopes
he coz Ven in the comparison of depths versus time
: op“tﬁd and observed waves at given positions.
1t :z remarks at the beginning of Appendix 3
£ A : runs, and there presentation. The re-
1 Eg ndix 3 refer to three particular sets of
en the main conduit is used only with an

B TLPEER 1 7]
= COMPUTED
0 OBSERVED
I
L Ak
E.‘!I.D 1
a
g 0
-]
i ; |
PRGN SRS SRR e | S MR
TIME - SECOMDS

. Type of comparison of computed and observed wave peak depths as functions of distance or time,
for a qualitative comparison by visual inspection.

inflow hydrograph at its entrance; (2) when the inflow
is at the main conduit entrance and at one of the
three lateral inlets; and (3) when the inflow is at
the main conduit entrance and at each of the three
lateral inlets.

Third, the plotted comparison of computed and
observed waves in the form of peak depths (with the
peak depth defined as the maximum depth minus the
base flow depth), versus both the distance and time,
is presented in Appendix 4. The peak depths are com-
puted from the maximum depths attained by subtracting
the constant base flow depth. The time in the plots
of peak depths-versus-time indicate the times at
which the maximum depths have occurred. Base depths
were subtracted from the maximum depths to obtain peak
depths for two reasons: first, to remove the shift
systematic errors resulting from inaccurate measure-
ments of the base depth, and second, to allow for an
expanded depth scale in the comparisons. The computed
peak depths are solid lines, and points indicate the
observed peak depths.

Similarly as in the case of the plotted wave
depth versus the distance for a given time, the peak
depth is also plotted versus distance in the horizontal
line rather than from the line of the slope, §,. Be-
cause the attenuation rate of peak depth is greater than
the slope, S,, the plots in Appendix 4 do not show
negative slopes.

This appendix does give the results of peak depth
versus distance and peak depth versus time of computed
and observed waves for the same runs and the same
slozes as those given in Appendix 3. Introductory re-
marks at the beginning of Appendix 4 also explain the
runs, and their presentation. These runs refer to the
same three cases: (1) inflow at the main conduit
entrance only; (2) inflow at the main conduit entrance
and at one of the three lateral inlets; and (3) inflow
at the main conduit entrance and at each of the three
lateral inlets.
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In these three approaches of comparing computed
and observed waves, the method of comparison showing
wave-depth as a function of time provides the best
comparison, because the amount of observed data is
much greater in this case. Besides, the measurements
of depth are taken continuously in time at different
positions along the conduit. The method of comparison
by the depth versus the distance shows the shape of the
entire wave at different times as it traverses the
conduit.

Even though the depths are plotted from the
horizontal line and not from the slope, Sg, this
second method of comparison shows how the wave becomes
steeper, changes shape, and attenuates with time.
However, in this case, there are only as many observed
points as there were observational positions. The
comparisons of peak-depth versus distance and time
are illustrations of the rates of attenuation of
various waves. Here again, there are only as many
observed points for comparison as there were observa-
tion positions.

The comparison of wave forms as a function of
time and as a function of distance are dependent
upon their respective origins. The computed wave
forms are based on the time origin defined by the
start of the inflow hydrograph at the beginning of
the conduit reach or at x = 0.

The observed wave forms were the consequence of
an inflow hydrograph as recorded at the measuring
orifice. The orifice was upstream of the assumed
beginning of the channel, and in a full conduit flow.
This was necessary because of the baffles and transi-
tions from the closed conduit flow to the conduit
free-surface flow. However, this approaching length
introduced the effect of a time shift in the boundary
condition of inflow hydrograph, roughly equal to this
conduit section length divided by the mean velocity.
This condition also tended to modify the hydrograph
shape due to the change in storage in the free-surface
portion of this transition section. No direct
quantitive evaluation of these effects was attempted.
The comparisons that are made attempt to reduce the
difference in the time origin by shifting the computed
depth-time wave so that the peak depths of the com-
puted and observed peaks coincide.

6.3. Results of Qualitative Comparisons

A review of various graphs in Appendices 3 and 4
reveal some patterns that warrant a brief discussion,
though the discussion is based on visual inspection.

Many depth hydrographs (depth versus time) at
given conduit positions show significant shifts both
vertically (shift in positions of base flow depth)
and horizontally (shift in time of the peak) in the
case of both the inflow at the main conduit entrance
only, and the inflows at the main conduit entrance and
at one or at all three lateral inlets.

Two main reasons can be cited for these differences
for the subcritical flow regime and the inflow hydro-
graph only at the main conduit entrance. First, the
constant vertical depth difference between computed
and observed hydrographs results from an error in
the measurement of the base flow depth. It was also
possible that the transducer output was not zero
for the base flow depth. This resulted in a constant
shift of all observed depths, but this is easy
to eliminate, provided the observed base flow
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depth is shifted to coincide with the
flow depth.

Second, the constant time shift bety
puted and observed depth hydrographs may
result of an error in determining the time
wave passing the flow measuring orifice
x = 0 position of the conduit. Besides
the observed time at x = 0 and the co
time at the same position may result in a
time shift. This constant shift can alseo b
for the sake of comparison. |

Both the depth and time constants s
various runs, with the inflow at the main
entrance only, were not corrected in pres
data in Appendices 3 and 4 in order to o
qualitative and quantitative comparisons,
present experimental, systematic errors,
as such in comparison. However, these syst.
errors or shifts are mainly in the observe
observational errors.

For the systematic shifts at depth h
in case the inflows are both at the main
entrance and at one lateral inlet only, or
three lateral inlets, an additional shift
the error in estimating the heat losses at
boxes. Because the differences of head 1
boxes between the computed and observed
in the case of three lateral inlets, and
they are superposed to the systematic shifts
base flow depth and the time, the systema
difference should be either larger at the
part of the conduit and smaller at the do
part, or the opposite, depending on wheth
systematic errors in the estimates of head
of the same or opposite sign as the base £l
and time shifts. F

Similarly, for the shifts in depth
given positions, the shifts both in depth
are identifiable for the wave profiles as
versus distance representation for various
Appendix 3 clearly demonstrates these various
However, it is not easy to determine which
shifts predominates and should be taken into
The difficulty of determining the shifts i
by the way of plotting depths versus distan
they are plotted from the horizontal line rat
from the corresponding slope line (SQJ.

Similar systematic shifts are shown fo
parison of peak depths versus distance or p
versus time between the computed and observe
(Appendix 4), as it was shown for the two
qualitative comparison by visual inspection.
these shifts for peak depths seem to be T
smaller, on the average, than for the total d
hydrographs or total wave profiles along the
This should be expected since the constant
the base flow depth and in time should have
relative effect on the maximum depths, and
on the peak depths.

The hypothesis that the systematic trai
oscillations of the wave in the free-surfac
duit flow, or that standing wave phenomenon
occurred along the conduit, thus producing th
tic depth shifts, must be assigned a smaller
than the unaccounted shifts in the voltage
transducers. No significant transverse 0SC
were observed, however.



nspection of graphs presented in Appendices
following general conclusions:
i nto account the systematic depth
m s:::%:gii observed waves, the agreement
.thc computed waves, which are obtained by
i cified intervals scheme of the method
the :s:stics, and the observed free-surface
which are recorded in the 822 ft long condgi?,
snably good. This good agreement is surprising
yarious sources of systematic and random errors
¢the computed and the observed waves.
The attenuation of flood peaks along the
t or in time, which is the most practical design
of the comparison of computed and obsgrved
also shows a very good agreement provided the
jc shifts are taken into account or corrected.
. 3) Because of effects of systematic errors in
e experiments, it is likely that these errors, on
erage, are either of the same order of magnitude
the larger magnitude, than the difference be-
the analytical waves (waves accurately inte-
 £rom the two partial differential equations)
physical waves (true waves in the conduit
t systematic and random errors). Therefore,
ove comparisons can not detect the differences
n the analytical waves and the physical waves,
result from basic assumptions in the derivation
continuity and momentum partial differential
uations of gradually varied free-surface unsteady

m’?::ﬁ: to the

4) In general, the waves computed by the
gration procedure in this study, using the most
ete partial differential equations, should be
ered sufficiently accurate for all practical
pses of storm drain design.

Depth Hydrograph
Area = [ ydt

Centroid of the
Depth Hydrograph
_JtdA _ ftydt
JdA Jydt

LY » Base Flow Depth
"‘"-—._._________ t

~—tp |

I 3“8. 5k

Definitions of basic magnitudes
of the wave-depth hydrograph.
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Table 6.1.

6.4 Quantitative Comparison of Results by Depth-
Versus-Time Relations

The computed and observed depth-versus-time waves
at a given point were compared in five different ways
The definition of terms is graphically presented in
Fig. 6.4. These terms are:

(1) The depth hydrograph area (the total area
under the wave hydrograph minus the area of the base
flow hydrograph);

(2) The first moment of the depth-hydrograph area
about the time of the maximum depth;

(3) From the first moment, the time from the wave
peak to the centroid of the depth hydrograph area is
computed with t. defined as this characteristic time
of the depth hydrograph,

(4) From the second moment the standard deviation
of the depth hydrograph area about the time of the
maximum depth is computed by

]
It2 ydt
i B[ e

P | fydt

with A the area of depth hydrograph; and
(5) A dimensionless parameter defined as the ratio

(6.1)

R = (6.2)

g
2]
7

The areas of depth hydrographs provide a bulk
comparison without regard to the distribution of the
depth hydrographs. The first moment about the peak is
a measure of symmetry; t. 1s an indication of

Quantitative comparison by five parameters
of computed and observed waves at given
three conduit positions, with no correc-
tions for shifts in observed waves.
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Table 6.2. Quantitative comparison by five parameters of computed and observed waves at given six conduit
positions, with no corrections for shifts in observed waves.
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A negative tc indicates that a majority
d;pth hydrograph lies under the ascending limb,
jve t indcates a similar condition under
itbendi“g 1imb. All but two of the computed t,
ﬂasuere positive, as shown in Tables 6.1 and 6.2.
andard deviation of the depth hydrograph about
oy, is a measure of the dispersion of
"‘::forg about the peak, and the closeness of
computed O to the observed o, indicates how
: couputgd depth hydrograph mgtches the observed
: hydrograph- Similarly, the ratio R measures
closeness of the computed and observed hydrographs.

These same five comparisons were also made with
served peak depths shifted in time, so that the
ed time, tc, from the wave peak to the wave
troid was the same as for the computed value of
" This was done because the first and second moment
isons are dependent upon the position of observed
and because the fluctuations of observed depth
uch that most waves had several points that
have been specified as the wave peaks. Thus,
s time to centroid of the observed and computed

s were made coincident.

In general, the time shifts necessary to equate

t_  values for computed and observed depth hydro-
hs were less than 5 seconds. The comparison of
parameters for the corrected times of peaks of

ed waves are given in Tables 6.3 and 6.4. The
listed in Tables 6.3 and 6.4 are positive for a
. toward the time origin and negative for a shift
from the time origin.

Computed and observed values for all five para-
are plotted for no shift in Fig. 6.5 and for

d peaks in Fig. 6.6. It should be noted that the
its in these figures are not independent. That is,
® are either three or six related points for each
which all make up a related group within the points
of these figures.

... The depth hydrograph areas are not affected by the
SHETs in peaks and so both of these comparisons are
o proximately the same. The only differences result
Hig ;h: condition that points were not plotted in
B 0.6 for any of the parameters if any one of them
... '°8ative. Thus, whenever a shift in a peak elimin-
- :::tnegativg value in the parameters of compari-
5-6.but Comparison will appear in the plots of Fig.

: Mot in the plots of Fig. 6.5.

that E:mparlscns of the hydrograph areas are consistent,
iy er;uiearly all the values fall within the *20 per-
.“hifted ;furves, as shown by Figs. 6.5 and 6.6. The
Seatter “1TST moments, however, show considerable

30 peréezlth nearly 50 points falling outside the
Obseryeq t error curves. The effect of shifting the
Outsige Peaks results in reducing this number of

the 350 Points to only four, most points moved within
Puteq angergent érror-curves. The plots of the com-
Waye hydroo served times from peaks to centroids of
shifte bgmphs show almost a random scatter for no
sk Observed peak times, and no error for the

ti {5 :
imes, by definition. The comparisons show

the
F M:‘:’;":rﬂ deviations of wave hydrographs about
I’%"“-enve?' for most data, within the +20 percent
| PﬁrcentOPES for the unshifted points, and within
. Simifrror-envelop?s for the shifted observed
are scattarly' comparisons of the ratios of Eq.
e Errorered but they are generally within 30
£20 g “Curves for the unshifted peaks, and with-
éNt error-curves for the shifted peaks.

The comparisons in Tables 6.1 through 6.4 and
in Figs. 6.5 and 6.6 refer only to cases that treat
the inflow of water only at the main conduit entrance
as presented in Appendices 3 and 4. They do not refer
to any inflow through the three lateral inlets.

Results on the runs that do involve inflows
through lateral inlets are not summarized in the form
of quantitative comparisons of the five parameters of
comparisons, because of difficulties of applying the
parameters as defined in Fig. 6.4.

6.5 Quantitative Comparison of Results by Depth-Versus-
Distance Relations

The computed and observed waves as seen at an
instant of time were compared by measuring the de-
viations between the corresponding points of computed
curves and the points of observed waves at the positions
of observation. These differences are listed in Tables
6.5 through 6.8, They give the depth deviation either
at three or at each of six positions, x = 50.00,
254,24, 387.70, 462.56, 669.89, and 771.55 ft; absolute
average deviation of the six points for each instant in
time; and the ratio of the average difference of six
differences to the conduit diameter. The mean of this
ratio of the average difference versus the diameter
for all runs and all times is 0.0256. The standard
deviation of all differences is 0.0954 ft. Thus, if
the distribution of these deviations is assumed to be
normal, this last figure indicates that 67 percent of
the computed points will fall within 0.0954 ft of the
observed points. Again, the comparisons refer to rums
for inflows only through the main conduit entrance.

6.6 General Comparison of Results by Wave-Peak-Depth
Versus Distance and Time.

In Appendix 4, the computed and observed wave-
peak depths are shown plotted versus both distance and
time. For a quantitative comparison, the five para-
meters as defined by Fig. 6.4 are not applicable.
Therefore, it was decided to make general visual
comparisons of computed and observed data, not only for
the observed data in this study but also with other
data, on the rate of attenuation of flood peaks along
free-surface flowing circular conduits. For this
purpose, data on the attenuation of flood waves in
partly full pipes, obtained experimentally at the
Hydraulics Research Station, Wallingford, Berkshire,
England, were used [4,5].

Graphs in Appendix 4, as stated above, are com-
parisons of computed and observed data on peak depth
attenuations with distance and time as obtained in
this study. The summary of experimental data obtained
at Colorado State University, used for this comparison,
are given in Table 6.9. Similarly, the summary of
experimental data obtained at Wallingford, and used
for this comparison, are given in Table 6.10. The
graphs in Appendix 5 give the observed attenuations of
peak depths versus distance or time of the Wallingford
data and the computed attenuations by using the
specified intervals scheme of the method of character-
istics. These computations were made by using the
inflow hydrographs of the Wallingford Report No. Int.
31, Fig. 2 of reference [4], for the conduit condi-
tions used in the Wallingford study (3 inch diameter
and a 300 ft long). The comparison of computed waves
and observed waves at Wallingford was possible only
for the peak depth attenuations, because this was the
only dynamic wave data available in the report.



Table 6.3. Quantitative comparison by five parameters of computed and observed waves at given three g
positions, with corrections of observed peak depths shifted in time.

TOTAL AREA OF WAVE FIRST MOMENT OF TIME FROM PEAK TO  STANDARD DEVIATION OF
FORM ABOVE BASE ARCA ABOUT PEAK  CENTROID OF MAVE FORM MAVE FORM ABOUT PEAK

RN SHIFT (FT-SEC) (FT-SEC2) =14 £ 4]

2. 1SEC) OPSERVED COMPUTED  OBSERVED COMPUTED  OBSERVED COMPUTED  OBSERVED COMPUTED  OBSERVED
B24ARS! 5.18 2.69 2.3 28.3%6 24.%0 10.53 10.54 22.7% .01 2.163
B24RS! 2.47 1.76 1.39 18.28 14.39 19.56 10.37 9.99 21.66 964
B2ARS!  -20.42 .02 .64 -.18 5.90 9.20 9.19 5.91 15.06 .643
B243S2 5,40 26.47 24.36 490.58 451,45 18.53 19,53 38.55 49,08 2.080
B2AS2 1.2% 21,41 10.76 592.08  518.91 27.65 27.66 40.90 46.01 1.479
B2aIS2  -4.04 10.56 15.94 502,180 499,78 51,36 51,36 42,08 44,19 1.342
p2AlsSs  -2.%8 59,52 36.17 800.87  736.%2 20.%7 20.36 45,74 51.22 2.245%
B2A0SS 3.64 51.65 20.78 098.12  B16.75 20.%7 20.%8 47.29 47.45 1.667
B2a0ss  -4.72 28,13 24.42 956.51 748,22 50,44 30.44 44,34 .7 1,457
LI H 16.90 1.68 5.42 52,82 67.50 19.66 19.66 21.9%% 54,25 1.088
B3ALS! 1.70 1.44 1.84 18,42 19.79 10.74 10.74 12.17 18.04 1.1354
B3ADS! -4.04 -3 L 1.43 -.44 -3.94 -3.94 5.94 4.16 -1,090
B3ANS2  -1.32 15,64 15.98 .59 56.04 2.26 2.26 19.48 20.74 8.612
B3AS2  -10.50 15.96 15.51 151,19 144,14 10.0% 10.8% 26.38 21.98 2.436
B3A0S2 5.56 135.62 14,01 294,18 %02.7t 21.60 21.60 50.63 51.78 1.418
P3ALSS 5.18 55,23 36,45 689,61 786,71 20.78 20.76 435.18 52.78 2.980
B3A0SS 2.47 20.47 51.24 743,41 215,00 26.11 26,12 43,02 50.87 1.648
B3A0SS  -5.T0 5.7 28.27 559,79 615,57 21,77 21.77 35,47 39.61 1.629
C24052  -0.0% 49.98 35,16 902.71 691,87 19.67 19.67 49,71 49.72 2.527
t2aps2 -8.T 55,23 20.93 1059.19  935.67 29.50 29.50 46.98 49,33 1.572
C2a082 6.73 55,10 24.51 1212.62  846.01 84,55 34,55 40.08 47,91 1,418
24089 -12,29 67.03 46,61 T, 18 498,54 10.48 10.40 44,24 59.087 4,220
C2A055  =14.%1 84,09 $8.59 1150.6%  820.66 21.27 21.27 43.54 59,15 2.047
C2A05%  15.66 50.74 35,99 147T7.61  1047.96 29.12 29.12 48,91 43,02 1.577
C3A0S! 1.08 8.77 10.17 $5.97 111,30 10.94 10.9% 25.29 31,35, 2.511
C3ADS! -1,46 7.16 7.64 100.10 106.80 15,99 15.98 24.97 26.56 1.78%
C3ADS! 0.29 4.08 6.1 80.55 119,47 1.5 10.35 22.99 26.43 1.25%0
c3A082 .08 25.44 26.9%9 391,60 441,23 16.71 16,72 38.42 41,89 2.299
C3A0S2 4.00 15,00 21,06 361,75 479.90 22.70 22.78 35.34 39.08 1,464
4. 711+ 6.40 19.%0 19.61 827,90  565.72 20.0% 20,05 37.46 39.67 1.298
CSA0SS  -4,73 35.67 39.61 328,92  365.09 9.22 9.22 52.29 35.54 5.502
CSA0SS 1.69 20.03 52.59 856,10  607.67 10.64 10.65 55.13 54,05 1,777
C3ANSS 7.87 52.%6 51,63 043,06 019,04 25.09 25.09 57.34 37.63 1,442
D2aRSt  T1.3p 20.97 42,98 664,22 1367.17 $1.82 51,83 78.2% 61.48 2.564
D2ARS1  27.37 25.97 s.0 1215,60 1675.06 46.01 46,01 58.77 69,11 .828
D2ARSt -5,4% 32.9 26.13 1520.02  1210.90 46,54 46.34 60.14 62.17 1.200
D2A0S! -7.87 42,73 55,07 1006.42  925.M4 29.55 29,58 53,53 52.02 2.27%
D2A0S! -.08 27.49 29.14 1056.49  1090.51 7.1 57.M 55,46 59.9% f.471
paasst  27.m 26.47 25.%9 191.95 901,79 41,61 4,62 53,01 86.11 1,298
D2aiss  -5.88 (18]] 7.0 1791.94  1814.90 19,44 19.44 49.13 50.61 2.%27
D24ASS -8.49 64,58 [ N ] 1906.36 1999.06 29.53 29.53 49,18 82,43 1.664
D2ANSS 27,12 2.1 37,43 2219.86 2028.00 5.26 %.24 80.26 81.70 l.ll_l
DSADS! 2.7 15,53 17.58 180.05  206.9% 1.0 11.79 51.32 52.350 2.656
D3ANS! -.66 11.82 14,08 185.19  225.8% 15.90 15.89 27.93 29.44 1.719
D3ADS! 8.20 10.63 .07 220,78  246.43 20.76 20.76 26.91 29.34 1,296
DSAGS2  -3.17 83,91 80.22 1136.27 1226.95 21.08 21.07 50.12 51.58 2.578
PEi0s2  -6.09 42.02 80.09 1260.54 1502.%6 30.00 30.00 55,53 53,45 1.784
D3AOS2 6.06 41,19 45,10 1298.77  1410,68 S1.46 31,46 45,7 49,89 1,455
D3ADSS =T 67.07 74.63 1064.49 170,52 15.68 15.60 44,54 46.86 2.840
D3ADSS 1.9 s2.21 63.50 1225.50  1409.76 25.43 29.49 45.%6 a7.20 1.944
D3AISS 1.99 84.99 0.9 691,05 740,40 12.87 12.87 53.21 57.96 2.643
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Table 6.4. Quantitative comparison by five parameters of computed and observed waves at given six conduit
positions, with corrections of observed peak depths shifted in time.

TOTAL ARCA OF WAVE FIRST MOMENT OF TIMC FROM PLAC 7O STANDARD DEYIATION OF TOTAL ARCA OF WAVE FIRS: MOMENT OF TIMD QR Pz To STANDARD DEVIATION OF
FoRM ABOYVE BASE oL CENTROID OF MAVE FORM WAV mn:t:om PLaAx mtio FoRm ABOVE BA [y m :m u:umn'c n:m: FORM  MAVE 'mu:.'w PLAK maTL:
19001 I3 "y (FT-8EC2) 1SECH
COMPUTE ORSERVED COMPUTED  GOSEMVED COMPUTED  OBSERVED CoMPU/TEM ». OBSCAVED  COMPUTED WSER.ED CLIPUTED
15.48 15,48 0.0 (BT | 121924 1195.54 5.57% 8.42%
16,12 tos 1517.%0 129018 2.78% 2.403
0.0 T3 1451.32 M2.T6 2.447 2.4%
0. t 1 1229.68  1277.93 2.269 2.32°
%2 11y 1452.29  T4DR.B4 TR 1,548
T15.98 26,19 11 145415 145461 1.028 .
912,23 1697 19913 §36.5% 077850 5640 3.3
112895 22.57 13 1234.62 12%6.00 2.47 2.47%
1148, 74 .66 19913 134578 117501 2.%52 2.3
104008 2.8 19913 2.2% 2.1
1324.80 .02 "3 1.927 1.¥58
117613 .. 1”3 1.836 1.0
1004, 49 " [ S18.351  ~15.595
1572.7% 271.87 [ B | 154,213 145,108
141158 5N [ 16.47% 17,929
1555. 7% 52.5 | ] 11.469 11,637
1522.84 L 8 1 | B | T.006 7726
1516.13 6.2t 51.9% " 12,750 13.914
n.n 55,82 L . 1.662 .15
.5 54.56 L | . 1.682 1.72%
2.0 5. | . | . 1.478 1.583
54,46 85,55 [ 52,58 1812  1.851
36.42 54,72 | 52.79 1.272 1.413
.M 82.79 U 46.27 .50 .98
[ N1 a.n R 2006.60  27I0.66 T7.98 1.97 2.4
6.9 40,48 » 2 964,32 2902.00 .68 1,714 1,781
37,78 y 2 298,09 BT B 1,555 1.647
57 | B 53T 2190 .5 1,545 1.604
v 2 262,00 BN e B 158 1,591
» 2 1742.7% 15044 3.5 1.638 1.644
y 3 w.n 46.72 .13 5.
L | 9.5 1049 2,808
L] 2. " 1846 2,149
mz.n » 3 ".2r ", 1,504 .Me
nT.s 3 wn LT 12
nn.a | I | .n .mn .51 1.49%
e L} 4. 25 5.7 3.7
.n | B ] a2 2.08% 2.1
0.5 L a2 290 2.9
23.% L "M 2.45% 2.4%
ne.e L .62 ENTTI AT
wm.» L] .57 X 2.5
m.n
™.
5. 57
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B24RS!
B2ARS!
B2ARS!
B2arst
B2ARS1
B2ARS!

B2a0s2

B2ADS2
B2A0S2
B2A0s2
B2a0s2
B2ApS2
B2A0S2
824052

B2A0s3
B2A0S3
B2A0SS
B2A0SS

BEpEEREEE EEpEEEEE B pmem
ZRB2 ZRR2C00E 988 ZhERR

TR

50.1%
60.26
90.40
120.13
150.26
180.40

.12
60.25
90.01
120,14
150.26
180.05
210.18
240.28
270.04

30.27
60.20
90,13
120.05
150,53
180,26
210,18
240,11
270.04

Table 6.5. Qualitative comparison of computed and observed depth-versus-distance wave profiles,

= DIFFERENCES [N FEET BETWEEN OBSCRVED AND COMPUTED POINTS -

=044
197
«h221
Jan

POSITIONS
3

-. 688
- 1651
=.0514
=17
-. 0581
-.04n2

-. 01589
~. 0464
~. 1564

2052
=579
~. 0244
-. 1203
~. 0341
~. 0377

=. 0508
= a0
= 0513

2612
=, 0539
= 0200
= 0181
=37
=135

+0097
240
0225

0168
188
200
023
Wh201
0259
o209
0204

J0122
0200
I'l“
ST
«H009
199
«0268
«0247
2N

AVERAGE

A718
0653
0594
« 0560
619
0638

0742
0784
L4743
1054
0518
04353
0540
.0512
0524

0478
AT1E

0852

AVERAGE/DIA
RATIO

02452
12233
02051
81915
Q2116
02182

02555
02678
02540
03534
L1770
01480
01846
01748
L1792

01624
02441
« 02844
04420
01909
01606
01824
01953
01922

00568
L1012
00724

02540
00806

JA00eT

t2a082
C2a0s2
C2A082
c2a082
(2a0s2
c2a082
c2a0s2
c2a082
c2a0s2

C2A053
C24083
C240S3
(24083
C2A0S%
C24083
C24053
(24053
C2A0S55

C340S1
C32081
C3A0S1
C3a051
34051
C3a0s!

C3A082
C34052
C54082
C5A052
€34052
C34052
C3A082
C34052

C54055
C34053
C34083
C34083
C34053
C34083
C3A083
C3A083

T

50.21
60.08
90.29
120,16
150,05
180.24
210.11
240.32
270,19

5.1
60.22
90,00
120,11
150,22
180.01
210,12
240,23
270.01

30.09
60.17
90.26
120.34
150.08
180.16

.20
60.07
$9.27
120,14
150,01
190.22
210.09
240.29

50.08
60.10
#.18
120.20
150.29
198.29
210.02
2.7

5.0
60.17

150,00
180,16
210.24
244.53
.

= DIFFERENCES IN FCET BETHECN OBSERVED AND COMPUTED POINTS -

0606
2474
- 1789
- 1654
-.2214
=. 2294
2419
~.2522
-.2596

0963
-.208%
~.2229
-.2514
~.2767
~.2073
-. 5240
= 3442
= 3496

-.0083
L0798
0844
0821
0718
ATdR

H121
0878
0856

-. 2269

«2633
-. 2694
- 1127
- 1632
- 1613
- 1726
= 1603
=179

= 1961

142
=. 2400
= 4041
=, 116%
= 1709
-. 1808
= 1933
~.2509

L0476
L0667
0512
4708
779
07

ATdd
=005
0099
0198
0369
0330
L0342
0472

1867
0442
~. 0329
<0106

POSITIONS
3

-.2050
=.2015
=. 1982
-. 1588
1503
= 1046
=117
- 1367
-, 1439

- 1703
-, 1656
- 1657
= 1704

AVERASE

Wi 642
«2374

AVERAGE/D1A
RATIO

05610
L0811
07365
04977
05866
« 05641
« 15995
06257
06645

05271
06588
ATI37
05536
05599
06230
06976
07807
08509

01359
.02523
02285
02165
«02595
Q2034

01625
01775
01753
02185
02160
02095
Q2030
.02333

.ooese
Q1140
00740
00753
00384
0167
00186
00504

06427
08021
05222
04004
45517
01827
01867
J2110
01582



Table 6.6. Qualitative comparison of computed and observed depth-versus-distance wave profiles.

« DIFFERENCES IN FEET BETMEEN ODSERYVED AND COMPUTED POINTS - = DIFFERENCES (N FEET BETWEEN OBSERVED AND COMPUTED POINTS -
POSITIONS AVERAGE/DIA POSITIONS AVERAGE/DIA
RUN e 1 s 4 ] B AVERAGE RATIO N T 1 2 5 4 L] B AVERAGE RATIO
D240S1  50.2% -.1168  -.1819 -,1729 «1872 « 05572 T3 20.15 0401 -.0204 L0626 -.0277 G619 Jh2114
D2A0ST 60,12 -.0189 .23 -, 1771 1436 L4906 T3 40,20 ~.0127  .0%84 L0929 -.0182 ATI4 02439
D2A0ST 90,01  -.0563  -.1001  -,1788 1382 04724 13 60.12 -.0204 -.0903 1575 0425 0843 02881
D2A0ST 120,24  -.0085  -.1TTB  -.1909 1524 05218 13 80,27 -.0270  -,1669 -.058% -.1580 L1250 04204
D2AOSI 150,15  ~,0657  -.0958 ~.100% - 0873 -22983 T 5 100,10 =.0268 -.1108  .0450 ~.0576 L5875 02999
D2A0ST  180.02 -.0812 -.1040 -, 0903 0918 03138 8 120,24 0152 -,0637 L0547  -,0822 0943 05222
D2A0S! 210,25  -.0891  -.1050  -.0646 - 0865 - 02957 T3 140,07 -,0209  -.0%91 L0963 -, 0102 L0545 01861
D2A0St  240.14 -, 0997 ~.1187 ~Q0TT0 0975 03331 e L0485 01687
D2A0S! 270,03  -.1072 -.1168 ~-.078% 1000 05444 1y 0749 02561
4 Ty 1005 03434
D2a0ss 50.26  -.1501  -,1278 -, 1146 1268 £04334 1 3 000 3448
D2A0SS  60.21 -.1018  -.4%00 -.1250 2249 07686 nE L0807 085932
D2AOSS 90,17  -.0081  ~.2101 =,1217 JA116 03818
D2ADSS  120.12  -.0906  -.1BT1 -, 1635 497 05117 L L0783 L0250%
D2ADSS  150.07 0TI -.0000  -.0208 0568 01257 1 4 L0760 02620
D2AOSS  180.02  -.1067 -, 11011 -, 0529 0836 +02855% | BV | L1188 05557
D2A0SS  210.20 ~-.140% -, 0089 0142 o011 02772 By 1050 L03590
D2A0SS 240,25  ~,1550 -, 1061 -,0422 L01 03458 T L1035 03538
D2A0S3  2TP.19 = 1TID =, 1157 - 0dPd g4 03807 1 4 1020 05407
I g 0957 05202
DSAOST  38.26 -.0196 L0658 0304 L0385 01316 P 0508 01735
DSAOST 60,19  -.0142 L0471 0378 L0529 01124 1 4 L8527 01800
= D3AOST  96.12  .0399 -.0063 3066 L1176 04018 il L0618 02102
= D3A0ST  120.0% 0558 4317 -.0272 L0448 L0155 LI +4561 H1916
DSAOST  150.51  .0%9% 0664 0290 L0449 01534 Tl 0513 01754
DSAOS! 180,24 L0565 0593 L0848 NTH] 01438 5 ik 1156  =,1968 0665 02278
 Jelit =.0507  -.1928 6552 01886
D3AOS2  S0.11 -, 0455 L0625 L0382 0488 01667

D3A0S2  60.22  -.0652 -.0143 0512 0436 01489 g AT82 L0824 0am 02997
DSAOS2  90.02  .0706  ~.1284  -.0200 A720 02461 B L0313 L0ede 0749 02559
D3AOS2  120.13 0356 0586  .0-%4 L0299 L01p21 1. L0804 L1798 L6148
D3ADS2 150,25 L0492 0468 0139 L0366 01251 1="p 0074 L0611 02089
D3AOS2  180.0% L0509  L0TIS L0362 0462 01579 1'=18 1236 1419 04850
D3A0S2 210,16 L0206 L0607 L0627 L0537 01834 1 0138 L0304 01040
DSAOS2  240.27 L0524 L0736 L0642. 0567 .01938 fioig 0458 0442 01511
DSAOS2  270.07  .0205 0626  .06%2 0521 01779 1 0276 L0408 01393
S 0443 0381 01130
DIAOSS  50.10  ~.0%40 0366 0360 0358 18 0450 0469 01602
D3AOSS  60.21  -.0327 -.0560 4578 0408 1o 0518 0440 01804
DSAOSS PO = 0260 1206 -.1360 0638 1 0 U578 N1 01208
:lul! li:.g = 0210 = 0240 L0108 .:z;z 1 0 L0582 4572 N1Fi
54053 184, L0161 1 e 1597 0330 01126

D3A0SS 100,02 0169

D3AOSS 210,19 0027

DBAOSS 240,28 L0086

s 2 . 2
D3A0SS 27004 <0100 -.B220 .MM A48 080
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LA L E-E R 2 -2 -2 -0 5 & X 1%

TIRE

20.00

40,186

60.24

80.32
190,07
120.15
149.23
160.51
18007
200,15
a20.23
2.3
260.06
200.14

20.2%
40.19
60.13
80.07
180,01
120.26
140.20

Table 6.7.

« DIFFERENCES [N FLET BLTWEEN OBSERVED AND COMPUTED POINTS -

0020 -.0132

079 -.0212
- 1002 1538
1113 -, 0549

Q278 -a0TH!
-.0520 0065

0625 0206

AT -7

0318 -, 0136

s A172

L0095 0216

0016 O3
= 0077 -.0084
0042 ~.0090
2790 2092
L1507 2071
+0552 «202%
= 16T 1603
1321 -, 0576
0421 0274
0692 03550

POSIT;UNS

415
L0449

-, 1351
= 4TS

0087
0073
L0018
0236
= 1281
=.1211
0034
-.0030
= 0001
=001
0060
Nl
L0141
0016

2307
2296
2290
073

- 0472
-, 0485
= 0440
-. 1596
L0088
-.0813
-. 0944
= 1116
-.0165
-.0019
~.0579
-.h227
=072
=123

1874
1959

“u

L]

AVERAGE

0407
L0464
1349
0521
0817
0526
0521
0391
0245
0252
0512
0236
0224
0195

L2452
2250
2198
3152
1573
1896
0643
N724
T84
0829
LA753
AT
A727
0655

+ 0651
0727
ST
1437
<1514

AVERAGE/DIA
RATIO

01389
.01587
L04610
01780
02791
01799
01780
.31538
00837
00792
01065
L0806
0767
00658

08381

Q7690
ATd54
JHATTH

06744
06480
02158
02473
.02680
02832
02708
02396
J02484
hz22s

»02225
02483
QdBdd
04909
05172
JA15%8
01676
Q1576
00772
«00883

- . - -

O T R P G
-
~

T

20,11
.21
60.32
0.1
103.20
120.%1
140,09
160.19
.

20,18

40.04

60,22

00.08
190.2%
12e.11
140,29
160.1%
180.0
200.19
220.0%
240,25
260.09
20m.27

20.16
40.01
60.17
80.03
10019
120.04
140.20
160.06
1980.22
200,07
220.23
240.09
260.25
0.1
20.12

Qualitative comparison of computed and observed depth-versus-distance wave profiles

* DIFFERENCES IN FEET BETWMEEN CBSERVED AND COMPUTED POINTS -

=.02z21

1631
- 1490
=770
=.0279
~. 1550
=188
~.022%
000

= 0396

739
=.0228
=.2508
0798
=400
= n
= 0640
= 0147
=958
=.0553
-. 1505
=, 1565
- 0834

POSITIONS

=.0022
016
2207
- 1550
0148

[ ]

AVERAGE

0509
0586
L1138
AT4)
0518
0524
0314
0295
0318

0564
0495
102
0072
0965
Q822
0587

0452
0373

A7
0422
<0641
0616
0935
776
0940
0340
0420

«0335
236
4316
«0268

AVERAGE/DIA
RATIO

L1740
02002
03888
02534
N Tkl
LT
Q10T
Q1010
01008

01927
01692
03767
02080
03292
2808




Table 6.8.

= DIFFERENCES [N FECT BETWEEN OBSCRVED AND COMPUTED POINTS -

00858

Qualitative comparison of computed and observed depth-versus-distance wave profiles.

= DIFFERENCES [N FEET BETHEEN OBSERVED AND COMPUTED POINTS -

POSITIONS AVERAGE/DIA POSITIONS AVERAGE/DIA
RN T 1 2 H 6 AVERAGE RATIO RUN TI™E 1 L 4 5 [ AVERAGE RATIY
5 1 20,08 122 -.0462 A7 0500 0395 Q1349 » 3 20,16  -.0002 -.0481 L0185 =.0652 -,0419 0336 NARES
| I | a1 ATIE L0404 0551 0454 0479 01637 » 3 40,52 LA119  ~.0403 0259 - 0616 ~-.0598 0353 01236
[ B | 60,16  ~-.0096 0620 0442 + 0569 0445 01519 » 3 60.13 - 0017 -.0146 0256 =573  -.03%80 0267 20913
8 1 s0.22 .0102 -.0185 1024 L0554 0529 01839 9 3 80.29 L0045 -.0801 L0169 -.0609 -.8%72 0312 L01066
o 1 .27 D291 0950 0296 0532 0599 02048 » 3 o0 L0250 -.0302 0580 = 0479  -.0545 0361 01234
0 1 120.32 L0454 -.0369  .0038 L1163 L0878 03001 $ 3 120.2% L0176 -.0371 0486 -, 1163  =,0427 04T L1610
| B | > 195 0528 0698 .02586 P 5 .07 Q068  -.0436 0298 = 0609 ~-.0391 «0353 01159
| I | 0639 JOadt Q617 02108 » 5 160.22 118 -, 0255 + 03566 0346  -.0u4d 0279 00952
Sy 0584 0497 AT 02428 5 1e0.03 0053 -.020% 0348 - 0601 -.0288 274 00936
| B 0363 0284 0523 01787
E 2 L0639 L0189 L0382 01325 9 4 20.19 0055 0469 014 -, 0467 0157 L0240 .00819
(I | 0736 L0525 0396 .01355 9 4 40,05 L0424 -.040% LUIRQ = 0507 L0189 0307 01048
[ 797 0595 0376 .0128% P 4 60.25 L0485 L0441 023 -.0434 L0247 L0309 L01054
| &) 0788 0638 L0340 01163 4 809 -.002% 0230 AT = 0463 0261 0348 01188
a1 0676 0768 .0532 01153 9 4 10020 - 0341 -.0364 0425 . 0425 0267 035 01182
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The peak depth versus distance and time relations
of the computed and observed waves were compared by
determining differences between the computed and
observed points. These differences are averaged over
six points in the CSU data and over five points in the
Wallingford data; ratios of these average differences
to the conduit diameter are also computed. The differ-
ences, average differences, and ratios of the average
difference to the conduit diameter are presented in
Table 6.11 for the CSU data. The table on the left
shows the results of peak depth versus distance re-
lations, and the table on the right shows the results
of the peak depth versus time relations. The corres-
ponding results for the Wallingford data are given in
Table 6.12.

For the CSU data, the means of the ratio of
average differences to conduit diameter for peak
depths versus distance and time are 0.0177 and 0.0213,
respectively. For the Wallingford data, the corres-
ponding figures are 0.0216 and 0.0223. Similarly,
the standard deviation of all differences divided by
the diameter for the CSU data is 0.0253 for peak depth
versus distance and 0.0316 for peak depth versus time.
The corresponding figures for the Wallingford data are
0.0209 and 0.0251. The consistency of these figures
show a definite reliability in computational schemes
presented in this study to predict the rates of
attenuation of flood peaks with distance and time.

Differences in the comparisons of the computed
and observed peaks of the Wallingford data, as shown
in Table 6.12 and by graphs in Appendix 5, may be
explained in part by the reliability of the data from
the Wallingford report. The experimental procedure
at Wallingford employed a calibrated butterfly valve to
obtain the inflow discharge hydrograph. Only depth

"recordings were reported to have been made during the

tests. Test runs were made with four slopes, with four
base flows, and with three or four peak discharges.
The Wallingford data of the maximum depth versus dis-
tance show a rapid drop at the end of the computed
curves (Appendix 5), while similar CSU data (Appendix
4) show a rise at the end point. These differences
can be explained by the different ways in which the
peak depths were computed. For the CSU data the base
depths were subtracted from the maximum depths, and
the base depths were taken from the initial condition
of the M2 backwater curves, with a sharp drop at the
conduit end.

The Wallingford data have only one maximum depth
value for each position and particular time. These
maximum depths were limited only to five points from
x =0 to x = 290 ft, because the total length of
pipe was only 300 ft. The large pipe friction factors
(f = 0.027 to 0.045) and the large length to diameter
ratio (x/D = 1200) of the small Wallingford conduit
system with a diameter of 0.264 ft, produced flow
depths that, except at the outlet, were essentially
normal depths throughout the conduit. Since the
maximum peak depths were not measured at the outlet,
and since the base flow depths were virtually a
constant value, the subtraction of the base flow
depths were virtually a constant value, the subtraction
of the base flow depths for Wallingford data has no
effect on the attenuation curves, except to somewhat
lower ordinates.

In the CSU conduit system, a maximum peak depth
and the corresponding time were recorded for all
distance positions from x = 0 to x = a point at the
free overfall. The method of determining the peak
depth values is as follows. First, the variables



Table 6.11. Comparison of data for wave-peak versus distance and time for CSU experimental data.
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Table 6.12. Comparison of data for wave-peak versus distance and time for Wallingford experimental data.
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defined as the maxima were set equal to zero for all
points in space. Then for each At, and each posi-
tion, the new depth values were compared with the
corresponding previous maxima, and the new maxima were
set equal to the new depths whenever they were greater
than the previous maxima. The time of peak depth was
then recorded. Since the computed peak depths at the
outlet often show a slight increase over previous
values, the outfall sharp drop of the base depth was
able to influence the peak depth versus distance
relations. Because the base depths are subtracted

at the outlet, they may be grossly in error, and they
may be very small relative to the base depths subtracted
upstream. The effect is that at the end of the attenua-
tion curves a small sharp rise at their downstream ends
is shown.

The difference in the computing methods of the
peak depth also shows why the CSU comparisons of peak
depth versus time tend to rise and even curl back at
the ends, while the corresponding Wallingford data do
not. In the Wallingford data, peak depths were re-
corded at different times, so that each time has but
one peak value. In the CSU data, however, peak depths
were recorded for each distance position; and the times
that the peaks were reached was recorded as secondary
information. Thus, two peak depths may be recorded
as occurring at the same instant in time at two
different positions.

The comparison plots shown in Appendices 4 and 5
are nearly all consistent and require no additional
explanation. However, in the CSU data of Appendix 4,
there are several experimental runs that should be
viewed with caution because of limitations or errors
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in data. The inflow hydrograph of Run No. B:
a Qp/Qh ratio of only 2.42 and the depth t

at x = 410,00 ft and x = 771.70 ft were vi
unable to distinguish the wave from the base
Also, during Run No. B3A0S1, the recording s
prematurely shutoff so that no wave was recc
X = 771.70 ft. Other irregular data are foung
Run No. D2ARS1. It appears that a secondary

generated after the main experimental wave,
would not effect the peak comparisons but o
comparisons for this run must be disregarded

The inflow hydrograph of Run No, D3A0S3
point on the descending limb where the di
jumps from 30 cfs to 39 cfs and then returns
cfs, after which it continues to drop unifo
cause of its erratic nature, it would first
that this recording was a result of a malfun
the orifice transducer. Closer examination
reveals that this unusual peak is observed a
three recording stations along the conduit.
it must be concluded that this wave actuall
in this manner.

In summary, the comparison of CSU comp
observed data, and the comparison of Wallin
observed data and the corresponding CSU comp
on flood peak depth attenuations with dista
time in partly full circular conduits show
agreements. Even though the experimental s
and errors significantly affect these co
all practical purposes the numerically inte
solutions of the partial differential equa
approximate the flood peak attenuations of
waves extremely well.



Chapter 7

SIMPLIFIED METHODS OF FLOOD ROUTING

efinitions and Descriptions of Simplified

Ggmﬁr&l D
‘Me ods

—
writing the momentum equation, Eq. 5.2., in
pLex form, then the steady uniform, the steady

p.:t, r
" 'fo::ulznd the unsteady flow conditions can be
bt J

das [7, P- 287]

Ligor 3% . VAV jnd a¥
S¢ SoAT ox gix| gat] ?
uniform flow I
flow o

¢h S5.= fVZISgR. Unsteady flow conditions are
1y calfed the kinematic flow whenever a balance
sen gravitational and friction forces is achieved.
means that the derivatives in Eq. 5.2., or the
vatives in the above equation, are negligible when
ad to the effect of gravity (measured by S )
the effect of friction (measured by Sg). o

Therefore, Eq. 5.2 can be reduced to the simple

(7.1)

S. the friction slope (or the slope of the energy
e sﬁd S the bottom slope. Therefore, the con-
uity equagion, Eq. 5.1, is the primary equation

®Ining unsteady flow, provided Eq. 7.1 is satisfied,
'Sf given by Eq. 5.3.

The simplified flood routing methods generally

the "storage-routing methods' are those based

¥ on the storage differential equation, or on the

g‘ﬁ“mty Or mass-conservation differential equation,

[ﬂ + 5.1, using the principle that for any reach of a

{5 "_;1 the difference between the inflow and the out-
5 equal to the stored or depleted water in a

&

Ven time interval,

’i‘1°'"h¢n the space is defined that contains the
'f°“tf10W, and water storage change (a fixed
Of the channel), Eq. 5.1 can be expressed as

P-q=g- g, (7.2)

in whj .
ﬂ‘-"‘:ha::e P is the inflow discharge, Q is the outflow
N . » and W is the stored volume of water, with

Y» ¥here A is the area of channel water

is the average depth or elevation of
The inflow is given as P = f(t), and the
enerally given as W = f(y), or W = f{yl 3
¥1» ¥»+.., consecutive depths. So, if
then, by elimination, the function W = £(Q)

stermined. In this case, Eq. 7.2 has only two
> Q and t, in the form of a differential

torage i ,
20++) with

£
-m.‘” A
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equation, whose integration gives Q = f(t).

Equation 7.2 generally serves for the computation
of relations among five functions in any small channel
reach: (1) inflow hydrograph, (P = f. (t); (2) outflow
hydrograph, Q = fz(t); (3) stage hyd%ugraph,

yom= f3(t]; (4) outflow rating curve, Q = fdtyJ, and
(5) storage function, W = fsty), with the five

variables, Q, P, y, W, and t. When three of the five
functions with boundary conditions are given or the
three variables can be excluded, Eq. 7.2 facilitates
the computation of the relation between the two
remaining variables.

The basic conditions for applying Eq: 7.2 to
flood routing are: (1) the storage of a channel
reach responds in less time to any unsteady inflow
or outflow, than the time umit generally used for
integrating Eq. 7.2 by finite differences; (2) the
wave is long, so that the change of the discharge is
gradual; (3) the accuracy of the basic data and the
required accuracy of the results do not justify any
method that takes into consideration dynamic effects
in unsteady flow, and (4) the velocity and its changes
along the channel reach are relatively small, so that
the dynamic effect is negligible in comparison with
the storage effect during wave movements.

Equation 7.2 has been applied to flood routing
studies in channels, with some adaptations for the
more complex discharge-storage or stage-storage
relations in a channel reach. Many integration methods
have been developed.

The analytical integration method was used
successfully by some authors with schematic inflow
hydrographs and simple linear approximate relations
of storage and outflow discharge. The formulas were
obtained for computing the decrease of flash-flood
peaks and relatively small water-surface fluctuations.
The difficulties in fitting tractable mathematical
expressions to natural inflow hydrographs, and the
difficulties of analytical integration when these
expressions become complex, limit this integration
method to specific problems.

The numerical integration of Eq. 7.2 written in
finite-difference form is

(P-Q) 4t =AAy =28 , (7.3)

in which P, Q, and A are mean values during the
time interval At, and the corresponding level differ-
ence Ay. Using PI and Pz, Ql and QZ' and A1
and AZ, the values at the beginning and the end of

At,
At,

with a linear change during a sufficiently small
then becomes

P Egy o Qi Ay AR

2
g ase seg—Slans

Ay = AW (7.4)



For known Pj, P2, Q1, A;, and At, and for
known relations of W to Q, or Atoy, and Q to
y, it is possible by trial and error to determine the
value Q,. Expressing Eq. 7.4 in different ways,

especially by using storage factors, (W + QAt/2) and
(W - QAt/2), as functions of Q, a trial and error
method may be replaced by direct numerical integration.

Individual differences between investigators in
arranging Eqs. 7.3 and 7.4 for step by step computa-
tions may account for differences of the tabular
numerical procedures. Procedures vary according to
which basic difference factor (At, Ay, AW, or AQ) is
known at the beginning of the equation and which factor
must be determined. The accuracy of a method depends
on the accuracy of selecting the basic difference
factors (Ax and At), apart from the accuracy involved
in the use of only one differential equation.

Equations 7.2 through 7.4 may be arranged in
several combinations to facilitate graphical integration
of a simple differential equation. There are numerous
graphical procedures, with different shortcuts, for
computing an outflow hydrograph or solving other
problems.

Two general approaches in graphical integration
are: (1) a mass-curve procedure, that represents the
given hydrograph in form of its summation or mass
curve, and obtains the routed hydrograph in the form
of its mass curve; and (2) a procedure that uses the
inflow or outflow directly for integration. Flash
floods are not suitable for routing by the mass-curve
procedure, because of non-negligible dynamic effects.
Also, there are many semi-graphical methods in the
literature [1], which combine a numerical tabular
procedure with partial graphical integration. . The
graphical methods are generally restricted to simple
problems, because for complex problems with several
routing computations, the time involved becomes
economically prohibitive.

Some simplified flood routing relations, often
called coefficient methods, comprise a group of
procedures that approximate the complex relations
existing between the volume of water stored in a
channel reach and the hydraulic magnitudes (inflow and
outflow discharge, stages, slope, or others). The
relations, consisting of coefficients, give weight in
a specific way to each variable involved, the simplest
being the weight coefficients for inflow and outflow
discharge and for the time of travel of a wave moving
along a reach. The coefficients are empirical as
determined from flood wave movements that have actually
occurred, or from waves analytically determined by an
accurate integration procedure of complete differential
equations. The empirical coefficients account, in part,
for the effect of changing inflow and outflow on the
water stored in a reach.

This group of procedures can be considered as an
attempt to bridge two methods, the method of the two
partial differential equations and the method of
storage differential equation; this group uses empirical
coefficients to take care of the dynamic conditions in
a reach. The principal disadvantage of the coefficient
methods is their dependence on empirical coefficients
which require a large body of data to provide reliable
estimates.

Although flood routing methods based on the simple
storage differential equation have been used ever since
the routings of inflow hydrographs and flood prediction

along channels were began, there are only
which compare the flood routing methods b
tion of the two partial differential equa
based on the storage differential equation
a few studies compare accuracy, cost, ad
disadvantages of various methods, devices,
under different conditions of waves, channel
al inflows or outflows. i

Flood Routing Based on Simplified Par
Differential Equations

7.2

Another group of flood routing methods
transitions between those methods that use o
storage (continuity) equation. Some terms
partial differential equations, mostly in
equation, are omitted, or some additional
are made (constant bottom slope, linear chan
channel characteristics between two cross
used, separate routings of storage compone
translation component of a flood wave, and o
Examples of these transitional cases are
of the acceleration term, 8V/3t , the omiss
the velocity head term, VaV/3x , or the ol
both the acceleration and velocity terms;
the total discharge in two parts, as dischax
steady flow plus a changing discharge caus
unsteady flow, with some simplifications in
momentum equation, and similar simplifica
some references related to these simplific

[1].

The basic characteristic of most of t
transition methods is the use of wave celeri
both the wave translation and the channel
taken into account.

Again, there is a lack of comparative
this time between the transition methods ani
methods. For certain conditions, it could be
demonstrated that the transition methods wou
more accurate results than methods based on
storage differential equation, at little inc
computer cost. Under some conditions, how
transition method may give less accurate
substantial savings in work time, compared W
based on the two partial differential equat:
has been more effort in the past to invent
new methods of integrating the different
equations in flood routing than to analyze
particular limitations and advantages of e
and to compare all of them in general.

7.3 Basic Properties of Simplified Methods

The simplified methods such as the Mu:
method, time-lag method, and similar metho
primarily on the continuity equation have
main characteristics:

(1) For given types of flood waves and
channel characteristics these methods need im:
a priori on flood waves, which is used to e
the coefficients or various other parameters
simplified methods.

This information on flood waves may C
one or more of the following three sources:

(a) data on observed flood waves and
properties of free-surface flowing water €Ol
structures in nature;

(b) data on observed flood waves and
properties of the experimental channels or



data on conveyance structures, gnd data on
waves obtained by reliable numerical inte-
methods using the complete continuity and

- artial differential equations of one-

31 gradually varied free-surface unsteady

This information is based on the hypothesis that
fference between analytical waves and corres-
ysical waves is much smaller than the

‘ce between these analytical waves and the waves
d by the simplified flood routing methods.

(©
i

(2 simplified methods in general assume a
wced cost of computation compared with the more
e methods available, to compensate for decreased
in predicting flood waves.

'(3) Limited accuracy of the simplified methods
sustified by the corresponding limited accuracy of
ta used in flood routing, particularly of data
channel, boundary, and initial conditions.

Two basic properties of simplified flood routing
4s that warrant discussion are the prior infor-

y required for the evaluation of various flood
along a given channel and conduit, and the

y of computations as a counter-balance to a

sed or imposed level of accuracy.

A discussion of properties of simplified methods
not be separated from an analysis of the objectives
simplified methods serve. Basically these methods
used either for purposes of design in determining
izes of open channels and free-surface flowing
ts, or for prediction of flood hydrographs
ulting from a given storm at known points of an

ting storm drainage system. Most of the methods
been developed mainly to predict flood movements
known channels. But, in general, this objective
uld be considered secondary in comparison to the

t objective of storm drainage design. The useful-
of any prediction can only depend on the lag

en the time of the prediction after the storm

Ted and the time of occurrence of flood waves at
positions. The shorter this lag the less
momically attractive is the prediction. The
fediction of flood waves at given positions seems to
' less important than design in cases of urban,

8y or airport storm drainage systems. In other
45, once a drainage system has been designed by
flow, it really is not very important that the
tent of the damage can be predicted. The exception
Sy eventually be in those cases for which the pumps
!é fuate the storm water, or the operation and safety
& ﬂ”’ System depend on flood movement through storm

.

_ ::e_simplified methods of flood routing through
!u“‘dadﬁlns may be useful for predicting purposes,
Provi * the§e methods are based on observations of
flood aves in nature, observations of waves in experi-
»y conduits or accurately computed data on waves
m:::i"“s expected flood hydrographs. However, for
ﬂlﬂltig:n of new storm drains, particularly ?nder
-"H’liﬁe: of an interconnected system of drains, the
flood methods that require a prior information on

ﬁh:nn:lves are less attractive than the explicit and

b € Methods of flood routing for given initial

Storp drairy conditions, and assumed dimensions of
o = 25. Sln?e this study is oriented toward

a‘_‘ -&m‘tmgd nformation that can be used for new designs
::dgscussir“ins. based on the unsteady flow approach,

v, on of simplified methods is not overly rele-
“OWever, since the initial dimensions for a newly
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designed storm drain must be first assumed, the simpli-
fied methods might produce the information needed for
these assumptions. Then, the more accurate procedure
developed in this study can be used for the final
computations. With this in mind, three simplified
methods are discussed in this chapter; the potential
of each method to give a reliable first estimate of
storm-drain dimensions is reviewed. The three methods
are the Muskingum, time-lag, and non-dimensional
methods.

Before these methods are reviewed, however, a
discussion of computer economy is presented. Generally,
the cost of computer time is about the same for both
an accurate and a simplified method of flood routing.
Usually, economy of computation in the electronic
computer age does not prohibit accuracy.

For example, assume the computer time is t,

for a given unit flood routing operation, with given
Ax and At increments, by the specified interval
scheme of the method of characteristics, as proposed
by this study for future computations of floods moving
through storm drains. Further assume the corresponding
unit operation with the same increments is tj for a

Shtis

particular simplified method. i

Also assume that tj

otherwise, the simplified method is meaningless in
regard to more expensive and less accurate results than
by the method of characteristics. Though the algebraic
operation of the given simplified method may be cheaper
in computer time, the same or similar accuracy of the
simplified method in comparison with the accuracy of
the method of characteristics, may often require a
smaller Ax and correspondingly a smaller At, Let
the total length of the conduit be L, and let the
corresponding total integration time be T. For given
Ax and At, the number of unit operations is

L T
R ! (7.5)
1f bxj < 8x; and ﬂtj < Aty , then for ny and n,

the corresponding numbers of unit operations multiplied
by the unit computer time give

LTti < Lth
ﬁxiati > ﬁxjAtj

= t.n (7.6)

t.n o

ig

Because Ax, and ot, can be taken as the largest

values by preserving a given degree of accuracy,
ti/axi At; may be smaller, or much smaller than

tj/axj atj , even though tj <t . In other words,

the computer time for a unit of operation of given Ax
and At is not the only measure of economy. Methods
must be compared on the basis of given accuracy, because
if a relaxation is given for the accuracy of a simpli-
fied method, its application to the method of charact-
eristics results in a larger Ax-value and correspond-
ingly in a larger At-value, and a decrease in n, -
value.



Even if tynj > tjnj , it still does not prove

the economy of a simplified method. For development

of this method, observed or computed data are necessary.
In this latter case, assume that k-total flood routing
runs are necessary to derive and check the coefficients
of simplified method. 1In this case, by using the
method of characteristics the necessary computer time
is .k tyng . Assume that the simplified method will

be used for N cases, similar to floods and conduits
for which the coefficients are derived and checked.
Then the equality of cost gives

k t.n. + Nt.n. = Nt.n, , or
: i & ¢ p | b i |

= oy ’ (7.7)

k
(1 - ﬁﬂtini "
The larger k needed, and the smaller N will be, the
less attractive becomes the simplified method, even
though tj“j < tn, for k/N = 0. This general

analysis shows that the economy of computations is a
more complex problem that just comparing tj with -

7.4 Muskingum Simplified Method.

The summary of the Muskingum method is taken from
reference 9 [pp. 605-607], but different symbols are
used for inflow (P instead of I) outflow (Q instead of
0), and storage (W instead of S). The storage, W, in
a channel reach for unsteady flow depends primarily on
the inflow (P) and outflow (Q) discharges and on
the geometric and hydraulic characteristics of the
channel and its control features. It can be assumed
that the upstream and downstream end sections of a
reach have the same mean discharge and storage rela-

tions with respect to the depth of flow (y). Thus,
the equations may be written that

n n m m
P = ay, Q= ayy » = byu , and Wd = byd (7.8)

in which the subscript u refers to the upstream and

d to the downstream end of the reach, a and n ex-
press the constants of the depth-discharge relation at
the two sections, b and m express the constants of
the mean depth-storage relation of the reach, and W
and Wq are the storages referred to the corresponding
depths at the upstream and downstream ends, respectively
Eliminating y in these equations, then

m/n
w:bE

i = , and K

m/n
=b 3 (7.9)

d

Designating by X a dimensionless factor that
defines the relative weights given to inflow and out-
flow in the determination of the storage volume within
the reach, then the storage of the reach at any given
time is expressed by

W= XW, o+ (1-X)W, (7.10)
Substituting Eqs. 7.9 in Eq. 7.10 and simplifying

W = K[xP* + (1-x)Q"1 , (7.11)
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in which K = b/am/n and r = m/n. In cas

(or the linear relation of storage and dis
Eq. 7.11 becomes |

b K[XP * (1'XJQ] »

which is the basis of the Muskingum method.

Further substituting Eq. 7.12 into Eq.
KX EE‘* K(1-X) %9 =P -

Using the approximate relations of fini
ences,

P -P Q,-Q P, +P
ap . "201. rage £o5
e e e 7 » andiQy
in Eq. 7.13 gives
Q; = €yPy »GoR) G0y v

with

c. = KX+ 0.5At C. = oKX + 0.5At  °8
1, K(1=X) * 0,58t 2 ~2 VK(1=X .SAt &

Equation 7.14 is the final form of the Mus

In Eq. 7.12 the term KQ represents
volume of the prismatic storage in the reach
corresponds to the outflow discharge, and |
represents the additional storage (wedge st
which is positive or negative depending on
P>Q or P<Q. In this case, K has the d
of time, while X is a dimensionless parame
fact, the reach length Ax is included in
cient K, which can be then defined as K =
with C representing celerity of the wave a
reach.

The application of this simplified me
the estimation of two quantities. First,
a time constant, which depends on the incr
length selected, and the channel characterist
affect resistance to flow and hence the time
travel. Thus, K is the incorporation of
physical facotrs of the system, Second, th
X must be estimated. Since this relates to
difference in inflow and outflow it is a m
the shape of the discharge hydrograph pass
the reach. The two coefficients, X 3
account for the necessary conditions of cha
slope, and roughness, and the hydrograph to
However, these parameters cannot be determ
information a prior. Information on waves
the channel is necessary to estimate the we
the P and Q in Eq. 7.10, and it is nee
estimate a, b, m, and n of Eqs. 7.8 in
compute K. lnaccurac1es in these estimates
ally the main sources of errors in the Musk



only through observed waves, or through com-
ased on a more accurate procedure of com-

5 b
- waves K and X be determined with any

jon, may
tness-

cause flood hydrographs may have different
.s which affect the weight X, the application of
king'-‘m method to the design of storm routing
is limited. Both the thesis by Suvich [see
=" a1l References, 11], and the paper by Harris [8]
e at this limitation for the Muskingum method
3 1ied to the design of storm drains. Also, it
not even evident that the computer time necessary
a given level of accuracy is less than that re-
by the specified intervals scheme of the method

characteristics.
7.5 Time-lag Routing Simplified Method

In his paper [8], Harris discusses the possibility
a simplified routing method that would provide the
-marable results to observed discharge hydrographs.

. using the method of characteristics as a standard,
eor the CSU data verified the method of character-
stics, he found that the 'progressive average lag
yting method" meets the required good agreement

en discharge hydrographs for particular circular

ts. According to Harris, this method also
gires considerably less computer time.

For a given hydrograph at the upstream end of
reach, as given in Fig. 7.1 (left graph), the
nt R of Fig. 7.1 (right graph) on the routed
graph at the downstream end of the reach is
ned by

L 3
q, == e (7.16)
R GRESETS
0 which the point q; and q;_; are separated by
time increment At, q_ is lagged by time tg

n is the number of brdinates of upstream
ograph averaged to determine an ordinate of the
hstream hydrograph. This is a moving-average
Scheme in smoothing the upstream hydrograph, and it
g translated by the time lag, tjp, to obtain the
Gownstream hydrograph.

Tllle three parameters to be selected and used in
%‘1' Simplified method are: At, the time increment
°f the hydrograph; n, the number of points on the
o4 aph to be averaged and t, the time lag.

routing coefficients for a given conduit were
of €Tmined b)_’ computing the routed waves by the method
Characteristics for three inflow hydrographs,

.I!Oeff.{h: Procedure by Harris was to adjust the
Yenrad CNES SO that the first output hydrograph was
uced accurately by the time-lag method.

mt:se coefficients were then used to compute the
© hydrographs by the simplified time-lag
By tha.u::g then compare with the hydrographs computed
& i od of characteristics. Harris states that
Rydro, J‘-'Stm?nts were required to make all three
“OfTaphs fit well,

% “‘e res
v ult i i
W s for a series Of tests on dlfferent

: t diameters includes the size, length, and shape
&?ﬁs:?nduit. It is concluded then tigmt the G
& xe average- lag method", or "moving-average
i . lthﬂd', does provide answers which are the
alculated by the method of characteristics.
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Fig. 7.1. The hydrograph of the upstream reach end,
left graph, and the computed hydrograph of
the downstream reach end, right graph, by

the time-lag simplified flood routing method.

In summary, the simplified method proposed by
Harris, and based on prior work by Dooge and the U.S.
Army Corps of Engineers [8], depends on expressing
the discharges of the hydrograph at a later time
(further downstream) as a centered average of n
number of equally time spaced discharge values of the
earlier hydrograph. The time between the two hydro-
graphs is a coefficient of the conduit properties and
the reach length. The time-lag term includes the
effect of the channel shape, slope, and roughness.
number n of discharge values to be averaged is the
other routing coefficients for a given At. This
number n of discharge quantities takes into account
the change in the inflow hydrograph shape. Thus, the
procedure appears to take into account the physical
conditions determining the downstream hydrograph.

The

There is no procedure a priori for evaluating
the routing coefficients. For a given channel, they
are determined by observing physical waves and the
channel, or by computing waves based on an accurate
method of computation, such as those by Harris using
the accurage integration scheme by the method of
characteristics.

Th e-lag routing method, like the Muskingum
method or its variations, assumes, in general, constant
values of coefficients for all stages of a hydrograph.
This condition is not physically possible for shapes
such as the circular section of a partly full flowing
conduit. However, for modest ranges of base flow, and
the inflow hydrographs of limited range, the coeffi-
cients may exhibit reasonable constancy.

The simplified methods, like the moving-average
time-lag method, may offer an approximate flood routing
of inflow hydrographs through storm drains for purposes
of design. However, they do not permit a direct
evaluation of corresponding depths. Neither do they
give the maximum depth determined either as a function
of position along the conduit or in time. Since the
maximum depth does not occur at the same time as the
maximum discharge, it is not to be expected that the
routed discharge hydrograph would be an indicator
of maximum depth.

7.6 Non-dimensionality Approach

Parameters of non-dimensionality. A convenient
procedure for estimating discharge and depth hydro-
graphs is by a non-dimensional generalization of
functions of time and distance, boundary and initial

51



conditions, and other factors. This approach
requires the identification of pertinent physical
properties of the system, the quantitative measures
of the phenomenon studied, and the appropriate dimen-
sionless relations between them.

For unsteady flow in open channels the given or
assumed parameters are basically those describing the
channel geometry. The boundary conditions are des-
cribed by the characteristics of the inflow hydrograph
and the depth-discharge relations at either the up-
stream or the downstream cross sections. For sub-
critical flow, the second boundary condition is at
the downstream end, and for supercritical flow, the
second boundary condition is at the upstream end. A
third group of variables describes the initial
conditions.

Within each of these three basic groups are
numerous variables, some of which are of primary im-
portance and some of which may have only negligible
effects on the quantity to be predicted. The three
basic groups of variables are:

A. Channel Geometry.
1. Cross section shape
a, Circular shape, diameter, D ,
b. Trapezoidal shape, base width and
side slope, Bo, z,
c. Parabolic shape, rate of change of
width with depth, k ,
2. Channel bed slope, S  , <
3. Channel boundary roughness
a. Darcy-Weisbach friction factor, f ,
b. Velocity distribution coefficients,
a and B .
B. Boundary Conditions.

1. Inflow hydrograph

a. Base flow, @, ,

b. Peak flow, Qs+ Q, » with the
maximum discharge in excess of the
base flow,

c. Time from beginning of hydrograph to
time of maximum flow, tp

Volume of hydrograph, W ,

e. Time to center of mass of wave, tg

f. Time duration of hydrograph, t; ,
2. Downstream depth versus discharge
relation, y(Q), or
3. Upstream depth versus base discharge
relation, y(Q)

C. Initial Conditions.

1. Steady uniform flow with a constant
depth, y, , or
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2. Steady nonuniform flow with «

a. Subcritical slope or
(1) Backwater or M1 curve,
(2) Drawdown or M2 curve, y(
b. Supercritical slope

(1)
(2)

Thus, there are numerous variables to
related into a reduced number of signifi
sionless parameters describing the conditi
the phenomena.

§1 curve, y(x) , or
52 curve, y(x) .

The functions to be related to the ab
variables are:

A, Wave Profiles as a function of
1. Distance, y(x) ,
2. Time, y(t) .

B. Maximum Depth as a function of

1. Distance, yp(x) i
2, Ti 3 i ] I
ime yp( )

C. Discharge Hydrograph at any locat:

The significance and usefulness of the
quantities depend on the reason for the ana
For example, for the design of a storm d
system, one important consideration is the
tion of the peak depth as a function of di
From this information the location of a ch
channel size can be determined. For the p
an existing storm drainage system related
the desirable information would relate the
to the time. The recording of existing coi
and then the prediction of a later event w
direct control and reductions of peak flows

The complications of the problem of n
dimensionality may be realized if one consi
number of independent dimensionless parame
describe the unsteady flow process. Accor
the Buckingham Pi theorems, the number of
dimensionless parameters necessary to descril
physical process is equal to the number of ¥
minus the number of dimensional categories |
length, force, time). For the description
steady flow, considering all variables 1is!
there would be approximately 20 variables
dimensional quantities (length and time).
of dimensionless parameters would then be
mately 18, depending on the physical conditi
be represented. The systematic correlation
parameters requires holding all but one Or
them constant at a time and then observing
puting their effect on the quantity to be P

An exploratory attempt was made to del
a non-dimensional approach to the descriptio
unsteady flow. A series of flood waves were
by the method of characteristics for the S
and supercritical base flow conditions. Th
tical inflow hydrograph was defined by a P
I1I1 distribution:

Q(t)= qb+Q°e'(t'tp)/(ts'tp}(t/tp)tpfttl'tpzl




, the

] fined by the base flow
was de S

e in excess of the base [y
-di:cgizgmaximum discharge, t_ , the tifle to
oid of the inflow hydrograph, t, , and e ,
of the Naperian logarithms. These parameters
aried over a limited range to identify their
;n the resultant maximum depths of flow.

iz low. The conditions used for the

s S“b‘ritic:i :omputer runs are listed in Table 7.1.

wndent variable computed for each of thes? con-

“was the maximum depth of flow as a function

sition along the conduit. Figur? 7.2 presents a

attenuation curve for the maximum depth for

rical flow. For that position of the curve,

vely unaffected by the free outfall end c?ndi-
be represented by the relation

epth may
th:xd f in which i is the attenuation rate.

L ' L Il i L L

oo 200 300 400 500 00 o0 B0 900
DISTANCE - FEET
7.2. Maximum depth versus distance for Run
No. 200 of Table 7.1.
_In the subcritical flow, and played a

Zi!portant role in the rate of attenuation of wave
It was found that the attenuation

(1/Qy#Qp)°*** , as seen in Table 7.2.
ffect of the relative values of @, and is
in Table 7.3; (qb/qo)°-3 was found to be the
Tiate dimensionless parameter. The effect of
Telative values of tp and tg was negligible,
0.1
, 88

the rate of attenuation varied as t
Table 7.5 shows the effect of the

o
-]
%

mrf

N in Table 7.4,
er; the effect of the diameter was defined by

ble 7.2,

Effect of absolute values of Q, and Q,
in subcritical flow for tp = 50 sec.,
tg = 100 sec.
e % g hekeg o
REES cfs sec. sec. B % 1 Qb+qo
10 10 50 100 0.360 -162.65x10°C -58.6x10°°
5 5.50 100 0.457 -122.65x10°% -56.1x107°
757,550 100 0.398 -141.55x10"° -56.4x107°
"9 9 50 100 0.374 -153.76x10°° -57.5x107°

Table 7.3. Effect of relative values of and
in subcritical flow for tp = 50 sec., and
ts = 100 sec.
L .3
N % %
¢ 2D g T i T
Run cfs cfs sec. sec. (o} i o
204 17 10 50 100 1.173 -168.9x10°° -198x10°°
205 10 17 50 100 .856 -253.4x10°% -216.5x107°
206 12 15 50 100 935 -221.4x10"° -207x107°
207 15 12 50 100 1.069 -186.5x10"° -199.1x107°
Table 7.4, Effect of absolute value of tg in
subcritical flow for Q, = 10 cfs, and
Q0 = 10 cfs
t t 0.1 ; 0.1
S G % ¢ (tg) i(t)
Run cfs cfs sec. sec, i
208 10 10 50 100 1.66 -275.9x10°C -457x10°°
212 10 10 40 80 1.62 -283.7x10"° -4s9x107°
213 10 10 30 60 1.57 -292.1x10"° -4s9x107®
214 10 10 60 120 1.69 -268.7x10°° -4s5x107%
Table 7.5. Effect of diameter in subcritical flow
for Q, = 10 cfs, Q, = 10 cfs, tp = 50 sec.,
and tg = 100 sec.
t t
B % % K 0.8 . 0.8
Run cfs cfs sec. sec. ft D i i(D)
208 10 10 50 100 3 2.41 -275.9x10"° -665x10~°
215 10 10 50 100 5 3.62 -176.3x10"° -636x107°
216 10 10 S50 100 7 4.75 -150.2x10"° -715x107°

Four dimensionless parameters were found to
define the rate of attenuation of the wave peak in
the subcritical flow:

= i , the rate of attenuation;

T

U lEEL]

value gg base flow to the superimposed peak flow;

0.34
0.1 08
el o e
representing the absolute values of Q,, Q,, ta/D,
and the gravitational acceleration, and

0.3
, the parameter defining the relative

0'22, the parameter

"a T 288’
the channel slope and friction factor. Combining m,,
m, and Ty into one-dimensionless parameter gives

the parameter measuring the effects of
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A plot of w. versus L is shown in Fig. 7.3
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o Computed
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7.3. Attenuation of wave peak for a theoretical

hydrograph in subcritical flow.

Fig.

Supercritical flow. The condition for transition
from subcritical to supercritical flow may be estimated
from the Darcy-Weisbach energy loss equation and the
expression for critical flow.

S
Lol
f

5 = Darcy-Weisbach

- Critical flow.

3 1

The ratio of these two equations results in:

So 2h iy

L 8B -

For a circular conduit flowing one-half full, the
wetted perimeter P = m D/2 and the surface width
B ='D. Thus

S
0.
=5 = (o3 2 %

It is to be noted that S,/f required for the
change of flow from supercritical to subcritical flow
is approximately one-tenth of Sg/f needed for change
of flow from an attenuating to an amplifying wave.

The waves in subcritical flow always attenuate, while
the waves in the supercritical regime can either
attenuate or amplify.

To determine how the profile of an attenuating
wave in supercritical flow responds to parameters of
slope, friction factor, and diameter, four consecu-
tive runs were made in which the inflow hydrograph
was the same for all four runs. The conditions of
these runs are given in Table 7.6. Figure 7.4 shows
the profile of Run 97. The profile is initially con-
vex, it then becomes concave. Figure 7.5 shows the
profile of Run 98 which deplcts the effect of an in-
crease in slope; the profile is a straight line.
Figure 7.6 shows the profile of Run 99; the effect

of a decrease in friction factor is the same as an

increase in slope, and the profile is again a straight
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line. Figure 7.7 is the profile of an atte
wave, Run 100, routed in a conduit with a
7.0 ft, as compared with a diameter of 3.0
previous three runs. The profile still has
tial convex segment with the following con
ment, but the concavity and convexity are
pronounced. Another type of wave profile
in the course of computer runs is when the
the base flow is near one-half full. The p
Run 45 is shown in Fig. 7.8 and it has a pron
concavity.

Table 7.6. Conditions of Runs 97, 98, 99, and |
t t
S P g s
Run cfs cfs sec sec o =
97 30 10 S0 100 0.01 _ 06
98 30 10 50 100 0.03 0.02
99 30 10 50 100 0.01 0.005
100 30 10 50 100 0.01 0.02
|64
#
I
s}.ﬁa»
3
g 162
;I
Mo e
DISTANCE — FEET
Fig. 7.4, Maximum depth vs. distance for
Run No, 97 of Table 7.6.
B
i
E
& uel
H
g,_.s | i i 1 1 1 =
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Fig. 7.5. Maximum depth vs. distance for

Run No. 98 of Table 7.6. L
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Maximum depth vs. distance for )

Fig. 7.6.
Run No. 99 of Table 7.6. 3
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- 57 Maximum P
Fig- 4 Run No. 100 of Table 7.6,
5
300 400 500 800 T00 ano 200
DeSTANCE — FEET
‘Fig. 7.8. Maximum depth vs. distance for
. Run No. 45 of Table 7.7.
R T T
ISTANCE-FEET

‘Fig. 7.9. Maximum depth vs. distance for
T Run No. 18 of Table 7.7.

The condition for the amplification of a wave in
Supercritical regime was assumed to be Sg5/f > 2
Froude number F > 2). The amplitude of waves

s but only slightly, as observed by comparing Figs.
and 7.9, In Fig. 7.8 the general slope of the

is 116.2 x 10°% , where as the general slope of
e in Fig. 7.9 is 0.614 x 10-6. If the above
on for amplification is satisfied, then the

€ of the wave amplification is nearly a straight
in this case. Figure 7.9 shows a typical amplifi-
on of maximum wave depth.

The attenuation characteristics of a Pearson

® 111 function inflow hydrograph in the super-

¢al regime were analyzed by computational methods.
Parameters of the hydrograph control the volume

" Steepness of the wave. The effects of given param-
* of the physical system, conduit diameter D ,

*# Slope 5. "and the friction factor £ , on the
1h‘_;;étion ?ate of flood waves were investigated.
:iitba@enuatlon rate of the maximum depth was

- '"%d for the supercritical flow by

y = aeix )

(7.17)

%tnltich i is the parameter of the exponential
2 “"dattiﬂy Trate. The parameter i in Eq. 7.17
- ""CImined for each attenuating wave.

wh:a:OHditions of each run are given in Table
ameters defining the attenuation rate are
D‘P:::tlve of the hypothetical conditions. The
ver —Chuation rates beyond the computed range,
* M3y not be reliable.
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The attenuation rate was correlated with the
characteristics of the inflow hydrograph and the
circular conduit. To determine the general param-
eters in question, computer runs were carried out
which simulated actual conditions. The effect of
each of the seven variables was evaluated by chang-
ing one of the variables while keeping the rest
constant. It was found that the attenuation rate
varied as [{tgntp)/tg]o-zs , as seen in Table 7.8,

The effect of the absolute value of t, is shown
in Table 7.9, the attenuation rate varied as

(¢.3% 75, ‘Tables 7,10, 7.11, and 7.12 show that

g 0.47 0.5 0.8
[1/(Q*Qqy) ] » (Q/Q) "7, and D may be
appropriate parameters.

Effect of the relative value of t, and
tg in supercritical flow for Q = 25 cfs,
and Q, = 10 cfs.

Table 7.8.

A 25
i t .t ~t i t -t
% % % %ty [
Run cfs cfs sec sec tg tg
53 25 10 50 100 0.841 -llt’m.l.{J-6 -97.8110—6
55 25106 . 70 80 0.595 -170x10-6 —99.5x10'6
66 25 10 60 90 0.760 —129x10-6 —98.0x10-6
67 25 10 40 110 0.893 -lllxli:l“6 —99.0x10-6
Table 7.9. Effect of the absolute value of t, in
supercritical flow for Q, = 25 cfg, and
Q, = 10 cfs
0.75 A 0.75
17 3 .
Q9 P g (th 1(tg}
Run cfs cfs sec sec
53 25 10 50 100 31.6 -116x10‘6 -3665x10-6
54 25 10 25 50 18.8 --174»:(10_6 -3270x10"6
63 25010 V15, 150 42.8 --828:(1(]'_6 -3542x10h6
64 25 10 100 200 53.0 -608x10"° -3225x107%

Therefore, the attenuation characteristics of
the waves in the supercritical regime of flow can
be defined in terms of five dimensionless parameters:

1y = i , the rate of attenuation;

Table 7.10. Effect of the absolute values of Q, and
Qy, 1in supercritical flow for tp = 50
sec. and tg = 100 sec.

0.47 i
A0 30F WS AN S S i
b o P g q i 6;:6-

Run cfs cfs sec sec |*b ‘o i (o]

1 -6 -6

57 20 8 50 100 s -88.3x10 -18.4x10

58 15 6 50 100 3—1-1-3 -66.2x10"%  -15.8x107°

59 10 4 50 100 ELZE -47.1x16-6 -13.6}:10_6




Table 7.1. Conditions of different runs in the suberitical regime Table 7.7. Conditions of different runs in the supercritical regime

fom Qb Qa ‘p ‘g su £ D Qb Q tp Ty D
cfs cfs seconds  seconds fr B e P R s 5, 2 o
g:: ’: I: : ::: :::: :gt : 6 10 8 100 150 006 .01 2,0262
202 7.5 7.5 50 100 .001 01 3 7 15 1z 100 150 .00 .01 2,9262
203 9 9 50 too  .o001 .ot 3 8 10 8 100 150  .007 .0f  2.9262
204 17 10 50 100 .001 .01 3 10 10 8 100 150 010 .01 2.8262
205 10 17 50 100 .o001 .01 3 11 20 16 100 150 015 .01 2.9262
206 12 15 50 100 .001 .01 3 12 20 16 100 150,050 .0t  2,9262
207 15 12 50 too .00t o0t 3 13 20 16 100 150  .030 .01 2 9262
208 10 10 50 100 .0005 .01 3 14 20 18 100 150  .070 .01  2,9262
200 10 10 70 80  .0005 .01 3 15 10 8 100 150  .025 .01 2,9262
210 10 1o 40 110 L0005 .0t 3 16 20 16 100 150 .oog .01 2,9262
211 10 10 60 ag L0005 .0t 3 17 15 12 100 150 L015 .01 2.9262
212 10 10 40 80 .0005 o1 3 18 10 8 50 100 025 .01 2.9262
213 10 10 30 60 .0005 0Ot 3 19 10 8 150 200  .025 .01 2.9262
214 1o 10 60 120 L0005 .01 3 20 20 18 50 100 010 .01 2.9282
215 10 10 50 100 .0005 .0t 5 21 20 16 50 100 008 .01 2,9282
216 10 10 50 100 . 0005 .01 T 22 20 16 25 50 .0z .01 2.9282
217 10 10 50 100 .0001 01 4 23 25 20 25 50 .01 .0t 2.9262
218 10 10 50 100 .0001 .02 4 24 15 12 25 50 .01 .01 2.9282
219 10 10 50 100 .0004 .03 4 25 20 16 25 50 .05 .01 2.9262
220 10 10 40 90  .00005 .01 4 26 20 16 10 20 .05 .01 2.9262
221 9 8 50 90  .00005 o0t 4 29 20 5 100 150 .02 .01 z.9262
222 9 8 70 80 ,00005 0Ot 4 30 20 15 75 100 .02 .01 2.9262
223 10 10 60 70 .00002 005 4 E2 20 15 25 50 .02 .0 2.98262
224 9 8 50 80  .00002 ,005 4 32 20 15 10 200 . oz .01 2.9282
225 8 7 40 80  .00002 ,005 4 33 20 15 20 20 .02 .01 2,9262
226 10 9 50 100 .00001 006 5 34 20 16 100 150 .07 .01 2.9262
227 10 9 50 100  .00003 006 5 35 20 14 25 50 .08 .01 2,9262
228 10 9 50 100  .00004 .006 5 36 20 14 35 40 .08 .01 2,9262
o 229 10 9 50 70 .00006 .007 3.5 o i 3 © .00 01 20262
230 15 10 40 80  .00007 .007 3.7 - : .9262
231 8 9 40 80 .00001 .006 5 39 20 10 50 100,005 .01 2.9282
232 z 4 10 S0 00001 .006 5 40 10 20 50 100 005 .04 2.9262
234 14 8 40 70 . 00003 006 5 41 5 25 50 100 . 005 L0t 2.9282
235 5 4 30 80 ,00003 .0068 5 42 10 10 50 100 005 .01 29262
236 17 10 50 100 .00004 006 5 43 10 5 50 100 005 .01 2.9262
237 5 7 40 80 .00004 .006 5 44 20 10 50 75 .005 .01 2.9262
238 5 5 150 100 .00006 007 3.5 45 20 18 50 100 003 .01 2.9262
230 7 4 40 70 .00006 .007 3.5 44 20 10 75 100 008 .02 2,9282
240 1o 8 50 100 .0002 .07 4 48 30 10 50 a0 o1 .02 2,9262
241 9 i1 P oo 0003 —ab 4 53 25 10 50 100 005 .02 2.9262
0 i Lbged ool 4 54 25 10 25 50  .005 .02 2,0262
o s . - 00" a8y | g¥ s 4 85 25 10 70 80 _.005 .02  2,9262
5 5 P = i ook Les Tk 56 15 20 50 100  .005 .02  2,0262
250 10 10 40 80  .0004 .01 3 57 20 8 50 100,005 .02 2.8282
251 10 10 50 90  .0008 .0t 3 58 15 6 50 100 005 .02 z.9262
252 4 3 50 80 .00008 .0f B 59 10 4 50 100 ,005 .02  2,9262
254 15 25 80 100 ool ‘02 4 60 20 15 50 100,005 .02 22,9262
255 15 10 50 100 .0015 .02 4.5 61 10 25 50 100 .005 .02 2,9262
256 10 9 50 100 0005 .02 3 62 5 30 50 100,005 .02 z.9262
257 8 8 50 30 .00005 .02 1.5 63 25 10 75 150,005 .02  2.9262
258 15 10 60 120 .oo001 .02 7 64 25 10 100 200 005 .0z z,9262
2598 5 5 60 g0 .001 .03 4 85 25 10 10 20,005 L02  2,0262
260 12 10 40 80 0005 .03 4 66 25 10 60 90 005 .02 2.9262
261 10 10 50 100 .0002 .03 4 67 25 10 40 110,005 .02  2,0262
262 5 4 50 80  .00005 .03 4.5 69 bl 20 50 100 .01 .04 5.00
263 15 12 60 80 .002 .03 3 70 40 20 50 o0 .01 .04  B.0D

7 40 20 50 100 01 .04 10.0




- %,0.5,t -t_0.25 0.47
o= 5P 1 i 0.75,..0.8, .0.6]
k (Qo] ( 28 ) (“‘;ﬁ;} [tg) (D) " (g)

The plot of Ty versus w. is given in Fig. 7.10.

In fonclusion, it is possible to approximate the

eriss 2TION Tate of a flood wave peak in the super-
Sritical flow in o plot of:

0.47 Q0.5 t -t
) [ﬁ';] [tg)o.m(_%g_kl

)
o
fn,g » and in the subcritical regime of

0.25
(D)O.S 0.61

(2)

0.1 0.22

)% 1%

versus
g

Table 7.11. Effect of absolute and relative values of and
in supercritical flow for tp = 50 sec, and ty = 100" sec.
q, Q° tp tg (Qb].S( 1 ).47 i{EQJO.SI 1 J.47
Run cfs cfs sec sec 6-0- Qb+ Q 1 Qo Qb"qc:a
b 20 10 50 100 0.285 -48.5x107° -13.8x107%
M 5 25 50 100 0.0903 -145 x107% -13,1x107°
o 10 10 50 100 .245 -51.3x10"° -12.5x107°
- 10 5 50 100 .396 -28.5x107° -11.3x107°
Table 7.12. Effect of diameter in supercritical flow for Qb = 40 cfs,
Qp = 20 cfs, tp = 50 sec, and tg = 100 sec.
t T D
b % P & 0.8 : 0.8
cfs cfs sec sec ft (D) i i(b) "’
69 40 20 50 100 5.0 3.62 -71.5x107° -260x107%
70 40 20 50 100 8.0 5.27 -47.1x107° -248x107°
71 40 20 50 100 10.0 6.31 -41.4x107° -260x10"°
% 0‘5 T T T T | e e ¢ T T L LI L L
"“Q:) , the parameter defining the effects of e
lative value of base flow to peak superimposed ok ‘
t -t 0.25
" t ) , the parameter defining the effects
i 2
R and t
I 'P g -ulé‘- B
; 0.47
1 i . . .
W) (tg)o Bt a(s)o 61, where g is
Vitational acceleration, and my correlates the o Computed
olute value to ty Q,, and Q, ; and g = il — Fitted |
£°° , the parameter correlating the effects of
el slope and friction factor. ‘ s
002 .S i A L L loi 1 L L L il il il ll=
A new parameter was obtained by combining m,,
A % e 1, into 1y = mynytgr, s oF Fig. 7.10. Attenuation of wave peak for theoretical

hydrograph in supercritical flow.

This analysis is only an attempt to show that the
non-dimensionalization of variables in gradually
varied free-surface unsteady flow has some promise
in the future research. The accurate integration of
hypothetical waves and conduit conditions by the
method of characteristics may yield computer "experi-
mental data", for further investigating the non-
dimensional approach of flood peak attenuation.

It is not recommended that the rate of highly
amplifying flood waves be studied by this approach,
because the transition of the gradually varied waves
to rapidly va;ied waves may have just the same cri-
terion as the criterion when a wave starts to amplify.
In other words, the gradually varied unsteady flow
equations may be used for studying the conditions when
waves start to amplify but not for studying the rate
of amplification. The non-dimensionality of changes
in unsteady flow regimes requires that the conduits be
prismatic and very long. The local energy losses have
to be incorporated into the general conduit losses.
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Chapter 8
ANALYSIS OF ERRORS IN THE

SOLUTION OF PROBLEMS

8.1 Errors in Geometric Parameters

The steel conduit used for free-surface unsteady
flow experiments was 3 ft in diameter, 1/2-inch thick
rolled-plate with a longitudinal welded joint. The
20-ft sections were butt-welded together and were
supported on steel rails at approximately 20-ft
spacing, not necessarily at the conduit joints. As a
result of the manufacturing process, handling, field
welding, and the method of support, the conduit is not
perfectly circular and does not possess a straight
line invert profile. The errors caused by physical
departures from the mathematical geometric forms in
the conduit cross section and longitudinal invert
slope are defined as the errors in geometric parameters.

Errors in parameters as a function of errors in
depth ., The error in each of the dependent parameters
can be expressed in terms of the relative error in the
depth as follows:

(1) Wetted perimeter P =
error dP/P = d6/8, with 8 = 2 cos~1(1-2y/D), the
central angle of water surface, in which y is the
water depth at the invert of a partly full circular
conduit, and D 1is the conduit diameter. The relative
error is then

D8/2 has the relative

5 B (8.1)
D -1 2
G; -1)*cos (1 - 1§J

(2) Surface width B = D sin (8/2) has the re-
lative error

L W L
B

(% -1)%an 5

e (8.2)

(3) Area A = DZ(B-sin 8)/8 has the relative
error

dA _ 1 - cos 8 d8.
s , . Sino ) ’ =9

8

(4) Hydraulic depth y, = A/B has the relative

error
dy,
- & & (8.4)
Y A B
(5) Hydraulic radius R = A/P has the relative
error

dR
A (8.5)

=|&
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(6) Section factor Z = AR® has the

error

=

+

z_ o4, g
P

N
=

These relative errors (Eqs. 8.1 through
functions of depth are plotted as ratios of
relative-depth error in Fig, 8.1. The relat
in all parameters except for the wetted pe
hydraulic depth decrease as depth increases
given relative depth error, dy/y. The sign
of these curves is demonstrated in the calcul
friction factors and Reynolds numbers.

Hydraulic %
Radius 1.0 Wetted Pe"m«‘
s
Top Width '
RV o8
6|
0.4+
0.2
1 1 1
=1 [¢] [ 2 3

Relative Error
Relative Errorin Depth

Fig. 8.1, Relative errors in parameters of cir
cross section versus relative error

Errors in parameters as a function of e
Since no physical conduit has a truly geomet
lar shape, it is necessary to determine the e
deviations from circularity. An elliptical S
assumed. Parameters describing the departure
circular cross section are then the eccentrici
the direction of the principal axes. The ec

is defined as e = Y1-(b/a)? , in which a
are the major and minor ellipse semi-diamet
tively. The direction of the principal axes .
angle o that the minor axis makes with the Ve
as shown in Fig. 8.2,

To compare circular segments with ellip
segments the percent of difference between the
was computed for depths from the bottom up tO
center of the ellipse. Eccentricity was vari
increments of 0.05 up to 0.30 and «a ranged



2 in increments of m/10. The area of the
’fte ellipse was made equal to the area of the
e circle. Depth was relative to the center of
:_:::pss- The results of these calculations are

0 oin Fig. B3,

AES — ELLIPTIC SEGEMENT -Q

‘“::A“ X100 e=fi- (L)
s b
. 8.2, Definition sketch for the relation of

circular and elliptical cross sections.

These calculations indicate

(1) that the relative error in area increases
with increased eccentricity;

(2) that the relative error in area decreases
with increasing depth, and

(3) that the relative error in area is maximum
at the vertical and horizontal positions of the
principal axes and is minimum at an angular position of
45" with the horizontal.

Measurements to the nearest 0.001 inch were made
of the inside diameter of the pipe at 60° intervals
at cross sections spaced 40 feet apart before the in-
side of the conduit was painted and at intervals of 20
feet after the inside was painted. An ellipse was
fitted to the three measured diameters at each cross
section and its orientation determined. The results
of these calculations are presented in Table 8.,1. The
differences between the means of each of the para-
meters for the two surveys are not significant on the
5 percent level. This indicates that the painting of
the conduit had no effect on the internal geometry,
and that doubling the number of stations did not
significantly improve knowledge about the inside
geometry of the conduit.

Accepting an average area of 968.41 square inches
(6.725 square ft) the mean diameter of the conduit is
2.9262 feet. This figure was used for the conduit
diameter in all calculations.

Because of the interrelated effects of depth,
eccentricity, and a it appears that an error in the
computation of the flow area by assuming a circular
cross section instead of an approximated ellipse may
range from zero to 3 percent with 1 percent Tepresenta-

tive.

B L
/l i :
4 / - P -+
. / - // §
. ;/ / . // A -
.TR* ALPHA - 84"
A I_iun- .o / / 3 ALPHA » TR £ / /
. j ] e /ﬁ
| v 4 // J/‘ y L~ | — ]
. 3
| Z i B e 1 : i | __+— » i E
— g o | =
o~ = | ] .
! e \.::\\"qhh“'m_\ i . "““-..“"“"--.._ s : = M\Q ~
. ! |
\ \ \ H b > ;. G L
L] 3. <ts i
o ALPua s oe } i ALPHA i \ \\ : ALFHA < 30°
fi| NNAA T i
i NN : N 4
" =)
i Al efeten \ .
1 \
e \ 2 4
il X ‘
‘-‘-‘“ ”__;J 0 8 0 l' b Bl L 1) o a8 0 " 30 g 40 <4 o8 E.d .. "0 »n 50 . -~y
EeoEmTmgiTY ECCERTRICITY ECCENTRIGITY
Fig. 8.3. Percent difference in area versus eccentricity and depth.
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Table 8.1. Geometry of the experimental conduit.

Number

of Standard

Stations Maximum Mean Minimum Deviation
Major 21 17.869 17.617 17.538 0.175
Axis (in.) 41 17.913* 17.604 17.554 0.047
Minor 21 17.626 17.516 17.435 0.0375
Axis (in.) 41 17.680 17.510 17.430 0.031
Eccentri- 21 0.176 0.1021 0.046 0.0310
city 41 0.175 0.0993 0.051 0.0244
Alpha a 21 165.58 84.84 13.71 46.5
(degrees) 41 160.37 82.94 7.78 49.43
Area 21 989.5 969.47 965.3 3.84
(sq. in) 41 994.9* 968.4 964.1* 3.94
Wetted 21 111.51 110.373 110.13 0.2769
Perimeter 41 111.82* 110.314 110.07* 0.2167

(in)

Hydraulic 21 8.87 8.7785 8.76 0.0183
Radius (in) 41 8.89 8.7742 8.75* 0.0181

*occurred at same section;

The first row of figures refers to the unpainted
interior of the conduit, while the second refers to
the painted interior.

Errors because of vertical displacements of a
circular cross section. The deviations of a given
conduit from a mathematically straight alignment may
be:

(1) the surface irregularities which contribute
directly to viscous shear and consequent hydraulic
roughness;

(2) unintentional misalignments of the conduit
which occur gradually when it is extremely long;

(3) intentional changes in conduit direction to
alter the direction of flow.

The effects of surface irregularities and in-
tentional conduit realignments on surface profiles,
in general, are easily computed. However, the gradual
conduit misalignments are usually ignored or assumed
to have a negligible effect on the surface profile.
Based on energy conversions relating to such changes
in cross section area, the foregoing assumptions may
be justified, since energy transfers are small by
definition, and may well be masked by the uncertainty
of the mean turbulent energy loss as well as by the
time variable. Depths computed from any commonly
used formula represent only the time-distance mean
values. Equations 8.7 and 8.8 given by Henderson [6]
are used in this study to estimate the effect of
vertical conduit misalignments on the water surface
elevations by considering a sinusoidal channel-bottom
profile. (Details of the derivations of Eq. 8.7 and
8.8 are given in Hydrology Paper No. 45). The ampli-
tude of the depth wave can be evaluated from

sin ¢
3 5o L

2nz
B (8.7)

in which ¢
depth
wave.

is the ratio of amplitude to the uniform
Yo» and ¢ is the phase angle for the depth
Tﬁe value of ¢ is
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with z_ and L the amplitude and wave-le

sinsoid&lly varying bottom, respectively,
bottom slope, and F, is the Froude number
flow.

Equations 8.7 and 8.8 were solved for
combinations of channel slope, wave length
irregularity, amplitude of channel irregula;
normal depth. The Darcy-Weisbach friction
taken as a constant 0.012, Table 8.2 pres
results of these calculations. As expect
Froude number greater than one the depth wa
nearly in phase with the bottom wave. The
difference is due to flow resistance. For
number less than one the depth wave is out
with the bottom wave by essentially .
slight difference is caused by flow resist

The amplitude of the depth wave is w
various 'lengths of the bottom wave, provid
parameters are also unchanged. The ampljtud
depth wave compared to the length of the bo
ranges from approximately one for low Froude
to approximately three for Froude numbers

Because of unavoidable irregularities in
ive sections of the conduit and the method
join sections, it was impossible to completi
inate all deviations from the mean slope.
presents the results of mean slope determinati
the corresponding maximum and root-mean-squa
tions from the slope of the least-square fif
results show that the invert profile of the
had an undulating bottom with approximately 0
of amplitude and 20 to 40 feet of wave length,

8.2 Errors in Hydraulic Parameters

Errors in friction factor. To estimate
effect of observational errors on computed
factors, certain assumptions are required.
following analysis the assumptions about the i
values of parameters and errors are: the int
diameter of the conduit (D) is 3 ft, the dept!
is 1.5 ft with an error of #0.005 ft, the bo
slope S, is 0.001 with an error of +.0000
discharge (Q) is 30 cfs with an error of #
These values will be used in the expression
friction factor

2
BgSQRA
2
Q

By differentiating Eq. 8.9, the error equati
the assumed independent errors in the four g
Y, Sg =S, RAZ , and Q is .

2
2 of af 2
e (f) = | == e(5)| + e (RA")
[asf f] [a(mz)

2
+ [%é : (QJ] .



2 Theoretical effect of bottom irregularity on water surface profiles.

Froude

rro?de z,-ft Lot ¢-Rad ey -ft e z,-ft  L-ft $-Rad ey -ft
2.582 .01 20 6.266 .002 .03 20 3.170 .090
_ 40 6.249 .002 40 3.198 .090
60 6.232 .002 60 3.227 ,090
80 6.216 .002 80 3.255 .090
.02 20 6.266 .004 .04 20 3.170 .120
40 6.249 .004 40 3.198 .120
60 6.232 .004 60 5,207 .120
80 6.216 .004 80 3,255 .120
.03 20 6.266 .005 .0001  .258 .01 20 3.142 L011
40 6.249 .005 40 3.143 .011
60 6.232 .005 60 3.144 .011
80 6.216 .005 80 3.145 .011
.04 20 6.266 .007 .02 20 3.142 .021
40 6.249 .007 40 3.143 .021
60 6.232 .007 60 3.144 .021
80 6.216 .007 80 3.145 .021
"8le ' vo1 20 3.170 .030 .03 20 3.142 .032
40 3.198 .030 40 3.143 .032
60 3.227 .030 60 3.144 .032
80 3.255 .030 80 3.145 .032
.02 20 3.170 .060 .04 20 3.142 .043
40 3.198 .060 40 3.143 .043
60 3.277 .060 60 3.144 .043
80 3.255 .060 80 3.145 .043

Slope deviations of the experimental conduit

Root-Mean-Square

Max. Deviation, ft Deviation, ft

+.0188 .0116
+.0182 .0135
+.0214 .0099
+.0195 .0099
+.0347 .0117
+.0279 .0119
-.0240 L0133
+.0375 .0141

hoe(f), e(Sg), :(RAZ}, and e(Q) represent
*in £, Sf¢, RAZ, and Q, respectively. The
1s called here the section factor. The
T e(RA%) of this section factor is evaluated
mo the error in the depth (y), and given as e(y).
comne_Vatives 3f/3Sg, 3f/3(RAZ), and 3f/3Q are
of ted from Eq. 8.9, and the above numerical values
ingiﬂﬂnter§ are used to numerically determine these
“SFlvatives ip Eq. 8.10.
im.uazzl;ming that the errors in y (20.005 foot), Sg¢
Standarg 3: and Q (£0.3 cfs) are their respective
B o eviations of random errors, then the standard
Tandom errors in the friction factor, of(f),

a(f) - .
"0 = ((2.681 x 0.00001)2 + (0.000286 x 0.0997)2

* (0.0001787 x 0.3)2)% = 6.61 x 107°.

he :
1 repr?sentat1ve constant friction factor of
this conduit and the range of Reynolds numbers
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used in this study, this estimated standard error of
6.61 x 10°5 represents only a 0.55 percent error. .
For this particular numerical case, the largest contri-
bution of errors to the friction factor is from the
errors in discharge measurement. The standard error
in the friction factor of 6.61 x 10-5 may be consider-
ed as a lower boundary in practical evaluations of
random errors.

The other aspect of errors in the friction factor
is the effect of replacement of a changing friction
factor with Reynolds number by an average factor on
the shape of computed hydrographs along the conduit.
These conditions of the Darcy-Weisbach friction factor
f are, therefore,that a (1) single constant value
of f is used, and that a (2) friction factor f is
a function of Reynolds number given by the Prandtl-von
Karman equation of hydraulically smooth boundaries.

To find the effects of various values of £ on
flood evaluation, a hypothetical inflow hydrograph in
the form of the Pearson Type III function is used, with
its shape and the numerical values of parameters given
in Fig. 8.4. This inflow hydrograph is considered as
the inlet boundary condition, and waves are integrated
by using the specified intervals numerical integration
scheme of the method of characteristics, described in
Chapter 5 of this paper, with additional details
given in Part IV, Hydrology Paper No, 46.

The friction factor in this study varied between
0.010 to 0.14. Three values of £, 0.010, 0.012 and
0.014, were tested for their effects on flood hydro-
graph evolution, Figure 8.5 shows the computed depth
hydrographs at three positions x = 50.0, 410.0, and
771.7 ft along the channel with the above three con-
stant values of £, as lines (1), (2), and (3).
These results and their comparison lead to four con-
clusions;

(1) Differences of depth hydrographs for f =
0.010 and f = 0.014 at x = 50.0 ft from the inlet



are of the order of 5 percent of the channel diameter.
These differences decrease with an increase of x.
This decrease can be explained by both the initial
conditions being a M2 curve and the downstream bound-
ary conditions being in the critical flow at the
conduit outlet.

200

| Q (cfs)

L &
150

10.0}-
_+- g \
501 o |
Q,
t (seconds)
0 1 1 1 1 o R
o] 100 200 300 400 500
Fig. 8.4. Hypothetical inflow hydrograph of the

Pearson Type III function, Eq. 5.32, with
the selected parameters: Q, = 6.21 cfs,
Qo = 8.00 cfs, t, = 100.00 sec, and tg =
150.0 sec.

x=50.0 ft

x= 410.0 f1

x=TTL7 ft

Effect of changes in friction factor, f, at
various positions along the channel: (1) f =
0.010, (2) £ = 0.012, (3) £ = 0.014, and
(4) £ = f(ae).
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(2) The smaller the friction
are the depths, in general, and the
particular, at various positions aioﬁg
For Fig. 8.5, the differences in peak
f = 0.010 and £ = 0.014 in relation t«
diameter amount to approximately 4
50.0 ft, 3 percent at x = 410.0 ft
at x = 771.7 ft. Table 8.4 gives the
ratios of peak depth to conduit di
positions x along the conduit for
and 0.014,

(3) The smaller the friction f:
the peak depth occurs. The differenc
at the peak depth for f = 0.014 and
approximately 3 percent of the inflow
time (t_ ) at x = 50.0 ft, 6 percen
ft, and Bbout 7 percent at x = 771.7
gives the times of peak depth percentag
hydrograph rising time; this shows how
effect of the friction factor is on
of the peak depth.

(4) Because of downstream boun
a free fall at the outlet, there are
trends in peak depths, nor are there a
of the peak depths along the downstre
conduit within 100 ft of the outlet.

Figure 8.5 and Tables 8.4 and 8.5
respective properties of the depth
the Darcy-Weisbach friction factor fo
von Karman resistence equation for hydr
conduits. The comparison of the re
stant values of friction factor and
tor computed by this equation as a fumc
number gives the following conclusi

(1) Only a very small differen
the depth hydrographs computed by usi:
value of f = 0.012 and f as the func
for the given range of Reynolds numbe
ence is on the order of 0.3 percent o
diameter. :

(2) The differences in peak dept
f = 0,012 and by f as the function of
than 0.4 percent of the conduit diameter
tions along the conduit, as shown in Tab:

(3) The differences in the time of
of peak depth computed by f = 0.012
function of R, range along the condui
8.5 percent of the rising time (t )
hydrograph. These differences at ear
along the conduit are shown in Table

Errors in velocity distribution €OE
definition the minimum values of the two
distribution coefficients, « and:. 8,
g =1, As soon as the time mean velocl
in the cross section is not uniformly
coefficients are a >1 and g > 1. It
this study that for partly full flowing
for the depths between 0.3D - 0.8D, n
conduit diameter, the average coeffic ent
o =1.03 and B = 1.01. In practice, thS
a =1 and B =1 are nearly always
numerical integration of the two partia
equations of gradually varied free-sur
flow. The investigation of the effects
values of o and B, particularly of
«a=1 and 8 =1, on the evolution of
along a long storm drain has been accomp
presented as follows. ¢

The hypothetical inflow hydrograph (F
and the numerical integration scheme as
used to study the friction factor are



4, Percentages of peak depth to conduit diameter at various positions, x , along the conduit
i and various values of £,

x, position in feet along the conduit

— " 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

50
"'_;;?Ei 49,28 48.94 48.59 48.23 47.86 47.48 47.07 46.64 46.16 45.63 45.03 44.36 43.56 42.39 39.76

. 51.72 51.32 50.91 50.50 50.08 49.64 49,19 48.70 48,18 47.61 46.99 46.29 45.50 44.51 42.99 39.81

hl 53.56 53.11 52,65 52.18 51.70 51.20 50.68 50.12 49.52 48.88 48.17 47.38 46.47 45.29 43.48 39,86

00 51.66 51.30 50.94 50.56 50.17 49.76 49.32 48.86 48.35 47.79 47.16 46.47 45.67 44,70 43.27 40.21

5. The percentage ratios of the time of the peak depths to the rising time of inflow hydrograph,
at various positions along the conduit, and for several values of friction factor.

X, position in feet along the conduit

0 50 100 150 200 250 300 350
124.03 130.47 136.90 142.78 149,29 155.89 162.63 169.05
126.21 132,55 139.51 145,26 152,38 159,07 166,14 173.19
128.20 135.06 141.31 148.00 154.87 162.16 169.38 176.23
123.03 128.65 134.89 141.24 147.57 153.91 160,24 166.59

Table 8.5. Continued

X, position in feet along the conduit

450 500 550 600 650 700 750 800
182.74 189.18 196.44 203.70 211.78 222.39 216.93 208,00
186.51 194,37 202.23 210,09 217.95 221.07 218.11 211.86
190.74 198.39 206.82 214.45 220.89 222.45 219.40 215.58
180.07 186.42 193.74 201.50 209.50 215.47 213.21 206.59

® 8.6. Difference in peak depths computed from f as the function of Reynolds number and three values
of f, in percent of conduit diameter.

X, position in feet along the conduit

et 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

=2.05 -2.04 -2.02 -2.00 -1.97 -1.94 -1,90 -1.84 -1.79 -1.71 -1.63 -1.53 -1.44 -1.31 -1.14 -0.88 -0.45

0,11 0.06 0.02 -0.03 -0.06 -0.09 -0.12 -0.13 -0.16 -0.17 -0.18 -0.17 -0.18 -0.17 -0.19 -0.28 -0.40

4
2.01 1,90 1.81 1.71 1.62 1.53 1.44 1.3 1.26 1,17 1.09 1.01 0.91 0.80 0.59 0.21 -0.35

/. Differences in the occurrence of peak depths, computed from f as the function of Reynolds
2:m?er and for each of three constant values of f, in percent of the inflow hydrograph
sing time.

X, position in feet along the conduit

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 _ 800

1.00
1.82 2.0 1.54. 1.72. 1.9R 239 2.46 2.56 2.67 Z.76 2.70) :2.20 2.28 6:92 %72 1.4l

3.18
: 3.90 4.62 4.02 4,81 5.16 5.90 6.60 7.24 6.44 7.95 8.49 8.59 8.45 5.60 4.90 5.27

5.17
.41 6.42 6.76 7.30 8.25 9.14 9.64 10.18 10.67 11.97 13.08 12.95 11.39 6.98 6.19 8.99
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study the effects of the velocity distribution
coefficients.

The effects of the velocity distribution coeffi-
cient a were studied for three values, 1.01, 1.02,
and 1.03, while the coefficient B was kept constant
at B = 1.00. The effects of the velocity distribu-
tion coefficient B were then studied for the values
of B =1.005, and 1.010, and a = 1.00. The results
can be summarized as follows:

(1) The higher a value of o the higher the
depths produced. The differences in depths for vari-
ous values of o and B, and for o = 1.00 and
g =1.00, with o =1.01, 1.02, 1.03, and B = 1.00,
increase with an increase of time. They are of the
order of 0.40 percent of the conduit diameter.

Table 8.8.
B, and for a« = 1,00 and B = 1.00.

Differences in peak depths, in percent of conduit diameter computed for various values of

(2) The differences in depths are higher
upstream than at the downstream part of-the
and are on the order of less than 0.10 perc
the conduit diameter. !

(3) The higher the a value, the highes
peak depths at various positions along the
The differences in peak depths are less than
percent of the conduit diameter, as shown by
numbers in the first three rows of Table 8,

(4) The higher the o value, the lat
depth, t_, occurs. The differences in
a =1,01,1.02, 1.03 and B = 1.00, and
and g = 1,00, range from 0.5 to 2.0 perce
inflow hydrograph time parameter, t,, as s
the first three rows of Table 8.9.

X, position along the

conduit, in feet

0 5005300 150 w200 260! 500" 350

400 450 500 550 600 700

1.01 1.000 0.08 0.08 0.08 0.09 0.08 0.08 0.08 0.07

0.08 0.08 0.07 0.07 0.07 0.06

1.02 1.000 0.17 0.17 0.17 0.17 0.16 0.16 0.16 0.15

0.15 0.15 0.15 0.14 0.13

1.03 1.000 0.25 0.25 0.24 0.24 0.23 0.23 0.22 0.21

0.22 0,22 0.21 0.20 0.20

1.00 1.005 0.01 0.02 0.02 0.03 0.02 0.02 0.02 0.02

0.03 0.03 0.03 0.02 0.02

1.00 1.010 0.01 0.02 0.02 0.03 0.03 0.02 0.03 0.02

0.03 0.03 0.03 0.02 0.03

1.03 1.010 0.19 0323 0.27 0.30 0,32 0,36 '0.37

0.39 0.40 0.41 0.39 0.39

Table 8.9.
of @« and B and for o = 1.00 and

Differences in times of peak depths in percent of conduit
g = 1.00.

diameter for various values

X, position along the

conduit, in feet

0 50 100 150 200 250 300 350

400 450 500 550 600 650

1.01 1,000 0.72 0.63 0,09 0.70 0.35 0.71 0.69 0.51

-0.03 0.67 -0.05 0.14 0.66 0.21

1.02 1.000 0.63 1.34 0.62 0.87 1.04 1.40 1.11 0.57

0.65 1.35 0.54 0.52 1.05 0.85 1.30.84

1.031.000; 1.3% 1.52 31 1,23 1.78 1.7) 1.24 1.24

1,51 2:00 1.18 1.17 1.15 1.14 1.1CHEES

1.00 1.005 0.31 0.24 -0.45 -0.17 0.02 0.05 -0.39 -0.38

-0.27 0.46 -0.33 -0.30 -0.29 -0.27 -0.26 0.0¢

1.00 1.010 -0.18 -0.15 -0.73 -0.08 -0.06 -0.01 -0.26 -0.75

-0.63 0.12 -0.66 -0.62 -0.57 -0.54 0.28 -0.

1.03 1.010 2.56 2.73 3.52 3.62 4.06 3.88 4.78 4.96

5:77 5,24 6,23 7:22 6.81 6,70 4.58 4q_=_f

64




The higher 2 value of B the higher the
uced. The differences in depth between
and 1.010 and B = 1.000 decrease with an
of both the time and distance, and are on
order of 0.08 percent of the conduit diameter.
(6) The differences in depths at the upstream
of the conduit are of the same order as thg
ences at the downstream part of the_conduxt.
7) The higher a value of B, the higher are the
depths produced at various positions along the
t. The differences in peak depths are less
.03 percent of the conduit diameter as shown
fourth and fifth row of Table 8.8.
'(8) The higher a value of B the earlier the
snce of the peak depth. The differences in
petween B = 1.005, 1.010, and £ = 1.000 for
1.00 range from 0.01 to 0.75 percent of the inflow
oh parameter tp, as shown by the fourth and
row of Table 8.9.

(5
005

. When both @ > 1.00 and g > 1.00 are used,
rticularly o = 1.03 and g = 1.01, the differences
sbles 8.8 and 8.9, the sixth row, show the largest
. The differences in peak depths between o
and B8 =1.01 and @ =1.00 and B = 1.00
, 0.50 percent of the conduit diameter at x =
. This value is relatively negligible.

In summary, replacing the average values of o =

depths y = 0.3 D - 0.8 D, by minimum values of
1.00 and B = 1.00, only slightly affects the
ion of flood waves along the circular storm
age conduits.

Errors in Computations

~ Computational errors resulting from procedures
d in this study are the product of the following:
(1) The approximation of infinitesimal variations
finite values. This is a result of assuming, in
al, linear relations rather than true curvilinear
dons. This is a systematic error, which is not
lily determined since it may be positive or negative
ing different stages of the computations.
(2) Truncation of numerical values. This is due
the limited precision of any discrete-element cal-
ator. The computer used for these studies was
‘:'~:g fbr single precision computations using 15
gits,
_ (3) Round-off in the printed output. The computer
& forlthe calculations rounded off all numbers in a
fIEr similar to a manual calculator.

The following discussion evaluates the effects of
bk :?l variables in the solution of the unsteady flow
ﬂﬂqnncns‘ These equations are considered under the
i, rutational schemes with the incremental length and

increne Sl
roes - Dtal time interval during which the integration
(ESEESS proceeds.

The

grid %%-g.?i%fﬁiﬂi of computational parameter At.
Schemes ;. . . X and At in the computational

1S limited by the characteristic directions
lsaG; encountgred during the integration. In order
5 € that this condition exists, it is necessary

Ax

V + {gA?B

it < (8.11)

%Ht ation
inte. ;10ns require that At be computed before
ETation process. The incremental distance

and B = 1.01 of free-surface conduit flow, for the
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Ax was arbitrarily established. The computed velo-
city (V) was based on conditions that would produce
the maximum critical velocity. The geometric term
gA/B, which goes to infinity for full size flow, was
computed for a depth of 0.82 of the diameter.

Effect of computational parameter Ax. The
method of characteristics using a specified intervals
scheme gives the complete numerical solution of the
free-surface unsteady flow. The accuracy of the re-
sults depends on the size of the rectangular grids
Ax and At.

If n is the number of intervals along the
conduit and Xy is the length of the conduit, then
AX = x_]‘ (8.12)
n x '
with n an arbitrarily selected number. The smaller

the Ax presumable the more accurate are the results.
But also, the smaller the A4x, the greater the re-
quired computing time. In compromising these two
conditions to satisfy the objectives of this study,
several values of n for the fixed x, were tried
for the inflow hydrograph of Fig. 8.4 a&d the circular
experimental conduit of this study.

Figure 8.6 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 ft downstream from the inlet and for
a Ax of 40.91, 20.45, 10.23, and 5.12 ft corres-
ponding to n values of 20, 40, 80, and 160, res-
pectively. The center and lower graphs are the
depth hydrographs at 410.0 ft and at 771.7 ft from the
inlet, respectively. The initial condition for each
computation is the steady-state water surface for a
free outfall.

L6 y. 1

L5
L4
1.3
L2
(8]

1.0

0.9 1 L L i

14

Fig. 8.6. Effect of Ax on hydrographs at various
positions along the conduit; (1) Ax = 40.
91 f£t, (2) Ax = 20.45 ft, (3) 4x = 10.23
ft, and (4) &x = 5.12 ft, at three loca-
tions 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. 8.6 with
the inflow discharge hydrograph of Fig. 8.4 it was
found that:

(1) The critical portion of the conduit for com-
puting depth hydrographs is near the outlet where
there is the greatest curvature of the base-flow
water-surface profile. The maximum differences be-
tween the computed depths, with Ax being 40.91 and
5.12 ft, are approximately 0.3, 0.6, and 1.0 percent
of the conduit diameter at 50.0, 410.0, and 771.7 ft
from the inlet, respectively.

(2) There is no significant increase in accuracy
over 0.005 ft or 0.15 percent of the conduit diameter
when Ax is less than 10.23 ft. Therefore, a Ax
equal to 10.23 ft, or n equal to 80, was selected
for computations.

The peak depth y_  and the time to peak depth
t, are two important Barameters describing a depth
hydrograph. 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, fof various lengths
Ax. Also, the accuracy can be measured by the time
to peak depth, , relative to the peak discharge, time
tp, of the inflow discharge hydrograph of Fig. 8.4,
for various lengths Ax and the same positions x.

From the selected criteria for defining the

accuracy of a computed hydrograph for a given 4x, it
was found that the percentage differences of Yp»
by Js o0 kyoes
Rt RIE S S Ton
D
in which the index "min" refers to the depth y, of

the smallest difference used, Ax = 5.12 ft, and 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 to 40.91 ft, and at various positions x,
as shown in Table 8.10. At the upstream part of the
conduit there was no significant difference between

y. /D 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 /D was found when

Ax was reduced below 10.23 ft.

In using the other parameter, T, to
accuracy of computed depth hydrographs with
values of Ax and various positions x, ¢t
of accuracy was

R 2ty
2= PRI 4100 ,
t
P

in which the indices "min' and "i" refer to
ft and all other values of Ax, respectively,
found that there were no significant differen
values Ax > 5.12 ft, and for various positic
The percentages were about 1.2 percent at th
2.0 percent at the middle, and 8.5 percent a
downstream part of the conduit. It was also
that there was no significant change of the pe
of T, to t, (which was about 1.9 percent
ax  whs reduckd below 10.23 ft, as shown in T
Tables 8.10 and 8.11 show the percentage
ences of y, to the diameter D of the condi
T, to t,, respectively, with different val
ahd at vabious positions of x. These values
distances (0, 50, 100,...,ft) were computed
interpolation from the values in the grid syste
therefore, some error may have been introduced.

ever, the change in shape of the depth hydr
to varying Ax was considered to be small.
Ax produced a lower and later peak depth.

8.4 Errors in Experimental Observations

Errors in geometric variables. A summary
type of error has been already presented in S
8.1. The two sources of geometric errors, the
irregularities of conduit cross section and
slope, were discussed in Chapter 6, Hydrolo
No. 44 for the observed results, and were anal
in detail in Chapter 2, Hydrology Paper No. 45

Time difference errors, A systematic erro
introduced into all tests because the flow-me:
orifice was located 82.2 feet upstream of what
considered the beginning of the test conduit.
much of this distance the conduit was flowing
and providing instantaneous transmission of ch
in flow. This systematic error effected prim

Table 8.10. Difference in yP computed from various sizes of Ax (in percent of conduit diameter
Ax Distance, ft

(ft) 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
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
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
100230 @ 0 -0.01 0 -0.01 -0.01 -0.01 -0.02 -0.03 -0.04 -0.06 -0.08 -0.09 -0.11 -0.14
Table 8.11. Difference in TP computed from various sizes of Ax (in percent of tp].

Ax Distance, ft

(ft), 0 50 100°,. 160, 200: K 250 300 350 400 450 500 550 600 650 700
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
20.45-0.40 -0,09 0 0.14 0.05 -0.06 0 -0.40 -0.40 -1.81 -2.73 -0.42 -0.40 0 -3.58
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
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correlations of observed and computed depths.
. effect is due to a minor modification of
§u hydrograph between the hydrograph observed

Paq&ifice and the actual hydrog?aph observed at

ning of the conduit. The distance b?twgen the
; h:re a free surface formed and the beginning
-*f the test conduit, however, provided a varying
$ 4 petween observed and computed data of from
‘lflseconds. That is, the time recorded by the
eransducer for a given flow discharge was
“the time when that discharge actually reached
it test section by the amount of time it took
to travel the 82.2 feet. To eliminate this
e, time shifts can be estimated visually
comparison plots (depth versus time) and experi-
times can be adjusted by this amount. This
in time is discussed more fully in Chapter 6.

[nstrumentation errors. Instrumentation errors
analyzed on the basis of calibration results.

. the true values of physical quantities are

. exactly measured, the calibration process of
nstrument was considered to be an accurate

te of the errors in the measured quantities.

A common method of placing boundaries on the
‘used the unbiased standard deviation, s ,

N
5= I
which q; is the individual reading observed in a
range, qp is the corresponding reading from

ference curve in the same given range as 4j,
N is the total number of observations.

£l

2
[qi-qo)
--N-“_—l——] i (8.15)

Table 8.12.

For a Gaussian distribution of errors at an
approximately 95 percent significance level, the
physical quantities measured by each instrument can be
expressed as

0 R 25

: (8.16)

Equation 8.16 means that 95 percent of the mea-
sured quantities q;j lie within the range of + 2 s
of qg.

Table 8.12 gives a summary of the calibration
results of the orifice meters, current meters, and
pressure transducers using Equation 8.16.

Reproducibility errors. An attempt was made to
perform some experiments with conditions exactly the
same as conditions of some selected previous runs.
This was done to have some measure of the errors that
were inherently reproduced in the experimental system.
By running two runs under exactly the same conditions,
the differences between the observed wave depths would
be a measure of this type of error. If no errors were
generated by the system, the observed values for both
runs would be the same. This manner of comparison
would not, however, be a measure of the random errors.

During the experiments, seven attempts were made
to duplicate the conditions of previous runs. Only
one of these runs, however, was successful. The other
six could not be used in this evaluation because either
the base or peak flows did not correspond to the
earlier conditions or the time of one wave was longer
than that of the previous run, resulting in different
total water volumes. The runs with matching conditions
were 010013 and 019913. The error was small.

Estimate of instrumentation errors.

S

Error Bounds with

Standard Deviation 2.5% Level Range
Small Opening 0.00413 « = a + 0.00826 Reynolds No. 3x10°%2x10°
. Medium Opening 0.00220 @ = o+ 0.00440 Reynolds No. 2x10°v2x10°
5ihars Large Opening 0.00320 a = o * 0.00640 Reynolds No. 5x105wzx106
Large Opening 0.01619 £t> ¥ = ¥+ 0.03238 ft°  Volume 8 ~ 15 ft°

0.0141 ft/sec

v = v * 0.0282 ft/sec Velocity 1 ~ 8 ft/sec

0.0451 ft/sec

v = v * 0.0902 ft/sec Velocity 8 ~ 16 ft/sec

ft of ft of Pressure * 1 psi
0.0002 water H=H * 0.0004 water Voltage + 3 volts

ft of ft of Pressure * 5 psi
0.0003 water H=H * 0.0006 water Voltage + 3 volts
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8.5 Total Errors

The discrepancy between a computed value of
analytical waves and the corresponding observed value
from a physical wave experiment is attributable to
numerous sources. These discrepancies are 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 variations in the physical system,

The comparison of computed and observed waves, as
discussed in Chapter 6, include both the systematic
and the random errors. The systematic errors are
mainly in the form of base depth shifts due to zero-
reading shifts, and in the form of time shifts be-
cause of the difficulty of coordinating the zero
time of computed and observed waves. Additional
systematic errors result in using average or lower
bounds of friction factor and velocity distribution

coefficients. All other differences be
puted and observed waves are attributable to
errors in observations and systematic errors
computations.

In previous analysis of individual sow
errors, and effects of various simplificat
hydraulic parameters, can not be simply inte
into the expression of a total error because
errors are of different types, and (2) the
dependent, with the dependence unknown. T
it was not considered feasible to attempt
an overall formula for total errors.

It is reasonable to state that the gr
varied free-surface unsteady flow is in s
of development that the theory can be less
for further contribution than a systematic
all sources of errors.



Chapter 9

CONCLUSIONS, LIMITATIONS AND RECOMMENDATIONS.

N mcmsions.
‘.---ﬂ--_"'_'_.—-

General conclusions, regarding this Part I,
»logy Paper No. 43, as well as general results

od in detail in Parts II, III, and IV, Hydrology
44, 45, and 46, are summarized as follows.

(1) The comparison of the solution of the

tical equations of unsteady flow by numerical
ration with accurately observed waves or the
~arison of analytical and physical gradually varied
rface waves, with the same boundary and initial
tions shows good practical agreement, provided

atic shifts in depth or in the time in some of

observed waves are considered.

(2) Observed waves in this study were subjected

systematic errors in recording the base flow depth,
recorded discharge as a function of time at the

nmce into the conduit, and the energy head losses
the junction boxes are sometimes much larger than
cumulative random errors of various other sources
ors (measurements of discharge, depths, hydraulic
eters, etc.).

(3) Though the experimental conduit was 3 ft in
ter and 822 ft long, the observational errors on
; produced in this conduit, and the computational

rors in the numerical finite-difference integration
of the unsteady flow differential equations,
| not permit an assessment of the differences between
physical and analytical waves, with these
nces resulting from the basic hypotheses under-
ig the development of the continuity and momentum
lial differential equations of gradually varied
e-surface unsteady flow.

(4) The unique experimental facilities in this
dy of flow in conduits made it possible, through
“rimental investigations and observations, to

‘understand various aspects of gradually varied free-
Surface unsteady flow,

a5 (5) The geometric and hydraulic parameters such
A 'i:a’ :gpth, surface width, hydraulic radius,

Br on factor . % " % $iiants
BC o box 10 velocity distribution coefficients,
1;¥:ra continuity and momentum partial differential
=j‘11;i°?s' have been evaluated with sufficient
- tion from the experimental conduit so that a

Teliable nype : :
i Tical
be btained. integration of these equations can

: (6) The recommended i i
* Proceq : ed numerical integration
the sPEci%i"hl?h is based on experimental evidence, is
Charactops ed intervals scheme of the method of
:3*'*1ctar%5t?cs’ in which case the four ordinary
Partia) d;;tlc equations equivalently replace the two
ik ferential equations of unsteady flow.

ﬂh:;gCEZlisT? simplify the coefficients of the
4n.gficient:1° equations, the velocity distribution
Feses » @ and B, are taken as unities. This
ﬁMCtiﬁows that substituting constant a and B8
depth, 025 of a and B on Reynolds numbers or on
. Water in partly full conduits does not
tly affect the floods routed along the

variety of sources of systematic and random errors.

losses, etc., which define the coefficients
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circular conduits. Similarly, the use of a Darcy-
Weisbach friction factor, f = 0.012, for the range
of Reynolds numbers in this study, insteady of using
the function f(Re) , did not significantly affect the

routed flood waves.

(8) It is doubtful that simplified flood routing
methods have any significant advantage over numerical
solutions of the theoretical equations for the design
of storm drains. Simplified flood routing methods may
be useful in those cases when the diameter of the
conduit may be obtained explicitly from the equations
or graphs, as the initial assumed dimension for the
more accurate computations by the method of character-
istics, or when these methods substantially save
computer time with only a small loss in the accuracy
of the solution.

(9) Research results in this study are considered
as the basic information necessary for the expected
development of practical flood routing methods for
storm drain design, based on the unsteady flow approach
to flood routing through a storm drain by using the
most complete differential equations.

(10) The only flood routing method that can meet
various field conditions is a method that uses the most
complete differential equations of unsteady flow. A
versatile new flood routing method should be applicable
under various conditions such as branching of storm
drains, upstream flow under particular conditions,
different boundary and initial conditions, subcritical
and supercritical flows and their transitions, etc.

(11) It is expected that in the future more
accurate estimations of inlet flood hydrographs will
be produced and the hydraulic conditions of storm
drains will become better known so that extremely
accurate flood routing methods will be both required
and justified in practice. For that purpose, the use
of digital computers and numerical integration schemes
of the complete differential equations of unsteady flow
will be used for both the design of storm drains, and
the eventual prediction of flood hydrographs at
particular points of existing storm drainage systems.

Conclusions in more detail are given in the last
chapters of Papers 44, 45, and 46.

9.2 Limitations in the Developed Results.

The proposed method of using the most complete
differential equations of unsteady flow for flood
routing through storm drains, particularly in applying
the numerical integration by the finite-differences
specified intervals scheme of the method of character-
istics, has some limitations and conditions of
application; they are as follows,

(1) The method is applicable only to gradually
varied free-surface unsteady flow, which implies a
neglible vertical acceleration, or, in general, the
method is applicable to flood waves which attenuate
as they progress along the conduit.

(2) Waves must be one-dimensional or the velocity
components in the horizontal direction normal to the
conduit axis are negligible.



(3) The hydraulic resistance and velocity
distribution coefficients in unsteady flow do not
deviate significantly from the resistance and
coefficients in steady flow, for the same Reynolds
numbers.

(4) The method can not accommodate accurately
the case when the flood wave moves on a dry bed,
particularly for the frontal part of the wave.

(5) The method as developed can not take into
account the instability and air entrainment effects
in a conduit flowing nearly full.

(6) The second boundary condition at the upper
end of the conduit (the first being the inflow hydro-
graph) in the supercritical flow, as a discharge-
versus-depth relation, is assumed usually to be the
normal depth relation. This approach may depart from
actual physical conditions, which makes it difficult
for computed waves to correspond with physical waves,
at least at the upper sections of the conduit.

(7) Unavoidable inaccuracies in estimating
junction box energy losses, particularly with the
lower inlet position of laterals, result in significant
differences between observed and computed flood hydro-
graphs in storm drains.

(8) Though the method of characteristics with
its specified intervals scheme may be improved by
nonlinear interpolations of velocities and depths
along the initial time tj , when their values at time
tj+1 must be computed, there is still a lack of
information for determing whether the interpolation
should be made through three or four points for the
supercritical regime; there is also insufficient
information for determing what advantage four-point
interpolation can produce. This is a limitation in
assessing the accuracy of results under the various
conditions of nonlinear interpolations.

(9) The basic limitations in applying the
proposed finite-difference scheme is related to the
accuracy available in describing boundary and initial
conditions. The better they are defined and the
closer they are to the physical boundary and initial
conditions, the more reliable are the numerical
solutions.

9.3 Recommendations for Future Research.

Recommendations for further experimental research
are given in more detail in subchapter 8.2 of Part III,
Hydrology Paper No. 45; the potential of the developed
facilities for further experimental investigations is
given in subchapter 7.2 of Part 1I, Hydrology Paper
No. 44, Recommendations for further studies of
numerical integration schemes of complete differential
equations of unsteady flow are given in subchapter
5.2 of Part IV, Hydrology Paper No. 46. Although
recommendations in detail can be found as cited,
general recommendations for future research are
summarized as follows.

g

(1) The energy head losses of certain types of
singularities, which occur in storm drains, should be
investigated systematically. Such energy losses occur
. at various junction-box structures, boxes with various
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angles and diameters of joining drains, or b
which the direction and/or the slope of the
change, drop-structures for which there is a §
effect of downstream reach on the upstream s
the peak flows, and similar types of struct
the storm drains. Of particular interest is
dissipation of additional turbulence created
structures of concentrated energy losses alo
immediate downstream section of storm drains.

(2) Investigation is necessary for the
water interaction when the conduit flows nes
all instability phenomena in the passage from
surface flow to flow under pressure, or the
should also be investigated. Because the drs
dimensions are determined by the design floo
graph, and because the peak depth for that h
should approximately coincide with the depth
largest drain capacity in free-surface flow,
occurs in the depth range of relatively uns
this air-water interaction has particular r
to storm drain design.

(3) The peak depth of a well designed
drain is largest immediately downstream of
box, or the peak depth is at the upper end o
conduit between the two junction boxes, if
hydrograph is in the attenuation regime.
case if the flow is with the Froude number
less than F=2. The second largest peak d
produced immediately upstream of the junct
because of the backwater produced by the ene
at the junction box. The section downstream
junction box is also subject to dissipation
turbulence generated in the junction box;
equivalent to additional roughness. Therefo
critical design conditions are either in the
sections where both the instability of near:
conduit flow of air-water interaction and
additional turbulence occur, or in the sec
significant backwater effect occurs. These
which greatly affect design conditions, ne
researched.

(4) Observations in the 3 ft diamet
ft long conduit, containing both systemati
observational and computational errors, were
to throw light on the differences between
and physical free-surface conduit waves, with
differences resulting from the five hypothes
lying the derivation of the continuity and m
partial differential equations of gradually
free-surface unsteady flow. This objective
effects of basic hypotheses.should be pursue
future research with appropriate improvements
accuracy of all observations and computations.
research in gradually varied unsteady flow
more relevant if the accuracy of solutions a
determined rather than reworking in the new 1igh
fundamentals of the basic equations.

(5) New finite-difference schemes for
the quasi-linear hyperbolic partial diffe
equations are proposed from time to time.
literature should be surveyed systematically
various schemes; they should be then subject
investigations, particularly if they concern
accuracy, versatility and flexibility of app
and economy of computer time.
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APPENDIX 1

Description of Research Project

UNSTEADY FLOW IN A STORM DRAIN

Part One

THE BROAD PROBLEM

Construction of highways in urban areas (and
sometimes elsewhere) requires disposal of storm water
by means of underground storm drains because property
values and other considerations prohibit carrying
storm water in open channels. These systems frequently
include picking up storm water contributed by areas
outside the right-of-way. The usual design procedure
is to compute sizes of pipe by the so-called "rational
method." When the highway is depressed the highway
department usually attempts to exclude all water fall-
ing outside of the depressed section so that the size
of the system collecting water for the highway itself
(and usually requiring pumping) will be a minimum.

Storm drains for depressed highways sometimes are
miles in length (West Route in Chicago for example is
about six miles) this producing a watershed that is
very long in relation to its width. There is good
reason to doubt that the rational method is reliable
in such a case, (nor for that matter has the rational
method been scientifically proved in any case). A
flood-routing procedure beginning with routing of
overland flow to inlets is generally conceded to be
the logical approach especially since digital computers
would permit investigation of various storm patterns
both as to time and areal distribution in testing the
probable functioning of a given system and indicated
modifications. Such a procedure would make it poss-
ible to know where every cubic foot of water was at
any time so that opportunities for temporary storage
reducing the peak load could be investigated. Major
economies in initial cost might result and are worth-
while exploring since the usual storm-drain system
for a depressed highway will cost around $500,000 per
mile.

To my knowledge no one has developed a procedure
for routing storm water through a storm drain by any
except grossly approximate methods.

The problem then is to study the hydrodynamics of
unsteady flow in storm drains with the objective of
developing a sound procedure adopted to a digital com-
puter, verifying the procedure by hydraulic model tests
and field measurements as may seem necessary. The
ultimate purpose is to provide a working design method
applicable to any situation where storm drains are
used for removal of storm water. However, there are
many variations possible in the physical set-up as will
be shown in the following paragraphs.

Part Two

AN OUTLINE OF THE FACTORS INVOLVED IN THE

HYDRODYNAMICS ANALYSIS

The inflow hydrographs to the storm-drain system
will not be considered as part of the hydrodynamics of
the storm drain as that is a separate problem. It can
be assumed that methods of computing inflow hydrographs
will be provided. The system will also be assumed to

consist of a single continuous line of pipe with inflow
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from inlets, or from laterals collecting
series of inlets all located on the highway
way. The right-of-way may include large in
areas in which case lateral inflow may be
in relation to flow in the main drain and
may be large enough to require analysis as
by itself. For purpose of analysis it may
that flow entering system at any point will
momentum in the direction of the outflow p

Conduit may be circular or of any shape
used, either precast or monolithic concrete,
will increase in size in downstream direct:
in size being made at manholes open to at

-pressure, and crown-lines will match up except

where a drop manhole occurs. The latter
equivalent to a free outlet for system upst
large drains especially those of monolithic ¢
tion, conduit may be continuous with manhole
one side in which case transitions will be

changes in size.

The slope of the main drain will change
with breaks at manholes but could be cons
a vertical curve. Slopes may be subcritical
critical and can be very steep, slopes of 3-
times occurring in main drains. The latter
duce augmented rates of discharge. A singl
involve a wide range of slopes, the usual si
involving steep slopes on upstream reaches
mild on downstream end. A break to a steef
however, is also possible.

Alignment commonly will be straight or
atively small deflections &t manholes. C
ment is possible but rare. As a rule the mai
will not involve abrupt changes in direction
90" except at a connection to existing inte
which case should be given special treatmen
beyond the scope of this problem.

Design criteria ordinarily provide tha
will not flow under pressure for the design
But it should be possible to compute what
in the main drain when any part does flow £
flow may be either free, or subject to back
from stream or conduit into which drain disd
or from water in wet well of a pumping stati
the latter case flow may be subject to surge
by sudden stoppage of pumps due to power fai

Manholes are commonly constructed eithe
square with or without a stream-lined invert
ing to invert of conduit; section through ma
mal to direction of flow will be as large orf
than cross section of conduit. Common practi
bring all laterals in at manholes and may be
elevation at or above flow line of main dré
laterals for individual inlets are brought 1n
ingly inaa T or Y connection (inflow
inlet is usually so small relative to flow
drain that momentum in downstream direction m
neglected).



Part Three

JTTATIONS OF ANALYTICAL STUDY FOR THE FIRST YEAR

The numerous possible variations in boundary con-

i e inflow hydrographs, and outlet conditions re-

’at the analytical study contemplated for the
pe limited so that initial solution for the

e simple cases will be possible.

puring the first year the study will be limited
odynamic analysis of a single storm drain on

ht alignment with single-peak hydrographs (not
arily identical) introduced at discrete points
‘the line, and a free outlet.

The conduit shall be considered to be circular
ss section (other cross sections may be intro-
f feasible), changing in size at manholes, with

necessarily at every manhole.

" The conduit shall be considered to be smooth con-
'th resistance factor Darch-Weisbach "f" vary-
; a function of the Reynolds Number of the flow
ordance with latest results from full-scale
made for the Florida State Road Department and
Roads at the St. Anthony Falls Hydraulic Lab-

. In the event this requirement complicates
olution unduly, then an average value of "f'" for

‘lines matched up and changes in slope at manholes
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each size may be used.

Only the case of free-water surface at atmospheric
pressure is to be studied initially. Flows as intro-
duced to line shall be considered to have no momentum
in direction of outflow line. Both subcritical and
supercritical slopes shall be studied but not as steep
as to augment the rate of discharge. Disturbances
created by discontinuity of boundary at manholes shall
be given consideration based on assumption that man-
hole is an abrupt enlargement over entire periphery of
conduit except at flow line and distance across man-
hole in direction of flow is not more than three pipe
diameters.

The hydrodynamic analysis shall be made having
in mind conversion of the results to solution by a
digital computer. The contract will provide for em-
ployment of a consultant on machine computation to
assist in that development. It is hoped that the end
result will be a program whereby the outflow hydrograph
for the simple case herein described may be printed out
for any set of inflow hydrographs which do not cause
the line to flow under pressure at any point (i.e. to
flow full).

The analysis is quite likely to require experi-
mental verification and establishment of certain con-
stants by empirical tests. The study should outline
the tests and how they should be made, but no experi-
mental work is to be included under the intital con-
tract.

Carl F. Izzard, Chief
Div. of Hydraulic Research
U.S. Bureau of Public Roads

August 1960
Washington 25, D.C.



APPENDIX 2
GENERAL REFERENCES ON FREE-SURFACE UNSTEADY FLOW

This general list of references follows closely
the method of annotation given in the 'Bibliography
and Discussion of Flood-Routing and Unsteady Flow in
Channels," U. S. Geological Survey Water-Supply Paper
1690, U. S. Government Printing Office, Washington,
D. C., 1964 (prepared by V. Yevjevich).

References on subjects devoted to the general
theory of wave motion in channels as well as references
describing practical methods and procedures for flood
routing are included. Only references which are not
included in the above mentioned bibliography are given
in the following list, mainly containing the works
produced or published during the decade 1960-1969.

BIBLIOGRAPHY

1. Hayashi, T., Nougaro,J, 1959, (in French), Sur la
similitude des régimes non-permanents dans les
canaux découverts (On the similutude of un-
steady flow regimes in open channels): Comptes

rendus de 1'Academie des Sciences (Paris),
Sept.

2. Mongiardini, V., 1959, (in Italian), La popagazione
delle onde di traslazione nelle deviazioni
curvilinee e rettilinee dei canali (Propagation
of translation waves in the straight and
curvilinear deviations of channels): L'Acqua,
nos. 4-5, year XXXVII, July-August, September-
October.

3. Pezzoli, G., 1959, (in Italian), L'attenuazione
delle onde negli alvei a fondo orizontale
(Waves attenuation in channels with the hori-
zontal bed): VI Convegno di idraulica e
construzioni idrauliche, Padova, (VIth Congress
of Hydraulics and Hydraulic Structures, Padua),
25-27 May 1959, pp. 1-5.

4, Bata, G., 1960, (in Serbo-Croatian), Prolazak
poplavnih talasa u prirodnim koritima (Propa-
gation of flood waves in natural channels):
Saopstenja, Hidrotehnicki Institut, Beograd
(Yugoslavia), no. 20-21,

5. Kartvelishvili, N. A., 1960, (in Russian), Kole-
baniya urovnya nizhnego byefa v stvore GES
pri sutochnom regulirovanii (The fluctuations
of tailrace level at a hydroelectric power
station due to daily regulations): Gidrotekhn-
icheskoe Stroitel'stvo, no. 11, p. 45-47.

6. Keller, H. B., Levine, D. A., Whitham, G. B., 1960,
Motion of a bore on a sloping beach: Journal of
Fluid Mechanics, no. 7, pp. 302-316.

7. Moklyak, V. I., 1960, (in Ukrainian), Do osnov
razrakhunku neustalenogo rukhu vodi u vidkritikh
ruslakh (On the fundamentals of computation of
unsteady water flow in open channels): Izvestiya
Instituta Akad. Nauk Ukrainskoy S.S.R., tom 16,
p. 68-78,
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The list comprises references to papers tha
original reprints of studies made, and also
to papers that are restatements, summariz
results of previous studies. No abstract
references is given in this list. The 1lis
references in the chronological sequence by
and within a particular year the sequence o
is by author's name, in alphabetical order,
arranged, references have been numbered cons
Each reference can therefore be identified I
number, author or authors, and year of publi
No index by authors or by subjects is prov.
coverage of years 1968-1970 is not as co
is for the previous years.

8. Montuori, C., 1960, (in Italian), Immis
una portata constante in un canale
of a constant discharge in an empty ¢
Atti Fondazione Politecnica del Mezzo
vol., V.

9. Obrezkov, V.I., 1960, (in Russian), Opyt
niya sredstv vychislitel'noy tekhniki
raschota neustanovivshegosya dvizhe
nizhnem byefe GES (Experiment with
cation of means of computational tech
the computation of unsteady motion in
race canal of a hydroelectric power s
Gidrotekhnicheskoe Stroitel'stvo, no.
36.

10. Phillips, 0.M., 1960, On the dynamics of
gravity waves of finite amplitude,
elementary interaction: Journal of F.
Mechanics, vol. 9, part 2, October.

11. U.S. Army Corps of Engineers, 1960, Roi
floods through river channels: U.S.
of Eng., Manual Em1110-2-1408, March.

12. U.S. Army Corps of Engrs., 1960, Flood res

from suddenly breached dams, Miscel
papers no. 2-374, report 1, Feb.,S

13. Bird, G.A., 1961, The motion of a shock
through a region of non-uniform densi
of Fluid Mechanics, vol. 11, part 2,
pp. 180-208.

14. Bock, H., 1961, Problems arising from Sur
suction waves caused by a sudden shut-¢
a turbine: Permanent International As:
20th International Congress on Navigatl
Baltimore, U.S.A., (Interior naviga
I, subject 2, 1961).

15. Chen, T.C., 1961, Experimental study on th
solitary wave reflection along a st
sloped wall at oblique angle of incid
Department of the Army, Beach Erosion
(U.S.A.), Technical memorandum No. R4,



. kij, B. Kh., 1961, (in Russian), Study of
-ﬂlﬂzzgzsatgénuation with depth by correlation
analysis: Meteorologiya i Gidrologiya (U.S.S.Rl

no. 11, Pp- 22-30.

3 B.A., Stewart, R.W., 1961, Interaction
f““‘%::éeeﬂ g;avity waves and a shear flow:
Journal of Fluid Mechanics, vol. 10, part 3,

May -

nt, J-N-, 1961, (in French), Les ondes interfa-
: giales d'amplitude finie (Interfacial waves
of finite amplitude): La Houille Blanch
(France), no. 4, pp. 515-531, August-September,

Johnson, J.W., 1961, Deficiencies in research on
; gravity surface waves: Council on Wave
Research, U.S.A.

9. Kartvelishvili, N.A., 1961, (in Russian), The

present state of the hydraulic theory of un-
steady flow resulting from research in
U.S.S.R.: Isvestiya Akademii Nauk, Mekhanika
i Mashinostroyeniye, U.S.S5.R.

Longuet-Higgins, M.S., Stewart, R.W., 1961, The
changes in amplitude of short gravity waves
on steady non-uniform currents: Journal of
'Fluid Mechanics, vol. 10, part 4, June.

Mongiardini, V., 1961, (in Italian),Considerazioni
- sulle soluzioni analitiche del movimento
ondoso stazionario (Considerations on the
analytical solutions of the stationary wave
movement) : L'Energia Elettrica, fasc. 5.

Starosolszky, 0., 1961, (in Hungarian), A hullamzas
h%draulikaja (Hydraulics of waves): Visiigyi
Kozlemenyek (Hungary), No. 3, pp. 293-312.

Ursell, F., 1961, The transmission of surface
waves under surface obstacles: Proceedings
of the Cambridge Philosophical Society (England)
vol. 57, part 3, pp. 638-668, July.

U.S. Army Corps of Engineers, 1961, Flood result-
ing from suddenly breached dams: Miscellaneous
Paper No. 2-374, report No. 2, Rough Channel.

Escoffier, F.F., Boyd, M.B., 1962, Stability
aspects of flow in open channels: Proceedings
A.S.C.E.’vol 88, no. HY6, November.

Fox, L., 1962, Numerical solutions of ordinary
partial differential equations: Addison-
Wesley Publishing Co., Inc., Reading, Mass.

Gary, J., 1962, On certain finite difference

:ggames for_the equations of hydrodynamics:

< Computing and Applied Mathematics Center,

aper NY0-9188, March.

Gru::evSky' M.S., 1962, (In Russian), The use of
- electronic digital computer for computing
ac::eady flow in a prismatic channel: Trans-
o ons the U.S.S.R. State Hydrologic Insti-

€, No. 94, pp. 136-183.

‘“”:;::ko. E.P., 1962, (In Russian) Computation of
tro?ﬂdy'flow in channels: Gidrotekhnicheskoye
itel'styo, U.S.S.R., No. 3, pp. 31-32.
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1ava:§; 0.J., 1962, Mean direction of waves
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Abbott, M.B., 1963, The solution of wave propa-
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Sept.

Bledermann, R., 1963, (In German), Numerical
approximate procedures for the computation of
reservoir emptying (Two-dimensional flow
patterns): Mitteilungen der Versuchsanstalt
Fuer Wasserbau and Erdbau and der Eidgenoessi-
schen Technischen Hochschule in Zunich, no.
61, 89 p.

Cunge, J.A., Wegner, M., 1963, (In French), Inté-
gration numerique des équations d'écoulement
de Barré de St. Venant par un schéma implicite
de différences finies (Numerical integration
of Barré€ de St. Venant equations by an
implicit finite-difference scheme): Sogreah,
Grenoble, France, NT. 1073, Sept.

Faure, J., Nahas, N., 1963, (in French), Deux
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APPENDIX 3

COMPARISONS OF OBSERVED AND COMPUTED WAVES FOR
DEPTH VERSUS TIME RELATIONS, AND
DEPTH VERSUS DISTANCE RELATIONS

A total of 50 runs is included in Appendix 3. They are grot

into two different conduit slopes (So); the first 14 runs are fo
S0 = 0.00048 and the last 36 runs are for So = 0.00099. Un
each slope, graphs of this appendix are arranged as follows:

inflow into the main conduit without inflows through laterals;
second, inflow into the main conduit plus inflow through one
and finally inflow into the main conduit plus inflows through all
three laterals. Inflow hydrographs of laterals are given in the
graphs whenever there is an inflow through laterals. In each
of the same type of inflows, the graphs are arranged in the o
increasing base flow discharge in the conduit (QB). For each ru
presented in this appendix, the inflow hydrographs, the plots=£3
depth versus time at six different positions, and the plots o
versus distance at six instants in time are presented. Identifics
of the six positions, the six instants in time, variables and
of coordinates, and the peak flow discharges (QP), all appear in

graphs and are self-explanatory.
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Graphs representing a total of 32 runs are included in this appendix. Test conditions of these 32 runms
jisted in Table 6.9, entitled "Summary of Data on CSU Experimental Waves', in Chapter 6 of this paper.
ach run the results are plotted as peak depth versus distance (upper graphs), and peak depth versus time

The order of arrangement of the graphs in Appendix 4 follows the same order used in Table 6.9.
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APPENDIX 5

COMPARISONS OF OBSERVED AND COMPUTED WAVES FOR PEAK DEPTH
VERSUS DISTANCE AND TIME WITH WALLINGFORD DATA

Graphs representing a total of 41 runs are included in Appendix 5. Test conditions of these 41

listed in Table 6.10, "Summary of Data on Wallingford Experimental Waves', in Chapter 6 of this paper.
each run the results are plotted as peak depth versus distance (upper graphs), and peak depth versus

(lower graphs). The order of arrangement of the graphs in Appendix 5 follows the same order used in
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Key Words: Storm Drain, Flood Routing, Unsteady Flow, Numerical Solutioms,
Wave Experiments, Method of Characteristics.

Abstract: This first part of a four-part series of hydrology papers on flood
routing through storm drains presents results of experimental studies in a 3-ft
diameter, 822-ft long storm conduit and theoretical studies of the unsteady free-
surface flow. The numerical integrations of differential equations by the
specified interval scheme of the method of characteristics, the diffusing scheme,
and the Lax-Wendroff scheme are discussed; the method of characteristics is
selected for the practical integration procedure whenever the complete differential
equations are used. Experimental and analytical investigations of the geometric
and hydraulic parameters that define the coefficients of the two differential
equations are summarized. The initial and boundary conditions are experimentally
studied and are expressed mathematically for the numerical solutions. The
analytically computed waves are then compared with the experimentally observed
waves by using the same initial and boundary conditions. Qualitative and
quantitative comparisons are given for depth hydrographs at different positions,
for depth wave profiles at different instants in time, and for the peak-depth
versus both position and time. From a practical point of view, good agreement

is indicated by these comparisons. The errors in conduit geometric parameters,

in hydraulic parameters, in mumerical computations, and in experimental cbservations
are analyzed and discussed.

Reference: Yevjevich, Vujica and Albert H. Barnes, Colorado State University,
Hydrology Paper No. 43 (November 1970) "Flood Routing Through Storm
Drains, Part I, Solution of Problems of Unsteady Free Surface Flow
in Storm Drains."
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analytically computed waves are then compared with the experimentally observed
waves by using the same initial and boundary conditions. Qualitative and
quantitative comparisons are given for depth hydrographs at different positioms,
for depth wave profiles at different instants in time, and for the peak-depth
versus both position and time. From a practical point of view, good agreement

is indicated by these comparisons. The errors in conduit geometric parameters,

in hydraulic parameters, in mumerical computations, and in experimental observations
are analyzed and discussed.

Reference: Yevjevich, Vujica and Albert H. Barnes, Colorado State University,
Hydrology Paper No. 43 (November 1970) "Flood Routing Through Storm
Drains, Part I, Solution of Problems of Unsteady Free Surface Flow
in Storm Drains."
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ABSTRACT

This second part of a four-part series of hydrology papers on flood
routing through storm drains relates exclusively to experimental resea
facilities and experiments. The following subjects are presented: (a)
design and construction of the experimental storm drain system as a
special conduit research outdoor facility; (b) instrumentation and its
calibration; (c) description of the data recording system; (d) various
experimental test conditions and their typical results, and (e) dis-
cussion of experimental errors.

A large conduit, 3 feet in diameter and 822 feet long, was sele
designed, and constructed in the Outdoor laboratory at Colorado State
University, Engineering Research Center, to accurately measure geometj”;
and hydraulic characteristics, as well as the propagation of flood
hydrographs. Instrumentation was selected to suit the field conditions.

The calibration of the instruments was carried out to the point where

there were relatively small errors. The data recording system was
designed and constructed so that the output could be put either on cards
or paper tapes and provide a direct input for computations on a digitéi
computer. Only typical results of experiments carried out are describ

in this paper; experimental errors are reviewed in a summarized form.

viii



FLOOD ROUTING THROUGH STORM DRAINS
Part II
PHYSICAL FACILITIES AND EXPERIMENTS

by

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

. Chapter 1
INTRODUCTION
1 Objectives in the Use of Physical Research formulas, and methods. The availability of electronic
Facilities computers has made many previous hydraulic mathematical
e i i ) ! models and corresponding computational methods obsolete.
One of the main objectives of investigating f}ood With time, these models and formulas are likely to be
routing through storm drains was to compare analytical completely revised and upgraded. Versatile improve-
Blibliysical vaves, Or to compare waves computed by ments of many hydraulic computational methods are
integrating the two quasi-linear hy'perbc_)llc partial progressing and are expected to come about in the near
-ﬂ'f{mntial equations of gradua!ly varied free surface future.
umsteady flow and the corresponding free-surface waves
peasured in a conduit. Therefore, constructing One of the expected contributions of this research
propriate facilities to simulate and measure the project on flood routing through storm drains is an
physical waves became necessary. These new facilities improved base for replacing less reliable steady-
have the objectives: state conditions by more reliable unsteady free-surface
- _ y flow conditions in the design of storm drains. There-
(1) To physically simulate and measure free-sur- fore, the advanced methods, simulating natural condi-
face waves at various points along the research conduit tions as closely as feasible, may be introduced in the
§or the comparisons discussed. form of unsteady-flow approach to the design of storm
4 ) ) drains. Improving computational flood routing methods
-'Il (2) To measure various geometric and hydraulic through storm drains is meaningful only if the accuracy
characteristics of the conduit and the waves in order of input flood hydrographs and the accuracy of geometric
to analyze these characteristics, so that the analy- and hydraulic parameters in differential equations be-
tical waves-as the inflow flood hydrographs routed comes much greater than their accuracy in the steady-
along the conduit by the integration of the two De flow peak-discharge approach for design of storm drains.
Saint-Venant partial differential equations-may come as
~ close to the corresponding physical waves as practi- The two partial differential equations of gradu-
~ cally feasible. glly varied free-surface unsteady flow are developed
rom several basic assumptions. Even with these
- (3) To physically simulate a stomm drain with assumptions there will a?l’ways be a difference between
dateral inflows joining the main conduit at junction the analytically computed wave at a given position of
boxes. a free-surface flowing storm drain for a given inflow
flood hydrograph, and the physical wave observed at
(4) To study boundary and initial conditions in the same position and for the same inflow hydrograph.
the experimental conduit, so that their uses in the To study the geometric and hydraulic characteristics
I::‘JE:‘:;:E:_DE differential equations represent the of conduifs and waves in order to integrate flood
Bty feasill;;ns of physical waves as much as practi- waves moving through storm drains, and to compare the
: e, analytical and the physical waves, small scale
1.2 General Conceptions for the Physical Research fﬁ:iliti::rdi: i aPpearhffiaSil]?%e. gelative g
Fact{ties y pp en various hydraulic and geometric
SEeri1ties para:lmletell's are mi‘aszred in 5?;.;11 scale t‘acllines are
usually large. To decrease these errors, and to
hm,:?:z l;_)flil'a'-ll‘hC_1"'3513211'c:h and the development of better study various aspects of flood movement through
*elativey :;z‘i‘iai ;n the past have been done on storm drains, larger scale physical research facilities
Conomy was the r‘;mor'ﬁ:tf’?}’ expenmenglffa?i}i!iles- were conceived, designed, and built.
¥ere relatively Emalzll?r :ﬁgozh:esiz:t“ot gzlt;e1es Because of th i i i
Tepresented. | foor g pl yg : tyd ecs of the po!:entlal of various nl:nngrlcal
SSputational methods have been developed by usi S, Sl e B e
B v dwicave :z_arll bive ogzr e}écﬁs;ngof ana og,_andhnybn‘} computers, the science of‘hydrauhc
SOmputations oo X es available. e omy 2 is now in the position of re-evaluating previously
e o e pre-computer age required simpli- de\:relcPed formulas and computational methods. When the
treat the Sl tractable c0m1_3uta1:1ona1 methods to objective bec?mes an assessment of the accuracy of
n complex hydraulic problems of nature. presently available formulas and computational methods
The ady, m ) in hydraulics, not r.}nly’or predominantly the develop-
SSRputars hent of fast digital, analog,_and hybrid ) ment of tl_le new hydraulic regularities and laws, the
o5t namemfe\-rer, has reduced substantially the unit | most feasible way of checking the existing mathematical
rical solutions of complex problems, hydraulic models and the computational methods is
.
Pro :
A f::::‘i‘nﬂf Civil Engineering and Professor-in-Charge of Hydrology and Water Resources Program, Civil
“ss%iate Ep Department, Colorado State University, Fort Collins, Colorado.
rofessor of Civil Engineering, Civil Engineering Department, Colorado State University.

=



through facilities of sufficiently large scale, For
mainly that purpose, an outdoor laboratory was built
at the Engineering Research Center of Colorado State
University. Several large scale facilities already
have been built in this outdoor laboratory. One of
them is the conduit research facility having a pipe
822 feet long with an inside nominal diameter of 3
feet. This conduit can be moved on inclined rails
to obtain slopes from 0 to 4 percent. This facility,
with auxiliary apparatus, represents the conduit
research center and will be used primarily for the
study of the free-surface water flow through storm
drains, and also for future objectives. A significant
study on the diffusion of tracers in a full flowing
pipe has also been performed in these facilities.

It is expected that the conduit research
facilities will be used for other problems, e.g. water
transport of materials in pipes, pre-treatment of
sewage water in drainage systems, problems in separat-
ing sewage water from storm-drain water of the same
drainage system, studies of pipe roughness, studies
of various diffusion problems, investigations of losses
at hydraulic singularities along conduits, etc, These
facilities are available to both researchers in the
United States and to guests from foreign universities.
These facilities are described in Chapter 2.

A detailed description of facilities, instruments,
the calibration of instruments, methods, and typical
experimental results was considered necessary in a
special hydrology paper for two reasons.

(1) That an assessment of the value of results
and conclusions in this investigation of flood routing

through storm drains can be made by those wh
study the four parts of this research project
ed as the Colorado State University Hydrology
Nos. 43-46.

(2) That the scientists who would like
various research projects at the CSU conduit
center may assess advantages, potential, and
ations in using these facilities for particu
problems. "

1.3 Organization of Material Included in thi

The general description of various alte
in planning the research facilities, and the d
of the constructed storm drain system are de
in Chapter 2. The instruments used in the e
are described in Chapter 3, with a major empha
calibration of individual devices. Chapter
the data recording system which allows data
the field to be transmitted to an indoor anal
digital converter located approximately 1/4
the pipeline. Chapter 4 describes how the ou
the analog-to-digital converter, in the form |
cards or tapes, may be fed directly into
Various experimental test conditions and
results are described in Chapter 5 such as £
resistance, cross-sectional velocity distr
losses, initial and boundary conditions, and o
tions of propagated flood waves. Experimenta
caused by different sources are discussed in
Chapter 7 presents the general evaluation of
mental facilities; it is followed by the re
(external and internal).
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Chapter 2

EXPERIMENTAL STORM DRAIN SYSTEM

Circular Conduit

21 Description of

speline 822 feet long with a 3-foot diameter

A pip : B :
s the experimental conduit in this study
used # 2.1 and 2.2.

The circular conduit on the hillside of
the Outdoor Laboratory at Colorado
State University Engineering Research
Center.

Fig. 2.1.

g 2.2.

View from the outlet of circular conduit
and the inclined rails.

20-fThe entire 822 feet of pipe, which consisted of
c§°t sections, was supported on inclined rails
Permitted the pipe to be moved along the inclined

2:;:' to any slope between 0 and approximately 4 per-
detai Figures 2.3 and 2.4 display general layout and
led designs of the circular storm conduit.

PlueT‘;tﬁipe material is 1/2 inch thick rolled steel
5 _a longitudinal weld located at the crown.
'eld:spraxxmate 20-foot lengths of the pipe were
were bﬂi:“gpt at three positions where tpe connections
1inside . Extreme‘cfre was taken to insure that
t the : Welds‘and joints were ground smootb and
eria) €pressions were filled with a plastic
to insure a uniformly smooth surface. The
= o;ﬂrface was sand blasted and painted with two
& Tust preventative paint.

2.2 Inlet Structure

Selection of inlet structure. Flow was intro-
duced into the circular storm conduit by means of an
inlet structure. Two inlet structures were initially
designed, as shown by Figs. 2.5 and 2.6. The design
details of these two schemes, their cost estimates,
advantages, and disadvantages are presented in Table
2.1. The advantage of lower cost and added conwvenience
in operation led to the selection of the second scheme
as the inlet structure to be constructed.

Model study of selected inlet structure. A
model study was made of the selected inlet structure
(scheme No. 2). The length ratio of model to proto-
type was 1 to 6. The objectives of this study were:

1. To investigate the problems of controlling
the water profile in the main pipe line for both sub-
critical and supercritical flow by one or more of the
following methods:

a. Varying the grid size, number, and posi-
tion of baffles in the inlet section of
the intake structure.

b. Varying the slope of the intake structure
only.

c. Use of a tailgate at the point of dis-
charge from the main pipe for subcritical
flow.

2. To investigate the hydraulic performance of
the inlet box for subcritical and supercritical flows.

A schematic diagram of the model study with design
details is shown in Fig. 2.7. The types of baffles
tested are also shown in the figure.

Conclusions of the model tests are as follows:

1. For subcritical flow the use of baffles and
a tailgate is an effective method for developing
uni form flow in the main conduit. It was necessary,
however, to double the length of the intake structure
between the flexible pipe and the main pipe line,

This permitted full development of a uniform flow
before entry into the main pipe.

2. By keeping the invert of the intake structure
above the crown of the supply pipe, full pipe flow is
always maintained at the orifice meter.

3. Varying only the slope of the intake structure
is as effective as baffles in developing uniform flow
in the main pipe for subcritical flow.

Description of inlet structure as constructed.
On the basis of the experimental results of the model
study, the inlet structure was constructed following
the design of scheme No. 2. For subcritical flow
conditions it was necessary that the desired flow
characteristics be developed upstream of the entrance
to the storm conduit. This required that the 22-foot
approach section have freedom of movement both verti-
cally and horizontally so that it could be oriented in
any given plane with the storm conduit. The flexible
section of pipe was built to allow the desired freedom
of orientation of the 22-foot approach section to be
a straight continuation of the storm conduit in any
experiments.

The movement of the storm conduit relative to
the fixed portion of the intake structure created
undesirable secondary currents in the approach section
to the storm conduit. To re-align these transverse
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TABLE 2.1. Design details, cost, advantages, and disadvantages of the

two schemes of inlet stryc

SCHEME NO. 1 SCHEME NO. 2
Design details (1) A 30-foot section of 26-inch diameter (1) An 80-foot section of 26
pipe. diameter pipe with orifice
(2) A 5-foot transition section with guide (2) An 12.25-foot of steel pi
vanes . the orifice meter and a
(3) An 8-foot by 10-foot by 58-foot stilling Slexibie pipe.
basin with baffles at the entrance and (3) A 10-foot of 26-inch diame
a triangular weir at the exit. flexible pipe.
(4) A 10-foot by 10-foot catchment box. (4) A 3-foot transition secti
the flexible pipe and,
(5) A 22-foot missile case wit
(See Fig. 2.5) (See Fig. 2.6)
Estimate of cost $3850.00 $2300.00
Advantages (1) It provides an accurate measurement (1) It is relatively inaxpeﬂsi
of discharge from very low to maximum .
discharge. (2) It provides positive cont

(2) Flood waves - inflow hydrographs -
can be easily generated in the stilling
basin with the addition of a relatively
expensive wave generator.

(3)

(4)

the flow phenomena without
ference, that is, the wate:
is not affected by the wind.

Because it is a single pipe
a valve can be easily ins
the system at any time if i
found desirable, which i
able feature for a limited
supply.

It permits the use of seve
of orifice meters for measur
wide range of flow dischar

Disadvantages (1) Wind will cause surface waves, which
will have an adverse effect on the
discharge measurements, particularly
at low discharge.

(2) Its cost is high.

(3) Calibration of the weir may require
double construction of the stilling
basin.

(4) It is cumbersome to operate.

(1)

(2)

For supercritical flows it
not be easy for some disch
to develop desired uniform

There is a danger of the
pipe collapsing during m
the pipe system.

velocity components into the desired uniform flow it of the main conduit, and (3) The shape of

is necessary to place baffles in the approach section. box. If the crown of the inlet pipe is at the

The location and number of these baffles is determined elevation as the crown of the main conduit, i

by observing the flow developed for a given discharge. red to as the "upper inlet". If the invert qf

let pipe is at the same elevation as the invert

To develop the desired supercritical flow condi- main conduit, it is referred to as the 'lower

tions at the entrance to the storm conduit, it was

necessary that the slope of the movable approach pipe Based on recommendations from the U. S.

be different than the slope of the storm conduit. To Public Roads, a square box with a changeable U

achieve this slope differential, a flexible coupling lower inlet, and an angle of intersection equal

was installed at the junction of the two pipes, i.e., 90 degrees was selected as the junction box. P

at the entrance to the storm conduit.

2.3 Laterals and Junction Boxes A model study of the selected junction 503
its two positions, i.e., the upper and lower .
Selection of junction box. The design of laterals | is described in the next section.

for the lateral inflows into the storm conduit, and

the junction boxes basically involves three factors: Model study of selected junction box. AR

details are shown in Figs. 2.8 and 2.9.

(1) The angle of intersection; (2) The vertical model was made to determine the relation of
position of the lateral inlet in the cross-section loss at the junction to other hydraulic prope
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Froude modeling criteria were used with a model to
prototype linear ratio of 1 to 5.618 (selected because
of the available plastic pipe size).

The junction box used in the model study was square
above the half-full level of the storm conduit. The
two positions of the inlet were tested, the upper inlet
and the lower inlet. The crown of the upper inlet was
at the same elevation as the crown of the storm conduit
at its point of entry into the junction box. The in-
vert of the lower inlet was made coincident with the
invert of the storm conduit at their junction point,
which was the centerline of the junction box. The
lower inlet had a horizontal slope of 0.05., This
slope was a result of necessary structural details in
the prototype. Details of the model junction box are
shown in Figs. 2.10, 2.11 and 2.12.

When the upper inlet was used, the lower inlet
was plugged. Depths of water were measured at 22 points
along the model conduit. The rate of main flow and
the rate of lateral flow were read from two calibrated
manometers. The measured depths were used to calcu-
late the cross-sectional areas. The mean velocities
were then calculated by the continuity equation. Then
the velocity heads were calculated. Knowing the velo-
city heads, depth of flow, and the elevation of the
invert, energies could be calculated for each station.
The power at a section in the conduit is found by mul-
tiplying the energy at the section by the weight rate
of flow past the section. In other words, this power
is the energy for all of the water transmitted across
a section per unit time. The power equation can be
written as:
P=Qy(z+y+V¥2) (2.1)
or
Bi=Qy B, (2.2)

in which. P is the power in foot-pounds per second,
Q 1is the rate of flow in cfs, y is the specific
weight of water in pounds per cubic foot, E is the
energy in foot-pounds per pound, V is the mean ve-
locity, z 1is the elevation of the bottom, and ¥
is the depth of water in the model conduit.

Conclusions drawn from this model study for sub-
eritical flow are:

1, For a given ratio of lateral to main flow there
is always more power lost when the upper inlet is
utilized than when the lower inlet is used.

2. The ratio of power loss to the incoming power
for the upper inlet is dependent only on the ratio of
lateral to main flow.

The power loss relation for the upper lateral inlet
(the inlet that had its crown at the same elevation as
the crown of the storm conduit) was found to be:

-0.482
ol el L . 2.3
Pr = q, + 0.55 #0374 $a B
in which Pp is the ratio of power loss in the junc-

tion to the power entering the junction, and Qp is

the ratio of lateral inflow to storm conduit inflow.
This equation is valid for Qp greater than 0.10.

For Qp less than 0.10 the Pp

assumed with a maximum expected error of 3 percent in
P
R

-value of zero can be

3. The ratio of power loss to the power entering
the lower inlet depends on the ratio of lateral to
main discharge and the depth ratio of the junction.

The power loss relation for the lower lateral
inlet (the inlet that had its invert at the same

12

elevation as the storm conduit's invert) was £
be:
=2.78 + 1.71 D

QR + 3,122 = 0.1670R

P + 0.77

R:
in which Py, and Q, are the same magnitudes as

the upper inlet, and the new parameter, DR' is

to the ratio of the depth immediately upstream frg
the junction box to the diameter of the storm
This equation is limited to DR -values greater
0.5.

4, For a given flow ratio,

for the lower inlet increases as the depth ups
from the junction increases.

QR, the power

5. The slope of the main conduit does not
the power loss ratio for the subcritical flow
tions.

6. The effective friction factor downst
from the junction has a larger value than the
tion factor upstream.

Description of junction box as construct
constructed junction box had both upper and |
lateral inlets and was square in shape. Flow
the 12 inch lateral pipe entered into the squa
tion box at a 90-degree angle as a free fall j
water for the upper lateral inlet.

2.4. Outlet Restriction Gate

A restriction gate with five movable verti
wooden slats was installed at the end of the 3 fi
eter, 822 ft long conduit. The five 7-inch ve
wooden slats were held in position by 2.5-inch
vertical aluminum H-sections. The clear opening &
inches between supports. The detailed dimensi
gate is shown in Fig. 2.13. During the experi
flow discharge could thus be controlled by varyii
vertical position or by removing one or more
slats to give the backwater (Ml) profile. Fo
dition of a free outfall, the gate could be co
removed as shown in Fig. 2,14. A discussion ol
condition is given in Chapter 5, p. 30.

2.5. Water Supply and Removal

Water supply to the 3-foot diameter storm
was by gravity from the nearby Horsetooth Res
(Colorado Big Thompson Project) through a 26-
ground pipeline as shown in Figs. 2.15 and 2.
conduit flow discharged into College Lake.
permits wide variation in the discharge demand
water supply.

The monthly maximum, average, and minimum
surface elevations of Horsetooth Reservoir from
1951 to September 1962 were obtained from recol
at the Northern Colorado Water Conservancy Di
Loveland, Colorado. These values were plotted
graph presented in Fig. 2.17. The mean 1l-year
voir surface elevation for this period is 5382 &
above mean sea level. The differential elevatd
tween the inlet of storm conduit and reservoir W
surface provides the maximum available head.
curve was then prepared as indicated in Fig.
the rating curve of Fig. 2.18, a dischargelof
obtained for the mean ll-year reservoir surfi
tion. Detailed computations of total head lo
reservoir to the inlet of the storm conduit for :
charge of 90 cfs are presented in Fig. 2,19 anc
2.2k
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16




LT

F Starie Head

M’m

—Latumz Meas Jea Level

- Fra’

—-.________\_\3-"-'1 - 7y

30",

\_ e __ _Energy Grade line for @=90 cfs

———— e

=

e

Velocity and Fressure ¥
Hea o at Infake Sfracture

Jajet. ((oasidered i o s

o ” @s @ free sutdalt: /

¢ of Pipeline

 —

PROFILE

PLAN Fupply Ditch

c.m,g.:-j\\, )
\ S

e Ao e
S Stracioe

Fig. 2.19. Plan and elevation of supply line for the computation of

head losses (numbers refer to pipe fittings of Table 2.2).




TABLE 2.2 Head losses in the supply line for storm conduit experimental facilities.

No. Object Station Elevation, ft. Loss Factor
1 Inlet 5+88.00 5270.00 0.50
2 Bend, 90° 5+91.00 0.13
o Friction 2.04
4 Contraction 10+90.00 5244 .64 0.33
5 Valve 11+01.50 5244.64 0.25
6* Friction 3.51
7 Wye 18+21.25 5227.00 0.30
8 Contraction 18+21.25 5227.00 0.04
9 Valve 18+29.75 5227.00 0.20

10 Bend, 45° 18+32.60 5227.00 0.12

11 Bend, 45° 18+37.11 5222.59 0.12

12 Expansion 18+37.56 5222.59 0.215
13 Bend, 40° 18+50.61 5222.39 0.08

14* Friction 4.26

15 Wye 24445 .05 5213.27 0.30

16 Bend 26+83.75 0.10

17 Bend 27+13.75 0.10

18 Contraction 29+19.75 5205.59 0.04

19 Valve 29+29.75 5205.51 0.20

20 Bend 29+49.75 5205.52 0.10

21 T-Lateral 37+30.00 5173.65 0.03

22* Friction 6.89

TOTAL

W.S. Ref. Elevation 5380
*2 concrete S5 ft. D - 510 fr. L.

f=0.02

*6 steel 2.5 ft D - 731 ft. L
f=0.012

*14 steel 3 ft. D - 1075 ft. L
f =0.012

*22 steel 25.38 in. D - 1210 ft. L
f=10.012
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Chapter 3

,‘i' orifice Meters
L --.—'—._'—.—_

pesign of orifice plates. In order to provide
,‘ae’,{gnﬁexibility to cover the expected range of
_ rates, three sizes of sharp-edged ci?cular
{fice plates, based on the different orifice-to-
diameter ratios, were designed and used to
ure the main inflow rate into the storm conduit.
ratios of the diameter of orifice to the diameter
pipe were 0.35, 0-50) and 0-70’ l‘espeCtiVely. They'
o referred to as small, medium, and large openings
in the following descriptions.

The plates were made of stainless steel with

shickness of 5/8 inches. Two sets of taps were used

measure pressure differentials. One set of taps was

od at one pipe-diameter (1D) upstream and the

et set was placed at one-half pipe-diameter (D/2)

stream of the upstream face of the plate. For

set, eight taps spaced at 45 degrees were in-

i1led around the pipe wall and connected to a common
fold for measuring the average upstream and down-

am orifice pressures.

~ DOrifice calibration for steady flow conditions.
The general orifice equation is

Q= CymA VZgH , (3.1)
1 which Cq is the discharge coefficient, m is the

ratio of the orifice area to the pipe cross-sectional
@area A, H is the differential head across the
orifice, and Q is the discharge.

The purpose of calibration was to determine the
discharge coefficient Cq by measuring H and Q
for the known values m and A. The orifice plate
Was cl;mped between the flanges at a joint in a 26-
Anch diameter pipeline, The orifice plate was
_‘_c_ﬁrﬂfully adjusted so it was concentric with the
Pipe, and the pressure differential H was read from
a diffgrential manometer. A calibrated volumetric
tank with a hook gage gave the volume of water for a
_:&Sured period of time. Flow discharge Q was then
' tained_. The calibration equations obtained for the

Tee orifice meters are:

- 0fizz§?r the small opening, with d/D = 0.35 and

Q=2.102 /i , with C, = 0.606 (3.2)
2. For the medium opening, with d/D = 0.50
ad n= g 25, i §
Q= 4.439 VH, with Cq =0.627, and (3.3)

- o?ag'For the large opening, with d/D = 0.70 and

Q=09.783 Vi , with C, = 0.705 . (3.4)

f d

Fig ;

ﬁgch::.glfe 3-1.33:-Ve5 the relations between the three

smay) :ed?oefflcmnts and the Reynolds number for the

he ¢ ium, and large orifice openings, respectively.
¢¢ discharge coefficients were constant for the
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CALIBRATION
080
Cg4 =0.705
3 m=0490
5 orof PR -
-
-
£ oes} Cq=0627
.§ m=0250
a ~ oo —0of—Ldg
é on —n O 0 o o
= 060f ik i =
o é C4=0.606
m=0.122
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Fig. 3.1. Discharge coefficient C, as function of the

Reynolds Number, Re, of936-inch 0.D. pipe-

line for three orifice plates: (1) small
(2) medium, and (3) large.

Reynolds numbers within the range 3.10° - 2.10°
the small opening, 2.105 - 2,106 for the medium
opening, and 5,105 - 2.106 for the large opening.
The Reynolds number in this case of orifice meters
is defined by

for

Vd
T (3:5)
in which V is the average flow velocity through the

orifice cross-section, d is the diameter of the
orifice, and v is the kinematic viscosity of water.
Temperature of water flowing through the conduit was
almost constant, around 50°F, because the water supplied
to the conduit system was taken from the bottom of the
nearby Horsetooth Reservoir. The effect of the small
changes of water temperature on the Reynolds number

was hence negligible from one experiment to another.
The error in Cy can be estimated by computing the
deviations of the measured points from the constant
values of C4q (solid lines in Fig. 3.1). The computed
results are shown in Table 3.1.

TABLE 3.1. Errors in Cd of Fig. 3.1
Orifice Standard Deviation Relative Error (%)
Small 0.0041 0.5
Medium 0.0022 0.3
Large 0.0032 0.4
Unsteady flow considerations for orifice measure-
ments. Before experimental tests were made, consider-

ations were given to the problem of orifice calibra-
tion equation for the unsteady flow phenomenon of the
wave passage through the orifice meter. It was
assumed discrepancies may occur between the measure-
ment of discharge in unsteady flow with a hydrograph
configuration due to either acceleration or decelera-
tion of the flowing fluid in comparison to the
measurement of discharge in steady flow through the



orifice. The accelerating phase, or the rising limb of
a hydrograph, would réquire increased pressure to pro-
duce acceleration of flow through the orifice meter.
This increase of pressure would mean an increase of
the pressure differential across the orifice meter.

The use of this pressure difference to compute the
steady flow discharge would give a greater value than
the true flow would be for the pressure differential
measured under the steady flow conditions. Similarly,
the discharge of the decelerating phase, or the falling
limb of the hydrograph, measured in a similar manner
might indicate a smaller flow discharge in comparison
to the discharge obtained for the pressure differential
of the steady flow. It is expected, however, that the
measured flow at the orifice meter for a complete
hydrograph would be equal to the actual volume in
steady flow because of the compensating effects of the
accelerated and decelerated parts of the unsteady flow.

The order of magnitude of this error from the
unsteadiness of flow under pressure is studied
experimentally. If the discharge varied with time,
the total volume can be measured directly by the
calibrated volumetric tank. The calculated volume,
W. , for steady state conditions was computed by the
numerical integration

Q,dt

e (3.6)

=
(2]
0
Ot

is computed from the

in which the discharge Q¢
Qi = C-steady-

equation of the steady flow orifice,

H% . In comparing the measured volume of the un-
steady flow and the calculated volume of the steady-
flow orifice equation, it was possible to infer
whether the orifice coefficients, C, of the unsteady
flow departed from the coefficients of the steady flow.

Experimental procedure also provided data for a
comparison of the total measured volume of flow through
the orifice plate under unsteady flow conditions for
a given period of time, and the computed volume for
the steady conditions by using Eqs. 3.2 through 3.4.
The volumes of rising limbs, of falling limbs, and of
the total hydrograph were measured directly by volu-
metric tanks while the pressure differential across
the orifice plate was measured by a transducer and
recorded on a strip chart. Within the limitations of
the testing facility the runs were carried out in such
a manner as to use almost maximum volumetric tank
capacity while varying the times of runs and the peak
flows.

Water was supplied to the test section containing
the orifice plate by a pump. The unsteady flow con-
dition was introduced by opening and closing a butter-
fly valve placed in the line specifically for that
purpose. The valve, operated manually, was placed
about 40 feet upstream from the orifice plate. A
base flow was established. The water was diverted
into the volumetric tanks, and the time of the Tun
and the pressure differential across the orifice plate
recorded. The diverter, time clock, and strip-chart
were started at the same time the valve was opened
or closed.

Volume of flow for steady condition over a given
time was computed by numerical integration. Time
intervals for the integration were taken as three
seconds. At each three second interval on the strip
chart recording, pressure was read and the flow rate
computed using the steady flow orifice coefficient.
The flow rate was averaged over the three second
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period and the volume for each time period dete
and summed for the total. The actual computati;
performed by digital computer. '

Comparison of the direct measurement of yvoi
to that computed from the transducer recorded ds
gave a maximum deviation of measured volume fror
computed volume of 1.62 percent. Eleven of the
sixteen runs or 69 percent of the runs gave deyi
of measured volume from computed volume of less
one percent. No specific trend in the data was
The results of comparing measured and computed y
for various runs are shown in Table 3.2. Figup
shows the same results found in Table 3.2, whie
supports the conclusion that no significant deyi
is observed because of unsteady flow conditions
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Fig. 3.2. Relation of the measured to the compu

volumes for the unsteady flow conditi
through the orifice meters.

In order to avoid surges of flow caused by i
smaller orifice opening, 16 of the total 17 run
Table 3.2 were made for the large orifice openir
(m = 0.49) and only one run was made for the med
opening (m = 0.25). No data were taken for the
orifice opening (m = 0.1225).

3.2 Current Meters

Type of current meters. Propeller current
have the following advantages as compared to cup
current meters: (1) The propeller current meters
produce smaller disturbances in flow, (2) The
cal (bearing) friction is smaller in propeller !
meters, and (3) The propeller current meters are
susceptible to fouling by foreign bodies carrie
the flow. Based on these advantages, reliabiliti
operation, and compact construction, the Ott pre
current meters with electric counters were selec
measure the flow velocities in the storm conduit.
cover a wide range of flow velocities, the Ott P
peller current meters were equipped with interch
propellers with different pitches. The size and
selection of the propellers and pitches are give
the Table 3.3.




Results of unsteady flow investigation of orifice meter calibration for different area ratios

To check the procedures used to determine the
change, if any, in performance of the Ott current
meters three series of tests were made using the
Ca§orado State University calibration facilities
(Figs. 3.3, 3.4, and 3.5).

In the first tests each meter propeller was
tested singly. Each meter was mounted on a 3/8-inch
fod attached to the carriage and towed at a depth of
o feet (Fig. 3.3). The second test series involved
0;:e.mmters mounted on the 3/8-inch rod at a distance
i d;;nCh?s on centers, The purpose of the test was
.eterserm1ne §nterferenc9 effects,_lf any, Qn_the
operating under simulated field conditions.
‘ause the recording system was only a single
0;2?51’ It Was not possible to record the performance
o rthree meters simultaneously. Therefore, the
lﬁterp ocedu?e was the same for the single mounted
., T that is, it was necessary to make three runs

Nith th : : . :
the © carriage at a given speed in order to obtain

cwmif;nce the velocities of the meters under field
1ons fell on the uppermost range of a 3-range

ngzlon chart plotted from data furnished by the

Tange weratUTY. only the calibration data in this

the the T¢ analyzed. In this range it was found that
OTetical curve that best fits the data is the

Srformance data at this speed on the three meters.
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TABLE 3-2-
i Deviation of
[ Flow Rate Time Computed Measured Computed From
a8 Area cfs of Test Volume Volume Measured Volume
- Run Ratip Hydrograph max min in sec. in ft in ft in %
3 0.49 Rising 23.704 12.111 62.99 1272.170 1252.091 -1.604
4 0.49 Rising 21.102 14.195 78.81 1408.636 1408.839 +0.015
s 0.49 Rising 22.100 9.439 59.95 1200.912 1193.531 -0.618
i 0.49 Rising 17.893 7.482 91.59 1317.455 1312.542 -0.374
7 0.49 Rising 22.261 10.053 62.25 1176.432 1160.429 -1.043
Q 0.49 Rising 20.502 7.924 81.51 1397.028 1397.867 +0,060
;_ 0.49 Falling 21.585 6.584 59.48 1178.076 1173.244 -0.412
10 0.49 Falling 21.290 18.549 73.91 1524.571 1516.301 -0.545
&i 0.49 Falling 21.290 15.265 65.07 1303.741 1297.380 -0.490
12 0.49 Falling 21.767 7.477 49.20 880.549 868.447 -1.394
&5 0.49 Complete 22.188 6.765 62.61 1184.071 1173.726 -0.881
i; 0.49 Complete 21.858 7.296 63.78 1107.155 1124.776 +1.567
'ig 0.49 Complete 22.351 8.132 61.37 1176.518 1168.864 -0.655
16 0,49 Complete 20.152 8.220 80.11 1174.248 1166,717 -0.645
17 0.25 Rising 17.041 8.305 60.07 924,271 923.561 -0.077
18 0.25 Rising 17.086 7.853 79.92 1155.196 1174.204 +1.619
TABLE 3.3. Selection of propellers asymptotic limb of a hyperbola, which can be approxi-
mated by a straight line of the form V = a + bn. In
; Propeller Approx. Maximum this equation V is the velocity in feet per second
Propeller Diameter Pitch Velocity and n is the number of turns per second. Values of
~ No. (cm) (cm) (ft./sec) the coefficients a and b for least-square curves
fitted to the recalibration data and the Ott laboratory
2 5 10 % data were found to be essentially identical. For
2 3 10 3 each set of data the accuracy of the curve fitting
3 5 25 8 procedure was found by the standard error of estimate
4 5 50 16 aifc BV o s

In view of the general agreement between the
recalibration values and the manufacturer's furnished
values, there did not appear to be justificaticn for
the adoption of the recalibrated values. Furthermore,
the effect of spacing the meters at 4-inches center
to center does not indicate any trend when compared
to the single meter calibration.

For the third test series a system was devised
whereby all five velocity meters could be calibrated
simultaneously utilizing the mounting arrangement
used in the actual testing program of the storm
conduit. A bracket was clamped to the front of the
test car and the field mounting frame for the velocity
meters was bolted to the bracket (Fig. 3.6). The
velocity meters were tested at a depth of approximately
one foot. A relay circuit operated by micro-switches
provided means for turning a clock and the current
meter counters on and off, (Fig. 3.7), while the test
car traveled at constant speed over a known distance.
Stakes were driven into the ground and cam plates
were clamped to the stakes, (Fig. 3.8, lower right).
Activation of the micro-switch was marked on the cam
and the distance between the '"on cam" and the "off
cam'" was measured. The tow car was initially at a
point near the end of the water tank. During each
run, the cams and micro-switches provided a time and
count record over the known distance with variation
being made only in time required to traverse the
distance.



Recording system for calibration of ¢
meters, and tow car control switch. St
chart records speed of tow car and revo
tions per second of current meters,

Fig. 3.3. Electrically propelled tow car.

Fig. 3.4. Current meter tow tank. Dimensions of the Fig. 3.6. Ott meters in calibration position on &8
tank are: Length - 200 ft; width - § ft; car.
depth - 5 ft.
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Fig. 3.7. Relay circuit chassis, electric clock, and
current meter counters on tow car for
simultaneous calibration of five Ott-
current meters.

Fig. 3.8,

Arrangement of micro-switch switches and cam

plate which operate relay circuit. "Off

cam'" is illustrated.

Calibration results. The technique of calibra-
:;23 the meters was found to be satisfactory, that is,
saveziitem was first carefully checked by making
s runs of the tow car at a constant speed over

8iven distance until the meter count did not vary
cil?:;:ttgan 0.5 percent. The meters were then
it & ed by operating the tow car at eleven differ-
Peeds covering its operational range.

A Igﬁ calibration results of the values of "a"
dats £ .S compared to the original calibration
3.4 mished by Ott Company are presented in Table

HEEEEl_iﬂlgrference and wall proximity effects on

rg:r§§§3r readings. Investigations of mutual
4 readie and wall proximity effects on current
5%z ngs have been cogdycted by Henn [1], Status
Tesuly ofOVIC [3], and Benini [3]. Based on the
decigey o thebtgsts of these investigators it was

2 cuat Similar tests would not be needed for
¥ere the rrent meters. Of particular importance

Tesults of the tests made by Benini, who was

te
Rete
[2],
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concerned with accurate measurement of flow in large
diameter pipes. His calibration tests simulated the
positioning of the current meters were similar to
what were used by this study in the measurement of
velocity distributions. Benini's rating equipment
consisted of a flume 50.85 meters long (useful Iength
between the two ends of the run 41.80 m), 2.00 meters
wide and 3.00 meters deep; a carriage was operated
by a cable system from a hydraulic converter enabling
the required speed to be reached within a very short
distance. The speed could be varied continuously
between zero and 5.50 meters/second.

The experimental results obtained by Professor
Benini are presented in Figs. 3.9 through 3.11. On
the abscissa the axial distance between the propellers,
or the distance between the propeller axis and the
wall, is plotted in terms of the ratio between the
distance L and the propeller diameter D. It was
preferred to express the distance between the meter
and the wall or between the two meters in terms of the
propeller diameter rather than in absolute values, in
order to extend the test results to meters with the
propellers of different dimensions. The percentage
deviations from the reference values are plotted as
the ordinate. In Figs. 3.9 to 3.11 the representative
points of the deviations have been joined by straight
lines, to better emphasize the variation.

Apart from the tests carried out at the velocity
of 0.5 meter/second, it can be seen that the divergences
from the reference values are, with a single exception,
less than 0.5 percent, and show no decisive trend in
either the positive or the negative direction.

The tests reported thus demonstrate that within
the range of velocities investigated the performance
of a current meter is only slightly influenced by the
proximity of a second current meter, or of a wall.
The divergences found, referring to the behavior of
meters in a region without any disturbances, are
attributed rather to unavoidable experimental error,
being of the same order of magnitude as, or slightly
larger than, these errors. For this reason it is
difficult to distinguish between experimental errors
and effects caused by an adjacent meter or wall; it
can be stated that, within the range investigated,
the possible effect does not exceed 0.2 to 0.3 percent.

For comparison, the results of the other investi-
gators are summarized as follows:

1. Staus [2] found that a propeller current meter
records velocities that are low by 1.1 percent near
the wall and by 0.8 percent when near the bottom, the
errors being independent of absolute velocity.

2. Henn [1] made use of tests by the Ott firm.
The Ott tests indicate that the reduction in current
meter readings increases with the increasing velocity,
to reach 1.2 percent for meters near the bottom and
2.1 percent for meters near the wall, at a velocity
of 2.5 meter/second. Regarding the mutual inter-
ference of two nearby meters, the Ott tests indicate
that in the velocity range 0.1 to 0.8 m/s, there is no
significant correlation with the distance between the
two meters.

3. Jovanovic [3] at the rating station at the
Institute of Hydraulics in Belgrade found that in the
velocity range of 0.5 to 4.5 m/s, meters near the
bottom gave errors as large as 1.73 percent at a
velocity of 4.5 m/s. Tests on meters placed 3 cm
between the peripheries of the propellers gave errors
of only 0.8 percent at 4 m/s.



TABLE 3.4, Comparison of Ott-Meter calibration rating curves, V= a + b n, by the least square
estimate of Ott and CSU calibration data for meter velocity > 1.0 fps.
Prop. Slope Standard
Meter Prop. Dia. of curve Intercept Deviation Calibration
No. No. cm. b a a Date Remarks
12457 2-3 5 0.3411 0.108 From mfggl} calibration curve fi
0.338 0.143 0.0016 5-1-64 1st test series; single meter.
0.339 0.106 0.0051 7-2-64 2nd test series-tun 1; deepest of
meters. i
0.337 0.111 0.0059 7-13-64 2nd test series-run 2; deepest
meters.
0.340 0.112 0.0042 7-15-64 From analysis of original data.*
12457 4 5 1.6531 0.030 From mfg. calibration curve for
1.675 -0.007 0.0074 5-1-64 1st test series; single meter.
1.648 0.049 0.0078 7-2-64 2nd test series-run 1; deepest of
meters.
1.648 0.029 0.0074 7-13-64 2nd test series-run 2; deepest of 3
meters. ]
1.651 0.036 0.0052 7-15-64 From analysis of original data.
1.693 0.007 0.0429 8-24-64  3rd test series; meter mounted on fig
support with original meter gear
placed by a new gear.
12458 2-3 3 0.3395 0.115 From mfg. calibration curve for
0.335 0.177 0.0059 5-1-64 1st test series; single meter.
0.336 0.153 0.0034 7-2-64 2nd test series-run 1; middle me
0.338 0.124 0.0019 7-13-64 2nd test series-run 2; middle mete
0.338 0.131 0.0056 7-15-64 From analysis of original data.*
12458 4 5 1.6531 0.033 From mfg. calibration curve for me:
1.651 0.016 0.0104 7-2-64 2nd test series-run 1; middle m
1.663 0.018 0.0135 7-13-64 2nd test series-run 2; single me
1.642 0.051 0.0088 7-13-64 2nd test series-run 3; middle
1.650 0.040 0.0098 7-16-64 From analysis of original data.*
1.673 -0.001 0.0385 8-24-64 3rd test series; meter mounted on
support with original meter gear
placed by a new gear.
12459  2-3** 3 0.3395 0.112 From mfg. calibration curve for me
0.339 0.150 0.0050 5-1-64 1st test series; single meter.
0.342 0.122 0.0109 7-2-64 2nd test series-run 1; shallowest
meters. L
0.340 0.112 0.0141 7-2-64 2nd test series-run 2; shallowest
meters .
0.341 0.115 0.0055 7-13-64 2nd test series-run 3; shallowest
meters.
12458 4 5 1.6564 0.036 From mfg. calibration curve for !
1.675 0.027 0.0099 5-1-64 1st test series; single meter.
1.668 0.022 0.0101 7-2-64 2nd test series-run 1; shallowest ©
meters.
1.681 0.007 0.0093 7-2-64 2nd test series; single meter.***
1.668 0.017 0.0176 7-13-64 2nd test series-run 2; shallowest
meters.
1.654 0.043 0.0053 7-17-64 From analysis of original data*.
1.691 0.004 0.0451 8-24-64 3rd test series; meter mounted on

support with original meter gear
placed by a new gear.

(I)Mfg. means manufacturer's calibration results.
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ABLE 3.4. Comparison of Ott-Meter calibration rating curves, V = a + b n, by the least square
& estimate of Ott and CSU calibration data for meter velocity > 1.0 fps. - Continued.
PTOp. Slope Standard
prop. Dia. of curve Intercept Deviation Calibration
. T No cm. b a a Date Remarks
‘5":"';:;__—-_—_3 0.3362 0.118 From mfg. calibration curve for meter.
" 0.334 0.156 0.0027 5-1-64 1st test series; single meter.
0.335 0.127 0.0042 7-17-64 From analysis of original data*

a4 5 1.6466 0.033 From mfg. calibration curve for meter.

1.666 0.023 0.0171 5-1-64 1st test series; single meter.

1.643 0.044 0.0063 7-18-64 From analysis of original data.*

1.700 -0.032 0.0397 8-24-64 3rd test series; meter mounted on field
support with original meter gear re-
placed by a new gear.

i 203 3 0.3378 0.112 From mfg. calibration curve for meters.

0.333 0.156 0.0050 5-1-64 1st test series; single meter.

0.338 0.109 0.0035 7-9-64 From analysis of original data.*

4 5 1.6498 0.030 From mfg. calibration curve for meter.
1

1.670 -0.008 0.0078 5-1-64 1st test series; single meter.

1.652 0.024 0.0041 7-19-64 From analysis of original data.*

1.674 -0.019 0.0378 8-24-64 3rd test series; meter mounted on field

support with original meter gear re-
placed by a new gear.

** No original data was furnished for this propellor.

Original calibration data furnished by Ott Company.
calibration curve supplied by Ott with each meter.

Note: This data was used in preparation of the

*** Meter shaft had been bent during operation; calibration was made after meter was required.

These results are at variance with those by
Benini. Because of the different technique used by
Benini in carrying out the tests, in particular by
comparing calibration tests carried out successively
¥ith repeated tests, the results given by Figs. 3.9
%0 3.10 are liable to less error and are therefore
#5sumed to be reliable.
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Error Referred 1o Proofs Assumed

as Reference
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Relative Distance from Axis of Two Current Meters, L/ D
Fig, 3
*9. Behavior of two neighboring current meters

with propellers of different pitch (after
Beniniy,
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Fig, 3,10. Behavior of two neighboring current meters
with propellers of the same pitch (after
Benini).

In summary, since mutual interference and wall
proximity effects on current meter readings are
negligible in the velocity range of this project’'s



experimental studies, it was decided that a particular
calibration of the current meters for these effects
should not be made. Instead, the German code for the
meter use was adopted. The code specifies that the
distance between the meter axis and the wall must not
be less than 0.75 times the diameter, and the distance
between the two adjacent meters must be less than 1.2
times the propeller diameter.

3.3 Pressure Transducers

General considerations. The calibration of
pressure transducers is considered from those stand-
points: (a) that the output voltage be zero for
zero pressure input; (b) that the output voltage be
a linear function of the input pressure differential;
(c) that it does not change with time and if so, it
must be systematically checked, and (d) that the
proportionality constant between the input and the
output be known before the observed data can be
interpreted.

The proportionality constant may be reasonably
expected to include the composite effects of all
elements in the data recording system. Hence, this
constant should be established immediately prior to
and immediately following data observation. It was
not assumed this value would remain constant from
run to run or from day to day, so facilities were
implemented to determine this value in the field as
desired without making a complete calibration check,
which essentially only establishes the linearity of
the transducer.

The first, second and third conditions under
(a), (b), and (c) have been investigated for all
transducers in use. With sufficient care in instal-
lation and adequate warm-up time, all transducers
were linear and passed through zero with no hysteresis
for the range of pressure differentials anticipated
measurements. The manufacturer's specifications state
a compensated temperature interval of these pressure
transducers ranges from -659F to +250°F. During the
tests, the air temperature was 759 + 10°F, and the
water temperature was almost constant, around 50°F.
It is thus concluded that the temperature effect on
the pressure transducer measurements was negligible.

Procedures of calibration and results. A 3-foot
water manometer was used to give the differential depth
in conjunction with the pressure transducer. The
readout part of the pressure transducer was provided
by a digital voltmeter. For each test, the adjustment
of zero pressure to zero voltage output was made. The
difference of water levels of the manometer with
corresponding voltage output from the pressure trans-
ducer were then recorded. The plots of digital read-
out in volts versus the difference of water levels
in feet were used to check the linearity of the
pressure transducers. The calibration results of
di fferent pressure transducers are shown in Figs. 3.11
and 3.12.

3.4 Pitot Tubes

Early in the investigation of velocity distribu-
tions a single pitot tube was considered. A particu-
lar tube was calibrated and used for one vertical
velocity traverse. Its calibration constant was
essentially 1.00 for relatively small velocities.
There was a slight difference in the velocity profile
as observed by the pitot tube and the Ott current
meters for the same flow conditions, but because of
the time involved in using a single tube to define the

complete velocity profile and because the Ott current
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transducer No. 14400, + 5 psi,
Tested 7-23-66

Using data recording system,
CD-25 No. 17083



d essentially the same vertical profile
peters Pro‘::fzn of the time requirement, the use of
with Ing: tube was discontinued.

5
jes in excess of 10 feet per second, for

vs“witsmpcs, reduce the use of the Ott current
_steep;‘; order to reduce field run times to a

uce the drag on the velocity meters
’ ““dn;gn;eguppon to a minimum, hypodermic
R shown in Fig. 3.13) were used to measure
Jid [sstatic and dynamic head. The static head
gotal sd at the solid boundary surface. Seven
.easurﬁre arranged along a revolving radial arm.
heds ::e uyse of similar tubes in air flow at
ased 98 ' 1ds numbers the coefficient was assumed
-.'I' Rﬂmstant for the range of velocities being
» pe cgn Considering this assumption and the fact
Wﬂ; ;;he distribution of velocities as represented
M = o and B velocity distribution coefficients
th:” desired, then these car_sfficients can be ;
ented by the appropriate integral of the ratio
e square root of the pressure differential. The
ssure differentials were detected by means of a .
csure transducer whose voltage output was proportion-
2l to the pressure differential. The voltage was read
and recorded automatically onto punched cards._ Since
‘the voltage was proportional to thg pressure differ-
‘ential, the velocity distribution is identical to the
distribution of the square root of the observed

‘woltages.
Subsequent comparison of velocity distribution

coefficients as measured by the Ott current meters
‘and by the hypodermic dynamic tubes indicated an

gverlap within the ranges of variability of the Ott

meter results, Therefore, it did not appear desirable
Oor necessary to calibrate the dynamic tubes for the
determination of the velocity distribution coefficients.

Fig. 3.13. Pitot tube rake used for point velocity
measurements at large discharges of

supercritical flow.
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Chapter 4

DATA RECORDING SYSTEM

4.1 Description of the System

A system for recording and transmitting field
data from the outdoor storm conduit was installed.
The continuous time series of physical quantities
measured by the sensing device were first transferred
into analog electric signals and were then digitized
by an analog-to-digital converter. The output from
the analog-to-digital converter in the form of punched
cards or tapes were then fed into computer for further
computations. Figure 4.1 shows the general outline of
the Data Recording System.

Qrifice i e o
I -
Flow
Pressure
Transducer - Amplifier Pressure
Demodulator Transducer

Oscillator

Scanner 8 Analog to
qullul Converter

[
Punched
Cards

Prlmed
Tape

Vlsuul
Display

End
Results

Fig., 4.1. Data recording system.

4.2 Analog-to-Digital Converter

The Systron-Donner Model 1234 Analog-to-Digital
(A/D) converter was designed to accept continuous
(analog) data up to 30 input channels. It sequentially
scans, digitizes, and drives an output coupler to
punched cards or punched paper tapes for eventual com-
puter processing. The system samples at a rate
determined by the type of output device and the number
of digits per word. For punched cards, the rate is
2 words or 17 characters per second. For punched
paper tape, it is 14 words or 110 characters per
second. A pinboard provides the means of setting the
full-scale input range of each channel to be scanned.
These ranges are +10, 50, 100, and 500 millivolts,

1, and 10 volts. The same pinboard allows any unused
or unwanted channels to be deleted from the scan.
Each sample is of 3 milliseconds (ms) duration and
the next sample is taken T milliseconds later, (Fig.
4.2)., The T is determined by the time required

for digitizing, punching, etc; however, its duration
may be varied by choice of output device and number
of characters printed out per sample. For a standard
8-digit data word, with card punch output, T is

500 ms less 60 ms/digit deleted. With paper tape
output, T is 70 ms less 9 ms/digit deleted.
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The output from the A/D converter of '¢j
"manual data' are printed out at the begin
each scan though they could be omitted at
of the operator. "

The following is printed out for each ¢

Channel identification 2 digits
Polarity or overload 1 i
Data 4 "
Range or data ID 1 "
Q is printed out for an overload.
fol 1)
L e/
l
| .
| T Sampling Interval
f. (1)
-"-1r* 3 ms
Sampling time
Fig, 4.2. Schematic representation of time

sampled by data recording system.

At the option of the operator the system
enter six digits of time information at the
of each record (scan). The indication and
of time is in hours, minutes, and seconds.
of each input data point is identified by a
channel number preceding the value of the data
Each four digit value is accompanied by indica
for range, polarity, and "off-scale" conditio

The range symbol is:

volts full scale

Syl

QQDD
OGHWI—AD
L SN, S

5 "
1

For the decade steps, the range symbol i
negative power of 10 by which the data is to
multiplied. The number 8 identifies the data
manual entry and the number 9 identifies a ti
For example,

05-74973 means that a value of -7.497 is
channel 5,

14+53922 means that a value of +0.02696 15
for channel 14,



2410733 means that channel 24 is overloaded,
x.45520 means @’ time of 13 hours 45 minutes
s 32 seconds, etc.

getails of the data format as the output from

The 0.1% at full scale.

/D converter is

See expionafions shown below W
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Columns (1-8)
1 2 3 4 5 6 7 8 1-500uy
2-50 uv
S g RE wE N R R 3-10 v
channel sign A= A
T 5-100py
pURRST 6-10 uy
H H + M M S S 9
Hours Minutes Seconds
I I = I I 1 I 8

The data format as the output from Analog-
to-Digital Converter.

4.3 Operations and Controls

- The outdoor circular storm conduit is located
shout 1500 feet away from the Colorado State University
“draulic Laboratory building. Data taken from the
orm drain were transformed into electric voltage
als by the pressure transducers installed in the
trol trailer, shown in Fig. 4.4. The transducer's
‘epe and intercept calibrations for head versus
I._._1t-_8ga relations were determined in the following
®umner, First, the systems were allowed to come to
. &quilibrium, The zero transducer voltage output was
SR recorded. Next, valves No. 1 and No. 3 were
$i0sed and a differential head was applied in mano-
:‘ﬂ‘ tube A. This was measured and recorded along
th the corresponding transducer voltage output. Once
¢ calibrations were obtained, all valves were opened
‘the systems were again allowed to return to
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equilibrium., Then valves 2 and 3 were closed and
the wave was started. Using this system, the
deviations from the initial depths were recorded.

Flow passed through a motor-driven Rockwell
Permisphere valve, then through an orifice where a
constantly recording pressure transducer was connected
to measure discharges. It then passed through a
baffle system to dampen out surface oscillations and
provide a more uniform velocity distribution, and,
finally, on to what is considered the inlet of the

pipe.

Waves were measured at distances of 50.00 ft,
410.00 ft, and 771.70 ft from the entrance during
experiments of the summer of 1965 and at distances of
50.00 ft, 251.24 ft, 387.70 ft, 462.56 ft, 669.83 ft,
and 771.70 ft during experiments of the summer of
1966. Wave haiﬁhts were measured by pressure trans-
ducers connected between the pipe invert and a set
of manometers, as shown in Fig. 4.4.

Voltage signals were converted from analog to
digital form in the data recording system and were
then punched directly onto data cards. The experimental
wave could then be reconstructed by feeding the
calibration and voltage cards into a digital computer
which converted the voltages into depths.

Pipe Inlet el F

A
To Contrel
Trailer

3/47 Dia.
Hotes a1 |5
Intervals.

To Data Acqustion
Systern

Molor driven Focswell
Permisphere | Globe ) Volve

Fig. 4.4. Schematic representation of facilities and
data recording system.



Chapter 5

EXPERIMENTAL TEST CONDITIONS AND TYPICAL RESULTS

5.1 Steady Flow Conditions

Cross-sectional velocity distributions. In order
to determine the velocity distribution coefficients
(e« and B) experimentally, measurements of the
distribution of conduit cross-sectional velocities
were made. Time average point velocities were
measured by the Ott laboratory current meter. Five
meters were mounted on a rod which was supported at
the center.
line and could rotate to place the meters in any
angular position. The meters were spaced along the
rod to sample equal circumferential areas. The
meters were placed at the minimum recommended spacing
distance from the conduit wall. The meter support
rod was positioned at angular intervals of 10 degrees.
Thus, the point velocities were observed at five
radial positions and as many 10-degree intervals as
required to sample the circular segment.

The input data to the computer program consisted
of: (1) velocity meter identification number and
propeller number; (2) velocity meter position on rod,
(3) angular position of the rod, (4) time interval of
revolutions, (5) number of revolutions, (6) water

depth at the cross-section, and (7) measured discharge.

A typical result of the measured velocity distri-
butions of the conduit cross-section is shown in Fig.
5.1. The properties and computation details of these
velocity distribution coefficients, a and 8, based
on the measured velocities of conduit cross-sections
are described in Part III of this four-part series of
papers. This paper is the second in the series.

Boundary roughness. The conduit boundary rough-
ness was determined from experimental observations.
In this approach the Darcy-Weisbach friction factor
f and the conduit Reynolds number Re were computed
from measured depths and discharge.

Hook gage readings, gage zeros, and conduit
invert elevations were measured at the successive
piezometer locations shown in Table 5.1 The discharge
was determined from the calibrated orifice meters. By
knowing the depths and discharges for fixed conduit
invert slopes, the average velocities and the total
energy heads were then computed. The difference in
successive values of total energy heads divided by
the distance between conduit stations represents the
energy loss rate. This loss rate and the average
hydraulic radius were substituted into the resistance
equation to evaluate the friction factor f , namely

4 R

S
£=— o (5.1)
v
av
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The Reynolds number for the same reach was com-
puted, based on average velocity and hydraulic radius
as the characteristic length, i.e.

aye_= Rsv
Rg = —mM8 ——— !
v

{5::2)

The rod support was at the conduit center-

30

A plot of these f values versus Reyn
Re, are presented in Fig. 5.2. The plotted
represent the results of experimental ranges
from 0.56 to 2.6 feet or depth-to-diameter
0.19 to 0.89. The discharges varied from 2
cfs. The corresponding Reynolds number ran
approximately 3 x 104 to 1 x 106 4

TABLE 5.1. Piezometer locations

Distance from

No. upstream end
1 20.00
2 100.00
3 197.00
4 308.40
5 406.10
6 509.60
7 613.20
8 707.20
9 772.20

10 802.20

11 807.25

12 812.25

13 816.25

14 819.10

15 820.70

16 821.70

Controlled and free outfall. The ma
simulation of the downstream boundary condi:
the controlled outflow required the calibrati
a terminal (end) restriction. Any geometr
tion was acceptable if it satisfied cert

1. The discharge as a functionn of d
be expressed simply, such as Q = my in
and n are constants and y is the depth
upstream of the restrictions.

2. The restriction was not so great
the pipe to flow full under the maximum anti
hydrograph discharge.

3. The approach-velocity distribution
symmetrical and did not differ appreciably
undisturbed flow.

These criteria were satisfied by a res
gate consisting of five 7-inch vertical wooden
held in position by 2 1/2-inch wide vertica
H-sections. The clear opening was five inchi
supports. The discharge could thus be contr
varying the vertical position or by removing ¢
more slats (Figs. 2.13 and 2.14).

Calibration of various combinations of
was made by measuring the corresponding dis
the water surface elevation approximately 2U
upstream of the control. For the range of
anticipated in the unsteady flow runs, it was
cluded that the best combinations of openings
with the center three slats removed.



LEGEND:

Fig. 5.1. 1Isovels for partially full pipe flow.
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Variation of Darcy-Weisbach friction factor f with the Reynolds number.
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For this condition the relation between discharge
and depth was determined to be
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Q= 4.84 y'* (5.3)

This relation applied for depths between approximately
one-third and eight-tenths of full diameter.

This gate configuration and flow relation was
used for all subsequent observations and evaluations
of boundary conditions in which backwater profiles were
the initial condition. No attempt was made to modify
this steady state relation for unsteady flows.

For a free outfall the location of the computed
critical depth occurs some distance upstream from the
end of the conduit. The purpose of experimental
measurements was to determine the location of the
critical depth. This position then served as the
location of the downstream boundary. Water-surface
profiles were measured for a range of discharges from
2.10 to 16.62 cfs. The channel slope ranged from
0.000032 to 0.001022 foot per foot.

Table 5.2 presents the 14 conditions of discharge
and slope, and the corresponding ratio of the end
depth to the computed critical depth. Figure 5.3
presents the water-surface profiles for the same
conditions as Table 5.2 and also the locations of
the computed critical depth.

TABLE 5.2. Free outfall data
Diameter - 2.926 ft.

Run-No Slope Discharge ye/yc
D1A .001022 2.10 0.731
52-9 .000132 3.26 0.746
51-5 .000032 4.14 0.758
D2A .001022 4.58 0.749
S1-6 .000032 7.96 0.776
53-9 .000520 7.98 0.764
D3A .001022 8.26 0.751
51-7 .000032 11.98 0.761
D4A .001022 12.92 0.740
$3-10 .000520 15.97 0.739
D5A .001022 16.02 0.752
S51-8 .000032 16.04 0.726
52-10 .000132 16.64 0.753
51-9 .000032 19.62 0.761

Mean - 0.750

Within the range of observed end depths, the mean
ratio of end depth to critical depth was 0.750. The
ratio tended to be smaller than the mean for the lower
depths.

The location of computed critical depth from the
channel end varied from less than 3.5 times critical
depth to almost 5.5 times critical depth. A location
of 4.5 times critical depth was considered as typical
and used in subsequent computations.

Flow regimes. The steady non-uniform flow in
subcritical and supercritical regimes were established
experimentally in the storm conduit. The steady non-
uniform flows (backwater curves) at the hydrograph base
discharge were used as initial conditions in computing
the unsteady flow equations.
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fall of a circular cross-section.

The discharge and slope corresponding t
desired depth of flow in subcritical or supe
regimes were estimated from the previous obs
(see Fig. 5.4 and Table 5.3). The downstrea
gate was adjusted to produce the desired tyj
backwater or drawdown curve. Because of the
time required for steady state conditions tt
it was not practical to adjust the downstre:
until a constant depth developed throughout
of the pipe. Thus, several conditions of m
flow were established both above and below tl
depth. Hook gage readings at the various p:
locations were made at approximately 15-minuf
until such time as the readings stabilized.

Water surface elevations were determined
of hook gage readings taken in gage wells lo
16 positions along the pipe. These wells W
to the invert of the pipe through a flexib
piezometer openings were 1/16-inch in di
each position there were a sufficient number ¢
to insure a reasonable response time for ead

The invert slope of the pipe was carefl
mined by means of a precise self-leveling 1&
an optical micrometer which permitted measure
the invert to approximately the nearest 1/10
inch. Readings were taken approximately eve:
and a least-square determination of the me:
was computed. If the maximum deviations at
exceeded approximately 3/100 of a foot, from !
line, adjustments to the pipe invert were

5.2 Unsteady Flow Conditions

Inflow hydrographs. Inflow hydrographs !
developed by manually manipulating a 26-ind1_-_'
ball-valve at the upstream inlet of the main
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Estimate of discharge versus slope and
depth of flow.

and the 12-inch diameter ball-valves on the

| inflow pipelines. The discharge hydrographs
ured and recorded by pressure transducers

ed across the orifices that were installed a
distance downstream of the valves. Figures

5.6 show the experimental observed discharge-
ydrographs of the main storm conduit and the
flow, respectively.

ve propagation. After the generation of inflow
e subsequent wave depths were measured
1 stations downstream as the flood wave

ted along the conduit. Flood wave depths were
by pressure transducers connected between the
nvert and a set of manometers.

e measured quantities were plotted as (1) depth
S time relations (Fig. 517), (2) depth versus

e relations (Fig. 5.8), and (3) wave peak depth
§ distance and time relations (Fig. 5.9). These
ons are later used to check the analytical solu-
s described in Part T and Part IV of these series
SOUr papers. A summary of the experimental test
ions for the wave measurements are given in

Effort was made to produce runs which covered a
maximum range of base and peak flow discharges. In
addition to this, several attempts were made to re-
produce the conditions of previous runs so that a
measure of expected experimental error might be
obtained.
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Fig. 5.5. An example of the discharge hydrograph at
the upstream inlet of storm conduit.
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Fig. 5.6. An example of the lateral discharge hydro-

graph at the junction box being 410.7 feet
from the inlet structure to the storm conduit.




TABLE 5.3(a) Operating conditions for Jume 3-9, 1964-1

Slope = 0.,000132 Normal 1
Depth- Depth Discharge Gate Condition Velocity Traverse
Run No. Diameter Ratio (ft) (cfs) Open Closed Slats Manhole No. y
B2C 0.3 0.88 3.44 3 2
B3C 0.4 1.17 4.71 X 2
B4C 0.5 1.47 5.61 X &
B5C 0.6 1.76 10.08 x 2
B6C 0.7 2.05 15.34 x 2
B7C 0.8 2.34 18.94 x 2
B8C 0.9 2.64 19.57 X 2
B2A 0.3 0.88 3.26 X 2&3
B6A 0.6 2.05 16.64 x 2, 3 & end
lln Tables 5.3(a), (b), (¢) and (d), each run from which recorded data were obtained has a run numt
to it. Each run number was indicated in coded form for computer programs as follows:
a. Slope - using letters A, B, C, etc., starting with zero slope as "A".
b. Base discharge - using numbers 1 through 9. 1 corresponding to the lowest and 9 to the
c. Downstream gate position - using letters A, B, C, etc. Letter A represents the free flow
condition); B, gate closed with no slate; and C, D, etc., gate closed with progressively d
area by means of the slats.
d. Lateral inflow conditions - using numbers 0 to 9. Zero indicates no lateral inflow, 1-9
indicate the rate of inflow at each manhole. .
e. Unsteady flow conditions - this is either blank, R, or F, depending on whether the flow
steady, rising, or falling discharge, respectively.
f. Unsteady flow rate-of-change condition - using numbers 1-9 for progressively increasing
of discharge, the longest rate indicated by 1, the highest rate by 9.
TABLE 5.3(b) Operating conditions for June 1B-23, 1964
Slope = 0.000520 Normal
Depth- Depth Discharge Gate Conditions Velocity Traverse
Run No. Diameter Ratio (ft) (cfs) Open Closed Slats Manhole No.
clc 0.2 0.587 1.420 x 2
c2c 0.3 0.88 2.040 % 2
c3c 0.4 1.17 6.211 X 2
c4cC 0.5 1.47 7.960 x 2
Cc5C 0.6 1.76 10,407 X 2
c6C 0.7 2.05 14.097 X 2
cic 0.8 2.34 12,273 X 2
C8c 0.9 2.64 18.353 > < 2
C3A 0.4 1,37 7.981 x 2, 3 & end
oA 0.7 2.05 15.972 X 2, 3 & end




TABLE 5.3(c) Operating conditions for July 13-17, 1964

001022 Normal 1 . !
Depth- Depth Discharge Gate Condition 2 Velocity Traverse Outlet
_piameter Ratio (ft) (cfs) Open Closed Slats Manhole No. Profile
.2 .587 2.13 x 2 and end x
X .587 2.13 x 2
A .587 2.13 x
.3 .88 4.71 x 2 and end x
.3 .88 4,71 x
.3 .88 4.71 X
A 1.17 8.23 x 2 and end
A 1.17 8.23 X 2
A 117 8.23 x
.5 1.47 12.1 1 2 and end x
> 1.47 12.1 x
) 1.47 1251 x
.6 1.76 16.2 x 2 and end
.6 1.76 16.2 %
.6 1.76 16.2 x
ol 2.05 20.2 x 2 and end x
oil: 2.05 20.2 3
o7 2.05 20.2 x
.8 2.34 23.5 x 2 and end x
.8 2.34 23,5 x
.8 2.34 23.5 x
-9 2.64 25.7 x 2 and end x
-9 2.64 25.7 x 2
5-30 Unsteady flaw3 -point gage readings
at 1) Upstream end
2) MH 1
3) MH 2
4) MH 3
D9A-F1 5) Downstream end
=" 30-5

_ 10 be set at approximately this value (* 0.2)
© produce maximum depth at downstream end.

© be repeated enough times to define profile of wave and times of tramsit.
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TABLE 5.3(d) Operating conditions for August 1-8, 1964

Slope = 0.0075 Normal
Depth- Depth Discharge Gate Condition Velocity Traverse Outlet
Run No. Diameter Ratio (ft) (cfs) Open Closed Slats Manhole No. Profile
ElA =) 587 7.0 - 2 and end x
EIB 2 587 7.0 X 2
E2A .3 .88 16.0 x 2 and end *
E2B i .88 16.0 X 2
E3A A B 5 25.0 x 2 and end x
E3B 4 1 25.0 x
E4A e 1.47 37.0 X x
E4B +5 1.47 37.0 x 2
E5A .6 1.76 48.0 x 2 x
E5B .6 1.76 48.0 X 2
*E6A AT 2.05 60.0 X %
E6B - 2.05 60.0 x I 2
E7A .8 2.34 68.0 X 2 x
E7B .8 2.34 68.0 X 2
E8A 9 2.64 70.0+ X 2 X
E8B ) 2.64 70.0+ X 2
E9A 70.0 Unsteady flow-point gage readings
at 1) Upstream end
2) MH 1
3) MH 2
4) MH 3
5) Downstream end
TABLE 5.4. Summary of data on experimental waves at CSU
Base Flow Base Peak
Depth- Flow Flow Wave
Diameter Discharge Discharge Peak Discharge- Duration
Run Slope Ratio (cfs) (cfs) Base Flow Ratio (sec)
B2ARS1 .0001100 .21666 1.600 3.870 2.41875 27.000
B2ADS2 .0001100 .21666 1.540 13.020 8.45455 67.000
B2A0S3 .0001100 .20846 1.470 15.290 10.40136 78.000
B3A0DS1 .0001100 . 37660 4.180 6.940 1.66029 24.000
B3A0DS2 .0001100 .35131 3.490 15.010 4.30086 59.000
B3A0S3 .0001100 .38993 4.350 17.930 4,12184 83.000
C2A052 .0005500 .16198 2.580 20.330 7.87984 77.000
C2A083 .0005500 .16494 2.410 26.250 10.89212 95.000
C3A0S1 .0005500 . 36849 5.070 14.380 2.83629 42,000
C3A052 .0005500 .36190 4.910 21.920 4.46436 61.000
C3A0S3 .0005500 .35268 4.990 28.270 5.66533 80.000
D2ARS1 .0010300 .14729 2.990 19.250 6.43144 60.000
D2A0S1 .0010300 .15412 2.500 18.550 7.42000 70.000
D2A0S3 .0010300 .17292 2,990 32.870 10.99331 97.000
D3A0S1 .0010300 .37216 7.610 21.450 2.81866 57.000
D3A0S2 .0010300 . 34892 6.940 33.510 4,82853 90.000
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TABLE 5.4. Summary of data on experimental waves at CSU - (Continued)

Base Flow Base Peak
Depth- Flow Flow Wave Wave
Diameter Discharge Discharge Peak Discharge- Duration Volume
Siope Ratio (cfs) (cfs) Base Flow Ratio (sec) (cu-ft)
3 ,0010300 .33901 6.330 39.370 6.21959 104,000 1772.335
3 0009900 .34482 6.992 28.071 4.01474 74.740 808.329
3 0009900 .34311 7.592 32.582 4.29163 90.000 1198.544
8 0009900 .20812 1.913 24,396 12.75290 85.470 890.639
] .0009900 .21666 2.602 26.174 10.05925 89.000 1035.399
09 ,0009900 .21290 .904 30.484 35.72119 95.000 1385.264
) .0009900 .20128 2.084 28.326 13.59221 110.000 1348.151
] .0009900 . 34994 6.855 22.912 3.34529 60.000 486.608
ﬁi: 0009900 . 34652 6.831 30.655 4.48767 80.000 993.741
0 .0009900 . 35849 7.280 36.535 5.01300 120.000 1938.801
I.s .0009900 . 36464 7.466 36.936 4.94717 110.000 1766.589
1 .0009900 .30517 5.439 20.779 3.82037 150.000 1660.597
1 .0004800 .24981 2.472 1:3.57% 5.49215 57.000 345.406
@ .0004800 .25152 2.336 20.338 0.01970 94.000 995,381
3 .0004800 .33336 5.033 15.214 3.02284 53.000 277.884
4 .0004800 .35885 5.292 22.349 i 4.22307 107.000 1090.523
ot 50.00 feet at 254.24 feet at 387 70 feet
e - -
g :,o-'“"-;._‘ - T, o
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Fig. 5.7. Observed wave forms given as depth versus time, computer plotted,
Run No. 090004, So = 0.00048.
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Chapter 6

EXPERIMENTAL ERRORS

¢ in GeometTic Variables

duit used as an open channel for the
: n was 3-feet in diameter, 1/2-inch
'{:;gpgzzziwith a longitudinal welded joint.
sections were butt-welded together and
ed on steel rails at approximately 20-foot
not necessarily at the conduit joints. As a
of the manufacturing process, handling, field
" and the method of support it was not expected
conduit would be perfectly circular or possess
it line invert profile. The errors caused by
artures from the mathematical geometric
the conduit cross-section and longitudinal
lope are discussed here.

duit cross-sectional irregularities. Measure-
made on the inside diameter of the pipe at
‘intervals to the nearest 0.001 inch, both
after painting the inside of the pipe.
inside of the pipe was painted measurements
at cross sections spaced 20-feet apart.

ting, similar measurements were made at 10-
als. An elliptical cross-section (Fig. 6.1)
ed and the corresponding major axis (a), minor
the direction of the principal axes (a),

gity (e = v1 - (a/b)?), area, wetted peri-

d hydraulic radius were computed based on the
ured diameters at each cross-section and its
on angle (Table 6.1). The differences

the means of each of the parameters for the

s are not significant on the 5 percent level.
d indicate (1) that painting the pipe had no

¢t on the internal geometry, and (2) that doubling
eT of stations did not significantly improve

2 about the geometry of the pipe.

Mgy - Cincupag SEacmeEnT —
R ey, . Ats

AES — ELLIPTIC SEGEMENT - G

E?finition sketch for the relation of the
Tcular and the elliptical cross-sections.

Q

—Aes
cs X100

'_.. 6.1

.

39

TABLE 6.1. Conduit geometry

No. Stand-

of ard

Sta- Devi-

tions Maximum Mean Minimum ation
Major 40 17.869 17.617 17.538 0.175
Axis- (inches) 84 17.913* 17.604 17.554 0.047
Minor 40 17.626 17.516 17.435 0.0375
Axis- (inches) 84 17.680 17.510 17.430 0.031
Eccentri- 40 0.176 0.1021 0.046 0.0310
city 84 0.175 0.0993 0.051 0.0244
Alpha- 40 165.58 84.84 1371 46.5
(degrees) 84 160.37 82.95 7.78 49.43
Area-(inchz) 40 989.5 969.47 965.3 3.84

84 994 .9* 968.4 964.1*% 3.94
Wetted 40 111,51 110.373 110.13 0.2769
Perimeter 84 111.82* 110.314 110.07* 0.2167
(inches)
Hydraulic 40 B8.87 8.7785 8.76 0.0183
Radius 84 8.89%* 8.7742 8.75* 0.0181
(inches)

* QOccurred at same section

Accepting an average area of 968.41 square inches
(6.725 sq ft) the mean diameter for the pipe is then
2.9262 feet. This figure was used for the pipe dia-
meter in all subsequent calculations.

The eccentricity and the angle alpha for the
observed geometry of the pipe serve as a means to
estimate the possible error in subsequent hydraulic
calculations. The percent difference between the
circular and elliptical segments for the maximum and
mean eccentricity at a depth ratio of 0.2 was deter-
mined and plotted in Fig. 6.2 as a function of the
angle o . As may be seen from this plot, the error
in area becomes a maximum at angular positions of zero
and 90 degrees. For the mean eccentricity for a pipe
of this depth ratio, the maximum error is 1.1 percent.
For the mean a-angle of about 85 percent, the maximum
error for the mean eccentricity is approximately 1
percent.

In view of the interrelated effects of depth,
eccentricity, and « , it appears that an error in
the computation of the flow area caused by assuming
a circular cross section instead of an approximated
ellipse, may range from 0 to 3 percent with 1 percent
being representative.

Conduit invert slope irregularities. Another
source of geometric error are inherent irregularities
in the experimental conduit slopes. Conservation of
energy dictates that for subcritical flow, depth must
increase over channel depressions and decrease over
channel rises. This fluctuation in depth resulted in
observed depth values that differed from the corres-
ponding theoretical depth values that had been com-
puted assuming a perfectly constant invert slope. For
computational purposes, the average values of experi-
mental slopes were determined by running precision




level surveys along the pipe's invert and applying

a least-square analysis to the elevation points
obtained. This was accomplished by first adjusting
the pipe to a predetermined position on the supporting
rails and then leveling the pipe with a self-leveling
level having an optical micrometer of at least count
of 0.001 inch. The invert elevations were observed at
45 positions approximately 20 feet apart. A least-
square determination of the slope and the deviations
at each position was then made. If the deviations
displayed a consistent or excessive trend in a given
length, that portion of the conduit was readjusted,
and the elevations redetermined.
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Fig. 6.2. Percent error in area of the storm conduit.

(at the depth ratio of 0.2).

The standard deviations of the actual invert
profile points about these least-square slopes are
given in Table 6.2, and profiles of the conduit's
invert for representative slopes are shown in Figs.
6.3 and 6.4. It may be concluded that for the slopes
investigated, the observed depths may deviate from
the ideal depths by an average of 0.01 to 0.03 ft.

6.2 Time-Difference Errors

A systematic error was introduced into all tests
because the flow-measuring orifice was located 82.2
feet upstream of what was considered the beginning of
the test conduit. For much of this distance the con-
duit was flowing full and providing instantaneous
transmission of changes in flow. The distance between
the point where a free surface formed and the beginning
point of the test conduit, however, provided a varying
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time lag between observed and computed dat:
8 to 14 seconds. That is, the time recp
orifice transducer for a given flow disch;
time when that discharge actually reached ¢
test section by the amount of time it took
wave to travel the 82.2 feet. To eliminat
difference in the comparisons, time lags
visually from comparison of observed and
(depth versus time) and all experimental t.
adjusted by this amount.

Data for Colorado State
experimental conduit inve

TABLE 6.2.

Slope

0.0001110
0.0005487
0.001033

0.0009930
0.0004848
0.0000052
0.0000157
0.0000303
0.0001325
0.0005197
0.0010101
0.0074578
0.0200690

Relotive elevation

Distonce olong pips = fest
6.3. Invert profiles for Colorado State
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Ao antation Errors

b jon errors were analyzed on the basis
ks g_ru?o:t:::z'llts‘ Since the true values of
ra:mtities can never be exactly measured, the
cil a4 rocess of each instrument was considered
‘“. :;cﬁrate estimate of the errors in the

ad qmtities.
A eommon method of giving bounds on the errors

:ﬁl: ctandard deviation s defined by
] 2

N (q.-9.)

i ‘o
o e el b6-5)

i=1
ich q, is the individual reading observed in a
Srange’ is the corresponding reading from a

“ence curve in the same given range as q; and
. the total number of observations.

or a Gaussian distribution of errors and a
ficance level, the physical quantities measured
ch instrument can then be expressed as

(6.2)

‘Equation 6.2 means that approximately 95 percent
e measured quantities gq; lie within the range

R8s lof qg.
‘Table 6.3 gives a summary of the calibration
ts of the orifice meters, current meters, and

ure transducers (as described in Chapter 3) by
. Equation 6.2.

‘Reproducibility Errors

As stated earlier, an attempt was made to perform
_experiments having conditions exactly the same
ditions of some selected previous runs. This
‘done to have some measure of the errors due to
sducibility inherent in the experimental system.
funning two runs under exactly the same conditions,
‘differences between the observed wave forms and
observed wave depths would be a measure of this

type of error. If no errors were generated by the
system, the observed values for both runs would be
the same. This manner of comparison would not, however,
measure the random errors.

During the experiments, seven attempts were made
to duplicate the conditions of previous runs, Only
one of these runs, however, actually duplicated
previous conditions. The other six runs could not
be used in this evaluation because either the base
or peak flows did not correspond to the earlier condi-
tions or the time of one wave was longer than that of
the previous run resulting in different total water
volumes. The runs with matching conditions were
010013 and 019913,

To measure the differences between the two sets
of observed data on the flood hydrographs, relative
errors between the two areas of each of the six
different observed wave forms (depth versus time) were
computed. Corresponding relative errors between the
two computed areas were obtained. The resulting
average error of reproducibility was 5.86 percent.

Another measure of errors of reproducibility was
obtained by computing the relative errors between
corresponding maximum depth values at each of the
six observation positions. For exactly the same
inflow hydrographs, these errors should be zero. The
average of the errors, however, is 8.13 percent, Again,
the effect of the difference in inflow hydrographs
was removed, In this case, the average relative error
between the two computed conditions was 1.47 percent.
The average error of reproducibility computed this way
was 6.66 percent.

Observed values for the depth versus distance
relations were not compared because of the influence
on these depths by the experimental time shifts. An
error of one or two seconds in the determination of
these shifts could introduce errors as high as +0.1
foot to the observed depths. Other relations for the
depth versus time data were not compared because of
their dependence on the exact positioning of the
observed peaks, The two errors may be combined to
give an average error of reproducibility of approxi-
mately 6 percent.

TABLE 6.3. Estimate of instrumentation errors
Figure or Table S
in Error Bounds with
Chapter 3 Standard Deviation 2.5% Level Range
Small Opening Fig. 3.1 0.00413 4 = a * 0.00826 Reynolds no. 3x10°v2x10°
fon Medium Openi Plg. 3.1 0.00220 & = a * 0.00440 Reynolds no. 2x10°+2x10°
_Large Opening Fig. 3.1 0.00320 @ = a * 0.00640 Reynolds no. 5x10°%2x10°
|_Large Opening Fig. 3.2 0.01619 f£t° ¥ = ¥ + 0.03238 f&° Volume 8 v 15 f€°
t
Table 3.1 0.0141 ft/sec |V = V * 0.0282 ft/sec Velocity 1 n~ 8 ft/sec
Table 3.1 0.0451 ft/see [V = V * 0.0902 ft/sec Velocity 8 ~ 16 ft/sec
SSure ft of ft of Pressure * 1 psi
Cerg Fig. 3.12 0.0002 water H=H * 0.0004 water Voltage + 3 volts
ft of ft of Pressure £ 5 psi
Fig. 3,13 0.0003 water H=H * 0.0006 water Voltage * 3 volts
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Chapter 7

EVALUATION OF EXPERIMENTAL FACILITIES

7.1 Summary of Characteristics of Experimental
Facilities

(1) The large scale conduit experimental research
facilities made it possible to carry out experiments
with discharges ranging up to approximately 70 cubic
feet per second and with depths of free-surface flow
up to the full pipe diameter of 3 feet.

(2) The slope of the conduit can be varied from
zero to 5 percent which covers the subcritical flow
range as well as part of the supercritical range.

(3) Instrumentation was selected for maximum
accuracy and reliability under field conditions.

(4) Calibration of instruments was carried to the
point of reducing errors to practical, feasible
minimums,

(5) A data acquisition analog-to-digital system
was designed and constructed with outputs in a form
ready for computation in digital computers.

(6) The facilities were designed such that all
basic geometric and hydraulic properties can be
measured with maximum accuracy.

(7) The facilities were designed so that accurate
observations of a generated flood hydrograph at the
inlet and the depth hydrographs at selected positions
along the conduit, rather than for a precise reproduc-
tion of flood waves could be made.

(8) Typical experimental data are considered
sufficiently accurate for analysis and synthesis of
both the geometric and hydraulic conditions of the
conduit and waves, as well as for comparison of
numerically integrated and measured waves.

(9) Although the experimental facilities were
built in the Outdoor Laboratory as described in Chapter
2, tests were conducted only during theosmer months
with air temperature in the range of 65°-85°F. No
significant effects due to the differences in climatic
conditions were observed.
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7.2 Potential of Facilities for Further E
Investigations

Experience with the designed and cong
experimental research facilities indicates
following subjects may be studied effectively
eventually warrant further investigation
cation on these facilities:

(1) Friction losses in unsteady fr
flow as compared to losses in steady umiforn
be studied, after the further theoretical -
have been undertaken, and the new experin
conceived and designed beyond all previous

(2) Experiments studying the movemen
bores through storm drains when the long f
pass to bores may have practical significanc
so, this significance can be checked thro
analytical derivations made by experimen
tions; for example, how the shape and fric
of storm drains affect this movement.

(3) Experiments for better understan
modification of flood waves in a complex
as changes in conduit cross-sections, bott
ities, presence of local humps or similar obs:
could be conducted. é

(4) Experiments with the propagation
waves in a dry storm drain will contribute
understanding of this phenomenon.

(5) Experiments could be conducted to
understand and describe particular end bound
ditions, which can occur in practice with

(6) Experiments of flow close to fu.ll
sections would permit an evaluation of di
full flow or intermittent full flow, free su

(7) Specially designed experiments of |
full steady flow would permit an evaluation
air transported by the surface drag and th
ing pressure reduction within the free space

pipe.
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Key Words: Storm Drain, Flood Routing, Unsteady Flow, Wave Propagation.

Abstract: This second part of a four-part series of hydrology papers on flood
routing through storm drains relates exclusively to experimental research facilities
and experiments. The following subjects are presented: (a) design and construction
of the experimental storm drain system as a special research outdeer facility: (b)
instrumentation and its calibration: (c) description of the data recording system;

(d) various experimental test conditions and their typical results, and (e) discussion
of experimental errors.

A large conduit, 3 feet in diameter and 822 feet long, has been selected, de-
signed, and constructed in the Outdoor Laboratory of Colorado State University to
accurately measure geometric and hydraulic characteristics, as well as the propagating
of flood waves. Instrumentation has been selected to suit the field conditions.

The calibration of the instruments has been carried out to the point where there
are relatively small errors. The data recording system was designed and constructed
so that the output could be put either on cards or paper tapes and provide a direct
input for computations on a digital computer. Only typical results of experiments
carried out are described in this paper; experimental errors are reviewed in a
summarized form.,

Reference: Yevjevich, Vujica and Albert H. Barnes, Colorado State University,
Hydrology Paper No. 44 (November 1970) "Flood Routing Through Storm
Drains, Part 11, Physical Facilities and Experiments.

Key Words: Storm Drain, Flood Routing, Unsteady Flow, Wave Propagation.

Abstract: This second part of a four-part series of hydrology papers on flood

Touting through storm drains relates exclusively to experimental research facilities
and experiments. The following subjects are presented: (a) design and construction

of the experimental storm drain system as a special research outdoor facility: (b)
instrumentation and its calibration: (c) description of the data recording system;

(d) various experimental test conditions and their typical results, and (e) discussion
of experimental errors.

A large conduit, 3 feet in diameter and 822 feet long, has been selected, de-
signed, and constructed in the Outdoor Laboratory of Colorado State University to
accurately measure geometric and hydraulic characteristics, as well as the propagating
of flood waves. Instrumentation has been selected to suit the field conditions.

The calibration of the instruments has been carried out to the point where there

are relatively small errors. The data recording system was designed and constructed
so that the output could be put either on cards or paper tapes and provide a direct
input for computations on a digital computer. Only typical results of experiments
carried out are described in this paper; experimental errors are reviewed in a
summarized form.

Reference: Yevjevich, Vujica and Albert H. Barnes, Colorado State University,
Hydrology Paper No. 44 (November 1970) "Flood Routing Through Storm
Drains, Part II, Physical Facilities and Experiments.

Key Words: Storm Drain, Flood Routing, Unsteady Flow, Wave Propagation.

Abstract: This second part of a four-part series of hydrology papers on flood
routing through storm drains relates exclusively to experimental research facilities
and experiments. The following subjects are presented: (a) design and construction
of the experimental storm drain system as a special research outdoor facility: (b)
instrumentation and its calibration: (c) description of the data recording system;

(d) various experimental test conditions and their typical results, and (e) discussion
of experimental errors.

A large conduit, 3 feet in diameter and 822 feet long, has been selected, de-
signed, and constructed in the Outdoor Laboratory of Colorado State University to
accurately measure geometric and hydraulic characteristics, as well as the propagating
of flood waves. Instrumentation has been selected to suit the field conditions.

The calibration of the instruments has been carried out to the point where there

are relatively small errors. The data recording system was designed and constructed
so that the output could be put either on cards or paper tapes and provide a direct
input for computations on a digital computer. Only typical results of experiments
carried out are described in this paper; experimental errors are reviewed in a
summarized form.

Reference: Yevjevich, Vujica and Albert H, Barnes, Colorado State University,
Hydrology Paper No. 44 (November 1970) "Flood Routing Through Storm
Drains, Part II, Physical Facilities and Experiments.

Key Words: Storm Drain, Flood Routing, Unsteady Flow, Wave Propagation.

Abstract: This second part of a four-part series of hydrology papers on flood
routing through storm drains relates exclusively to experimental research facilities
and experiments. The following subjects are presented: (a) design and construction
of the experimental storm drain system as a special research outdoor facility: (b)
instrumentation and its calibration: (c) description of the data recording system;

(d) various experimental test conditions and their typical results, and (e) discussion
of experimental errors.

A large conduit, 3 feet in diemeter and 822 feet long, has been selected, de-
signed, and constructed in the Outdoor Laboratory of Colorado State University to
accurately measure geometric and hydraulic characteristics, as well as the propagating
of flood waves. Instrumentation has been selected to suit the field conditions.

The calibration of the instruments has been carried out to the point where there

are relatively small errors. The data recording system was designed and constructed
so that the output could be put either on cards or paper tapes and provide a direct
input for computations on a digital computer. Only typical results of experiments
carried out are described in this paper; experimental errors are reviewed in a
summarized form.

Reference: Yevjevich, Vujica and Albert H. Barnes, Colorado State University,
Hydrology Paper No. 44 (November 1970) "Floed Routing Through Storm
Drains, Part II, Physical Facilities and Experiments.




No. 26

PREVIOQUSLY PUBLISHED PAPERS OF VOLUME 2

Colorado State University Hydrology Papers

"The Investigation of Relationship Between Hydrologic Time Series
and Sun Spot Numbers,' by Ignacio Rodriguez-Iturbe and Vujica
Yevjevich, April 1968.

"piffusion of Entrapped Gas From Porous Media,'" by Kenneth M.
Adam and Arthur T. Corey, April 1968.

"Sampling Bacteria in a Mountain Stream,' by Samuel H. Kunkle and
James R. Meimann, 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 Impoundment 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 Aquifers,"
by Donald Lee Reddell and Daniel K. Sunada

Theoretical Probability Distributions for Flood Peaks, Emir Zelenhasic,
December 1970.

"Flood Routing Through Storm Drains, Part I, Solution of Problems

of Unsteady Free Surface Flow in a Storm Drain", b V. Yevjevi
. Yevjevich
and A.H. Barnes. A !



FLOOD ROUTING THROUGH STORM DRAINS
Part III

EVALUATION OF GEOMETRIC AND
HYDRAULIC PARAMETERS

by
V. YEVJEVICH and A. H. BARNES

November 1970

HYDROLOGY PAPERS
COLORADO STATE UNIVERSITY

Fort Collins, Colorado




Several departments at Colorado State University have substantial re
and graduate programs oriented to hydrology. These Hydrology Papers
intended to communicate in a fast way the current results of this resg
to the specialists interested in these activities. The papers will
most of the background research data and results. Shorter versions
usually be published in the appropriate scientific and professional
or presented at national or international scientific and professional
and published in the proceedings of these meetings.

The investigations leading to this paper on unsteady free-surface fl
a long storm drain were supported by the U.S. Bureau of Public Roads,
Highway Administration, during 1960-1970 and by the U.S. Public Heal

during 1962-64. The research was conducted in the Hydrology and Wat

Resources Program of Civil Engineering Department at Colorado State

Fort Collins, Colorado, U.S.A.

The opinions, findings, and conclusions expressed in this publication ar
those of the authors and not necessarily those of the Federal Highway
Administration or the Public Health Service.

EDITORIAL BOARD
Dr. Arthur T. Corey, Professor, Agricultural Engineering Department
Dr. Robert E. Dils, Professor, College of Forestry and Natural Resot

Dr. Vujica Yevjevich, Professor, Civil Engineering Department



FLOOD ROUTING THROUGH STORM DRAINS
Part III
EVALUATION OF GEOMETRIC AND

HYDRAULIC PARAMETERS

by

V. Yevjevich and A. H. Barnes

HYDROLOGY PAPERS
COLORADO STATE UNIVERSITY
FORT COLLINS, COLORADO 80521

November 1970 No. 45




ACKNOWLEDGMENTS

The writers of this paper gratefully acknowledge the support and cooperation of
the U. S. Bureau of Public Roads, Federal Highway Administration, in the research on
flood movements through long storm drains conducted from 1960 to 1970. The writers
also acknowledge the U. S. Public Health Service, National Institute of Health, for their
additional support during 1962-64.

The initiative, cooperation and support given by Mr. Carl F. Izzard to this project
on flood movement through storm drains is particularly acknowledged. Mr., Izzard,
presently Director, Office of Development, Federal Highway Administration, U. S.
Department of Transportation, was Chief, Hydraulic Research Division, U. S. Bureau of
Public Roads at the start of the project. Further acknowledgment is extended to Mr.
Charles F. Scheffey, Director, Office of Research, Federal Highway Administration,
for his cooperation and encouragement. Dr. Dah-Cheng Woo, Senior Hydraulic Engineer,
Federal Highway Administration, has cooperated extensively with this project. His
reviews and suggestions pertaining to all reports, theses and other documents
produced on the project have been particularly helpful.

Acknowledgment is given to Mr. William L. Lorah, Hydraulic Engineer, Wright Water
Engineers, Denver, Colorado, for his contributions in the experimental study of the
energy losses of junction boxes during his M.S. graduate work at Colorado State University
in 1966. His advisor, Professor George L. Smith of the Civil Engineering Department,
is also acknowledged. Several other graduate students, either through their thesis
research or through direct work, contributed to the project. These theses and
Teports are listed in the bibliography of Hydrology Paper No. 44 under "Internal
References." Dr. Shih-Tun Su, Post-Doctoral Fellow, Civil Engineering Department,
Colorado State University, using existing data, assisted the writers in finishing this

paper.

iii



TABLE OF CONTENTS

SR O T T

Chapter
ACknowTBAPIRNTS 1o SNSRI i e S AR AR o T e e AR M
AUSETHEE S, 4. o ARREE elll el Smirers U il el e
1 FNTROBUECTEONCGS o/ o (oS5 1755 0 Lo i el | N e s R e e e (el
1.1 Objective of Evaluation of Geometric and Hydraulic Parameters. . . .
1.2 Evaluation of Parameters Under the Conditions of Gradually
Varied Free-Surface Unsteady Flow, . . . " S e A ndvel Sy
1.3 Specifications about Geometric and Hydraul:.c Parameters that
Define Coefficients of the Two Partial Differential Equatmns. s
1.4 Laternl IREIOWS. . +i s = w0 4 v o5 5 s e o %+ o R < e
1.5 Reasons for Discussing Geometrlc and Hydraulic Para.meters
inta Separate Hydrology-PapeT. i o = & o+ s & & & & % % 8 0 e
2 GEOMETRIC RELATIONS FOR THE CIRCULAR EXPERIMENTAL CONDUIT . . . . . « . .
2.1 Characteristics of a Circular Cross Section, . « o« « & s o & o & o s
2.2 Errors in Parameters as a Function of Errors in Depth. . . . . . .
2,3 Errors in Parameters as a Function of Ellipticity. 3w
2.4 Physical Characteristics of the Conduit. . . . I e A
2.5 Errors Due to Vertical Displacements of a C:chular Cross Section . .
5 HYDRAULIC RESISTANCE OF THE EXPERIMENTAL CONDUIT. . . « . « « « « « « « &
3.1 Expressions for the Friction Factor of Partly Flowing Conduits . . .
3.2 Observations on Hydraulic Resistance in the Experimental Conduit . .
3.35: Analysis of Experimental Resultsi,: ¢ ¢ i v 5 i o 0l s 4 a0l o) i ar o s s
sof IBEreet of Depshion FrictioniHactor 1. i WRRIN ARaaY Seas b el
3.5 Effect of Measurement Errors on Computed Friction Factors. . . . . .
Bt B (e ) e e B Sl e Rt e L PRI I e e Bl vl s
4 ENERGY LOSSES AT JUNCTION BOXES . . . o & v v & 4 4 & & AR e e R
4.1 Definition of Losses at Junctions. . . . . . . . v
4.2 Brief Review of Previous Investigations of Losses at Juncnon Boxes
453N Experimental Facilities i iy SSOSs IAE 8 Ssies fahanaed s das i
4.4 Energy Loss Evaluations. . . . - S s
4.5 Effect of the Junction Boxes on Downstream Condmt Flow Renstance ‘
5 YELOCITY DESTRIBUTION/COEPRICIENTSS =0 ' saidor il ey, L0 ol 2
5.1 Definition of Velocity Distribution Coefficients . . . . . . . . . .
5.2 Approximate Relation Between o and B Coefficients. . . . . . . .
5.3 Evaluation of Velocity Distribution Coefficients . . . . . . o i
5.4 Results of Experimental Investigations . . . . . . . . .. o oW
5.5 ‘Dizcussion of Experimental Resulfs: .. . o & v oelx s ool is g o e bl s
Sl BUmErV O REEMIEE S5 it 2 G R e 6 e o eE A e e Be e e W e e
6 BOUNDARY CONDITIONS OF EXPERIMENTAL CONDUIT . . . . . +v v &« « o s «
6.1 Definitions of Boundary Conditions ., . . « & « &+ + % « s v « & & »
6.2 Free Outfall Boumdary Conditions . s . « o 5 wo e v 60 5 @ 'st o % 6 5
6.3 Controlled Outfall ConditionsS: . « i o & o & W & % 55 o0 % &2 & oo %
7 INITIAL CONDITIONS FOR EXPERIMENTS AND NUMERICAL INTEGRATIONS . . . . . .
7.1 Definition of Initial Conditions . . . . . « = « & w o &« & »
7.2 Computation Procedure and Results. . . . A W Jenl w0 e b
7.3 Discussion of Comparison of Backwater Calculatlons I
O T e I T e
8 CONCLUSIONS AND RECOMMENDATIONS - . . & h 4 4 w w % & & & & 3 & & & o s
8.1 Conclusions., . . . . . .
8.2 Recommendations for Further Expermenta] Research‘ L S G

REBERENCES, i 0 4 w6 Gl o e a3 o S st siiias i (ol Omil ph 500w i s 3l il e o

iv

C R T
L
e e s s s

L

I T

. & e e 8

T S U

« & B e e e

AC ¥ A w

= = = =




LIST OF FIGURES AND TABLES

pefinition sketch for parameters of a circular cross section . . . . . . . . . . . .

Relative geometry of the circular cross section as it varies with relative depth . .,

Geometry of circular cross section represented as relative

error in parameter versus relative error in depth. . . . . . . . .

L ]

pefinition sketch for the relation of circular and elliptical cross sections

percent difference in area versus eccentricity and depth . . . . .

Percent error in area at depth 0.2D, for the experimental conduit. .

pefinition sketch of the effect of bottom irregularities ., . . . .

Variation of Darcy-Weisbach friction factor f with Reynolds
number Re (computed from small reaches of the conduit) . . . . .

Variation of Darcy-Weisbach friction factor f with Reynolds
number R_ based on the slope representative of the entire
length of experimental conduit . . . . . . « + + = = + » & -

Variation of Darcy-Weisbach friction factor f with depth
of Tlow inla circular cross Section . o o = o v = m oo wow w e

Flow conditions for 50 = 0.000537, Qr = 5,56 with lower inlet. .

Flow conditions for S 0.000537, Qr = 8.44 with lower inlet.

P

o
Flow conditions for SD = 0.000537, Qr = 3,30 with upper inlet. . . . .
Flow conditions for 5= 0.000537, Qr = 7.40 with upper inlet. . . . . A
Energy nomenclature . . & & + <« 3 & & « & - & e s e S S .
The P versus Q, relationship for the upper inlet. . . « . . « « . . . . .

The P versus Qr for various D, relationship for the lower inlet .

The relation of friction factor f versus Reynolds number R :
(a) downstream, upper inlet, (b) downstream, lower inlet and
(c) upstream, upper and lower inletsS. . . . « « + « « & « + « & &
Velocity distribution coefficients versus friction factor f . .
Relation of « and 8 versus friction factor f . . . . . . . .

Isovels for partially Full pipe £I0W o = o a0 s s ai e ol & el s

Velocity distribution coefficients versus Reynolds number . . .

Velocity distribution coefficients versus depth of flow in a circular cross section.

Location of critical depth at the free outfall of a circular cross section .

Geometry of the experimental conduit . . . . . . . S A e w e S v .
Theoretical effect of bottom irregularity on water surface profiles. . . . . 8
Slope deviations of the experimental conduit . . . . . « « « « o o 4 4 . s .

11

12

14
17
- i
17
17
18
19

19

20
22
23
24
27
25
31



LIST OF FIGURES AND TABLES - Continued

Table
5.1 Reproducibility and effects of various factors on
yeloeity distribution coefficients . 5 < i & & o & s o % e 5o b A E s v s 5o AN
5.2 Velocity distribution coefficients in the conduit of 2.926 feet in diameter. . . . . . |
5.3 Velocity distribution coefficients as a function of depth. . . . . . . . . . . . . . .
5.4 Velocity distribution coefficients as a function of mean velocity. . . . . . . . . . . .,
6.1 Observed end to critical depth Tatios. « + « « + & & o &« « 4 o « ¢ o o+ & & i ol
¥ The root-mean-square deviations for M-1 type backwater curves
with the normal depth smaller than the initial depth . . . . . . . . . . . . .. . .,
T2 The root-mean-square deviations for M-2 type backwater curves
with the normal depth greater than the initial depth . . . . . . . . . . . . . . . ..
7.3 Difference in computed and observed depths, root-mean-square
values in feet for M-1 typecurves . . . . . . . & v v 4 s 0 440 i e e e .
7.4 Difference in computed and observed depths, root-mean-square

values:in feet for, M-2 “LYPO CUTVES: o & o 's s a & /5 = & s & s 0 0 @l el USRI

vi




ABSTRACT

The primary objective of this third part of a four-part series of
hydrology papers on flood routing through storm drains is to present results
on the investigation (experimental and analytical) of the geometric and
hydraulic parameters of the experimental conduit; these parameters in turn
define the coefficients in the two quasi-linear hyperbolic partial differen-
tial equations of gradually varied free-surface unsteady flow. As the
accuracy of the evaluations of these parameters improves, the coefficients
of the partial differential equations become more reliable. The final objec-
tive of this evaluation of parameters is to determine the extent to which
the conduit geometry and hydraulic parameters influence the ability to pre-
dict the free-surface non-uniform steady or gradually varied unsteady flow,
in a channel with a circular cross section.

The errors in cross section geometric parameters are analyzed in a
conduit not ideally circular but approximated by an elliptical shape;
errors are also analyzed when the undulations in the longitudinal slope of
the conduit affect the predicted water surface profiles and thus the geometric
parameters for a given water depth. The variation of hydraulic parameter of
resistance, expressed by the Darcy-Weisbach friction factor, is experimentally
determined and compared to the theoretical relation to Reynolds number. The
friction factor may be satisfactorily expressed by the Prandtl-von Karman
equation for turbulent smooth boundary. Energy losses in a 90 degree junction
box are studied and relations are determined among the loss of power at the
junction box, the ratio of the lateral inflow to the combined lateral and main
inflow into the junction box, and the depth upstream from the junction box.
The velocity distribution coefficients are shown to vary with the Darcy-Weisbach
friction factor, and consequently, with the depth of flow. Boundary conditions
for both controlled and free outfall are experimentally determined and approxi-
mated by power functions. Two types of steady non-uniform flow profiles, Ml
and M2, are observed and analyzed as the initial conditions for the unsteady

flow computations.

vii



1 Objective of Evaluation of Geometric and Hydraulic

by

" Parameters

The objective of evaluating various geometric and
aulic parameters of an experimental conduit was to
ve at sufficiently accurate knowledge of the
Ffficients in the two partial differential equations
' gradually varied free-surface unsteady flow in a
m drain. The conduit is described in detail in
. I1 of this series of four parts, (Hydrology Paper
44). The numerical integration of these two
isi-linear, partial differential equations can
produce accurate solutions if the coefficients of
e equations are not sufficiently and reliably
luated and expressed, with well estimated constants.

form are (see Eqs. 3.23 and 3.19, Part I, Hydro-
Paper No, 43):

(1.1)

v
(S, - Sg) - B ﬁ 1.2)

f:a:!coefficients of these equations therefore, are
R 1, 1/V, and q/VB in Eq. 1.1., and aV/g,
* and [(S) - s.) - gVq/Ag] in Eq. 1.2. Using

':"‘Dggyﬂieisbach equation for energy gradients,
St /8gR, and expressing the friction factor

fquation as a function of Reynolds number, £ = ¥(R )=
of

B/g,

ers;u:%; and 1.2 are: cross section area (A),
botton CT width (B), hydraulic radius (R), and
St T ope (Sg), as geometric parameters, and
oF out o:e Ocity (V = Q/A), lateral continuous inflow
factor (fJaS discharge per unit length (q), friction
(& ang B]' the velocity distribution coefficients
the Re?nold’ the kinematic water viscosity (v) in
B s i 3 number, and the gravitational acceleration
Snstants i Taulic parameters. These parameters are
the depengor functions of either of the two or both of
‘the depth €Nt variables, the mean velocity V, and
Change als Y of the flow in the conduit. They may

© as the independent variables x and t

¥), the parameters that appear in the coefficients

FLOOD ROUTING THROUGH STORM DRAINS

Part III
EVALUATION OF GEOMETRIC AND

HYDRAULIC PARAMETERS

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

Chapter 1

INTRODUCTION

change for given values of V and y. In general,
the geometric parameters of cross sections and the
longitudinal profiles of natural erodible channels
change with the change of these two independent
variables, the distance along the channel, and the
time. The kinematic viscosity is a function of water
temperature. Whatever the case may be, it is necessary
to evaluate as accurately as feasible the geometric
and hydraulic parameters that define the coefficients
in the two partial differential equations as functions
of any, several, or all of the four variables V,

y, x and t, as functions of temperature, or as
constant parameters.

One of the main objectives of the study of flood
routing through storm drains is to compare analytical
waves (numerically integrated) with physical waves
(observed in the experimental facilities). The pur-
pose of evaluating the parameters presented in this
hydrology paper is to improve accuracy in computing
the coefficients of the two partial differential
equations, so that comparison of analytical and
physical waves can be as accurate as practically
feasible under the conditions of experimentation and
research conducted in this study with well defined
experimental facilities and conditions,

The comparison of computed depths of analytical
waves and the observed depths of physical waves at
any point in time and space depends, therefore, on
the accuracy of the geometric and hydraulic parameters.
The individual effects of errors in these parameters
may tend to counter balance each other in the numerical
solution of partial differential equations or they
may tend to accumulate. For example, an estimated
friction factor higher than the actual tends to
increase the initial depths, and all depths in general,
while an estimate of the cross sectional area greater
than actual tends to produce computed depths of flow
that are less than actual depths,

Justification and verification of a theoretical
hypothesis depend on the agreement between the pre-
dicted and the observed results. Any disparity
between the computed and measured values must be due
to basically two influences. The first influence
includes limitations of the theoretical analysis of
waves and its computational methods of integration.
The second influence includes limitations in physical
measurements and the impossibility of total precision

}‘liaoe

versityln'ChaTBE of Hydrology and Water Resources Program, Dept. of Civil Engineering, Colorado State
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in determining the parameters that define the coefffi-
cients of partial differential equations.

The objective of the discussion in the following
chapters is to provide an evaluation of the significant
physical parameters (either as constants or as func-
tions of velocity and/or depth), which enter into the
coefficients of differential equations of gradually
varied free-surface unsteady flow. These evaluations
are based on the same experimental system in which the
physical waves are observed. Thus, the discrepancy
between computed and observed results could be caused
by random errors rather than by systematic errors in
parameter evaluations.

In any applied situation, the analyst and the
designer must estimate values of the appropriate
geometric parameters, friction factors, local energy
losses, velocity distribution coefficients, and
boundary and initial conditions. The differences
between computed and observed results include both
the systematic errors of estimation and the random
errors of observation. The effect of systematically
varying the hydraulic parameters with regard to the
resulting analytical waves has been also studied and
is both briefly mentioned in this paper, and discussed
in detail in Part I, Hydrology Paper No. 43.

Another objective of this investigation of
geometric and hydraulic parameters is to provide
insight into the various sources of uncertainties
in the numerical solutions of analytical waves,
which result from the uncertainties in coefficients
of partial differential equations. The potential
experimental research that could improve knowledge
about the coefficients in the two partial differential
equations of unsteady flow may be also inferred from
the results presented.

1.2 Evaluation of Parameters Under the Conditions of
Gradually Varied Free-Surface Unsteady Flow

In general, parameters such as friction factors
and velocity distribution coefficients as functions
of Reynolds number for hydraulically smooth boundaries
should be different in unsteady flow and steady flow,
because of the differences in boundary layers of a
steady and unsteady flow. These differences should
be larger if a wave is less gradually varied. No
attempt was made in this study to find whether there
are significant differences in friction factors be-
tween gradually varied unsteady-flow conditions and
corresponding steady-flow conditions. No significant
difference could be detected, as discussed in Chapter
3. Because the experiments related to particular
experimental facilities and instrumentation did not
permit a detection of significant differences in the
friction factor between the gradually varied waves
and the steady flow, the influence of unsteadiness
on velocity distribution coefficient was not studied
either.

The results and discussions presented in the
following chapters refer to steady flow conditions,
under the general assumption that the relations ob-
tained for parameters in steady flow are sufficiently
accurate for gradually varied waves. Also, as it is
shown in Part I, Hydrology Paper No. 43, the small
relative errors in friction factor (f) and in the
velocity distribution coefficients (a,B) result in
still smaller relative errors in the water depths
of numerically integrated partial differential equation
of given waves.

1.3 Specifications about Geometric and
Parameters that Define Coefficients g
Partial Differential Equations

The geometric parameters depend on th
(as one of the two dependent variables in
ential equations) for a circular prismatic
are constants along the conduit and in time
depth. The geometric parameters A, B,
the area, surface width, and hydraulic radi;
respectively, must be known as functions of
input into Eqs. 1.1 and 1.2, The bottom
as another geometric parameter is an arbitr
It is constant in this study for any given -
is assumed independent of any other vari
parameter. The area (A) and the surface
are functions of the depth (y) only. As th
gradient (Sg) 1is a function of the hydrs
(R), and as R = A/P, with P the wett
it is necessary to know A(y) and P(y
and through them R(y). The errors in
ment of depth (y), the non-circularity e
by the ellipticity of the conduit in this s
angle of the minor axis of the fitted elli
the vertical (tilting of the ellipse), the
the conduit diameter (D) , and the undula
bottom slope (Sp), all affect the accuracy
three parameter functions, A(y), P(y),
R(y) , which define the coefficients of the
partial differential equations. The computs
these three functions and the errors invol
defined in this paper under evaluation of ge
parameters. Chapter 2 is concerned with
parameters of the experimental conduit, pa
the discussion of effects of errors in dep
due to approximate ellipticity, inclination
elliptic profiles to the vertical, errors in
diameter, and effects of the undulation of the
of the straight aligned conduit.

It was necessary to obtain by experi
lation between the friction factor and the R
number, instead of using a constant fricti
of rough pipes, because the energy loss
the experimental conduit have shown the cond
a smooth boundary pipe. The evaluation is
in Chapter 3 using the Darcy-Weisbach fricti
(f) as the measure of the smooth boundary ro
ness.

Apart from the resistance to flow of t
conduit boundary, resistances may occur in
of additional energy losses at sudden change
the geometry along the conduit. All losses
structures along the conduit, which deviate
the circular prismatic conduit, may be encom
losses at geometric singularities. The on
singularity studied for energy losses was th
box where the lateral inlets join the main
produce additional energy losses, both bec
geometry of the junction box and because of
inflow from the lateral inlets into the mai
flow. These losses are studied both an a sha
model and in the experimental conduit and are
in Chapter 4. The experimental facilities us
determine the results are described in Part
Hydrology Paper No. 44,

The two velocity distribution coeffici®
and B , enter into the coefficients of part
differential equations. Experimental study
carried out in the main conduit of the exper
facility to determine both the variation Of &
coefficients with hydraulic parameters



ate and constant representative values. The
_ and the results are described in Chapter 5.

be stated that no numerical solution of
ferential equations of gradually varied
unsteady flow is reliable without

e evaluation of the corresponding boundary and
1 conditions. Chapter 6 and 7 describe the
A%< and experimental results in establishing

1e boundary and initial conditions of the
ntal conduit for the objectives of this study.

It can
ial dif
-surface

use the temperature of water in the experi-

~conduit drawn from the bottom of the Horse-

peservoir near the CSU gﬂsineering Résanich

was constant (about 50°F) during experiments,

jations of kinematic viscosity (v) with tem-
, and through it the variation of Ry, £, a,

g with temperature were not studied.

Lateral Inflows

The lateral inflows into storm drains, or the
. out of them, may be either concentrated at

or distributed along them. In most cases the
s into storm drains are concentrated at junction
Also, in a majority of cases the outflow is
ntrated at some main points of a drain. However,
can be conceived where some inflows into storm
‘may be continuous along a conduit (longitudinal
age of ground water), and the outflow may be
nuous either as the longitudinal seepage out of
drain or as the spillover along the top of a drain.
ons 1.1 and 1.2 are designed to deal with these
wous inflows or outflows, with q measured in
iarge per unit length of a drain. This case was
investigated in this study, however. In other
the potential physical inflows or outflows as
rges per unit length of the storm drain have not
evaluated, and the influence of errors in these

flows in the comparison between the analytical and
physical waves has not been studied. Therefore, the
coefficients q/VB in Eq. 1.1 and gVq/Ag in Eq. 1.2,
with q the distributed lateral inflow, were not
investigated.

The known concentrated lateral inflows are studied
by considering their boundary conditions effects on
Eqs. 1.1 and 1.2, without requiring the study of any
new geometric or hydraulic parameter. Chapter 4 pre-
sents the influence of these concentrated lateral
inflows on the energy losses at the singularity of
energy losses at the junction boxes.

1.5 Reasons for Discussing Geometric and Hydraulic
Parameters in a Separate Hydrology Paper

Apart from the use of the complete quasi-linear
hyperbolic partial differential equations of gradually
varied free-surface unsteady flow, with their deriva-
tion and discussion given in Chapter 3, Part I,
Hydrology Paper No, 43, it was considered that a
reliable estimate of geometric and hydraulic parameters
that define coefficients of partial differential
equations was necessary. The better these estimates
and evaluations are, the better the correlation is
between analytical waves (numerically integrated) and
physical waves (observed on the experimental facilities).

This study is basically concerned with the
accuracies attainable in using the most accurate para-
meters in flood routing through storm drains. Thus,
the evaluation of all coefficients in partial
differential equations is of a crucial importance.

The writers of this paper consider a separate paper
on this evaluation justified. The material presented
shows the accuracy attained for these para-

meters. Further improvements in evaluating the para-
meters of boundary conditions are recommended.



Chapter 2

GEOMETRIC RELATIONS FOR THE CIRCULAR EXPERIMENTAL CONDUIT

Geometric irregularity errors, which are a
function of depth of flow in the conduit, and errors
made in measuring this depth of flow influence the
predictions of flow characteristics in an open channel.
The following is an evaluation of these errors and
their relative significance.

2.1 Characteristics of a Circular Cross Section

As shown in Fig. 2.1, the geometric parameters
of a circular cross section which influence the flow
of a free-surface liquid are defined as follows

1 - Diameter, D
- Depth, ¥
- Central angle, 6
- Wetted perimeter, P
- Surface width, B
- Area, A.

Derived parameters of significance are:

1 - Hydraulic depth, y, = 3

L=gR T B S S )

2 - Hydraulic radius, = %
3 - Section factor from Darcy-Weisbach equation,

A = AR;i .

Each of these parameters may be expressed as the
ratio of its value at a specific depth to its value
at the upper limit of depth which is the diameter of
the conduit. Figure 2.2 displays these variations as
a function of the depth-diameter ratio. It is interest-
ing to note that the hydraulic radius and the section
factor maximize at values greater than one, their
ratios at full section values. This infers that
theoretical maximum discharge would occur at less
than full depth for the same energy slope. The usual
theory, based on atmospheric pressure at the free
surface, does not, in practice, necessarily apply
at this depth; hence, prediction of flow at depth
ratios near one must be based on additional consider-
ations.

Fig. 2.1. Definition sketch for parameters of a
circular cross section.

1.0 ‘ﬁ‘
r AR”
o8
0.6F
04f
Areg, A
Hydraulic Radiuis,R
Gel R
ASBtul, R/R 1y &
0 1 1 1 1 1 L i 1 i 1 tat
0 0.2 04 06 08 1.0
Fig. 2.2. Relative geometry of the circular

section as it varies with relativ

2.2 Errors in Parameters as a Function of Er

Depth

The relative error in each of the de
meters is expressed in terms of the relativ
the depth as follows: !

1. Wetted perimeter defined as

has the relative error

in which

and

dr _do

P

B =

ds _
S -

]

1

2 cos™? 0 - %%J

()E’ -1]15::05_1 (1- %)

2. Surface width defined as

gives

B =D sin <

2

3. Area defined as

A =

(8 - sin 8)

e



@ locel & : (2.8)
s 0

8

y, = % (2.9)
&  aa  dB
s wa (2.10)
Yo A B
‘5. Hydraulic radius defined as
A
R=% (2.11)
dP
ir?' & % e (2.12)
6. Section factor defined as
Z = AR (2.13)
dz dA . dr
2 - K 3R (2.14)

These relative errors, (Eqs. 2.2, 2.4, 2.6, 2.8,
2.12, and 2.14) being functions of depth, are

ed as ratios of the relative-depth error in

2.3, It may be seen that the relative error in
parameters except for that of wetted perimenter
hydraulic depth become less as depth increases

* @ given relative depth error. The significance of
L curves will be demonstrated in the calculation
OF friction factors and Reynolds number.

#3 Brrors in Parameters as a Function of Ellipticity

m:::?e no physical "circular' conduit has a
’&t‘hin:czily circular shape, it is necessary to
® Systeng:; e effem_:s of the physical variables. As
S55ims, ;C approximation, an elliptical shape was
5 arameters describing the departure from
cem:l‘f‘a_xn a circular cross section are then
Ticity and the direction of the principal
€ eccentricity is defined as

the ec

(2.15)

ﬁ : and b are the major and minor semi~
;inzzpactlvely. The direction of the principal

5 as the angle a is the angle that the
makes with the vertical as shown in Fig. 2.4.

o= Vi-&

in wng

Hydraulic

Radius Wetted Perimeter

Ol<

Top Width
Hydraulic Depth

1
=l 0 | 2 3 4

Relative Error
Relative Errorin Depth

Fig. 2.3.

Geometry of circular cross section
represented as relative error in parameter
versus relative error in depth.
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Fig. 2.4. Definition sketch for the relation of

circular and elliptical cross sections.

To compare circular with elliptical segments
the percent of difference between the two segments
was computed for depths from the bottom up to the
center of the ellipse. Eccentricity was varied in
increments of 0.05 up to 0.30 and for values of «a
ranging from 0 to w/2 1in increments of =/10. For
all eccentricities, the area of the complete ellipse
was made equal to that for the complete circle. Depth
was relative to the center of the ellipse. The results
of these calculations are shown in Fig. 2.5.
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These calculations indicate

(a) that the relative error in area increases
with increased eccentricity;

(b) that the relative error in area decreases
with increasing depth; and

(c) that the relative error in area is maximum
at the vertical and horizontal positions of the
principal axes and is minimum at an angular position of
45° with the horizontal.

2.4 Physical Characteristics of the Conduit

The steel pipe used as the open channel in this
study had a 3 foot outsille diameter, and was made of
1/2-inch thick rolled plate with a longitudinally
welded joint. The 20 foot sections were butt-welded
together and supported on steel rails 20 feet apart
(not necessarily at the pipe joints). The total length
of the pipe was approximately 822 feet. Because of
the manufacturing process, handling, field welding,
and the method of support it was not expected that
this conduit would be perfectly circular or possess
a straight line invert profile.

Measurements to the nearest 0.001 inch were made
of the inside diameter of the pipe at 60 intervals.
These measurements were made at cross sections spaced
40 feet apart before the inside of the conduit was
painted; similar measurements were made at intervals
of 20 feet after the inside of the conduit was painted.
An ellipse was fitted to the three measured diameters
at each section and its orientation determined.

The results of the above calculations are pre-
sented in Table 2,1. The differences between the
means of each of the parameters for the two surveys
are not significant on the 5 percent level. This
indicates that (1) the painting of the conduit had

no effect to its internal geometry and (2) doi
the number of stations did not significantly i
knowledge about the geometry of the conduit.

Accepting an average area of 968.41 squar
inches (6.725 square feet) the mean diameter «
conduit is 2.9262 feet. This figure was used
conduit diameter in all calculations.

TABLE 2.1. Geometry of the experimental

Number

of

Stations Maximum Mean Minimum
M y
A;‘i:r 21 17.869 17.617 17.538
SAsion 41 17.913* 17.604 17.554
:’”.“” 21  17.626 17.516 17.438
s 41 17.680 17.510 17.430
Inches
Eccentri- 21 0.176 0.1021 0.046
city 41 0.175 0.0993 0.051
Alpha a 21  165.58 84.84 13.71
Degrees 41 160.37 82.94 7.78
Avea 21  989.5 969.47 965.3 ¢
Inches 41 994,9* 968.4 964.1*
Wetted 21 111.51 110.373 110.13
Perimeter 49  133.82* 110.314 110.07*
Inches
BCRRALIO TN ) 8.87  8.7785 8.76
Radius 41 8.89  8.7742 B8.75%
Inches —

*occurred at same section. e
The first line of figures refers to unpainted
of the conduit, while the second refers to
conduit




:¢y and the angle a in the observed
mﬁgcenzfzﬁétionduit were used to estimate possible
; mothe hydraulic calculations. '{‘he_percent
ence between the circular gnd elliptical segments
A maximun and mean eccentricity at a depth ratio
ﬁh°"5 determined (Fig. 2.5) and plotted as a
on of the angle o (Fig. 2.6).

may be seen from this plot, the error in area
.m at an angular position of zero and 90

The maximum error for the mean eccentricity
éonduit with this depth ratio is 1.1 percent.
mean o-angle of about 85 degrees, the maximum
for the mean eccentricity is approximately 1 per-

For depth ratios greater than 0.2 the relative
are less than the errors with smaller ratios.
‘jarger eccentricities, relative errors become

at an increasing rate. For smaller a-angles
tive errors decrease to zero at approximately 45
es and with an absolute value which is equal to

:in:ilum at zero degrees.

Because of the interrelated effects of depth,
jcity and a , it appears that an error in
computation of the flow area by assuming a

lar cross section instead of an approximated
e, may range from zero to 3 percent with 1
being representative.

Meximum Eccentricity/
oire

20—

Lt | I+

X ERROR IN ANEA

HEs g

e PN

Mean Eccontricity

Meoan Eccentricity
o[ 90— = o0
st . |
o L] 36 54 T2 90

i ALPHA DEGREES
Fig. 2.6, Percent error in area at depth 0.20, for
the experimental conduit.
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T0ss Section

gEEPTS Due to Vertical Displacements of a Circular
'---..______-_‘_

;Efgiﬁiiiﬁﬂ_EﬁqEEEEzi- The deviations of a given
* ugda?y from a mathematically straight align-
Y be identified in three broad regions:

(;J The boundary irregularities which contribute

uhisto Viscous shear and consequent hydraulic

Sy (®) Misa

'-gradualliRHNERts of the mean boundary which

ly when the length of the boundary is

appreciable. The misalignments are unintentional
but unavoidable in a physical situation.

(c) Intentional changes in boundary direction to
alter the direction of flow.

The effects of boundary irregularities and inten-
tional boundary realignments on surface profiles, in
general, are easily computed. However, the gradual
boundary misalignments are generally ignored or assumed
to have a negligible effect on the surface profile.
Based on the energy conversions relating to such
changes in cross sectional area, the foregoing
assumptions may be justified; energy transfers are
small, by definition, and may well be masked by the
uncertainty of the mean turbulent energy loss as well
as the time variable. Thus, depths computed from any
commonly used formula represent only the time-distance
mean values,

The following analysis was made to estimate the
effect of vertical misalignments of the channel section
on the elevations of the water surface.

Theory. It was expected that gradual vertical
misalignments of an open-channel boundary will cause
a change in surface profile. This effect may be

idealized and subsequently quantitized by considering
a sinusoidal channel-bottom profile [1] (see Fig.
25y,

Eyo"MAX. DEVIATION OF WATER
SURFACE FROM MEAN PROFILE

2,-MAX. DEVIATION OF CHANNEL
BOTTOM FROM MEAN SLOPE

I

S~ MEAN BED
———" SLOPE
—

—

T 1

Definition sketch of the effect of bottom
irregularities.

Fig. 2.7.

At any section the total energy is

2
Vv
E_Z+Y+§E.
Upon differentiation,
AR _dr .o o N &Y
dx  d&x = g ax °*
or
SgSH* &t g & * (2.16)
in which S_. is the rate of energy loss which may be

represented by



2
e S Al ) o o
S~m - i ) &8 (2.37)

L ). 2nx
z = zo X Sa ¥ sin =
dz 2 21X
-8, = ==-5, + El 7. GO (2.18)
and 2
Yav. Q98 dy , _p2 gy
g dx dx dx
gA
A @
4 2 B d
e (K‘l (B:) aﬁ A (2.19)

in which F is the Froude Number corresponding to a
uniform slope So.

After substitution of Eqs. 2.17, 2.18 and 2.19
into Eq. 2.16 and solving for dy/dx, then

A 2R

. e

(2.20)

Equation 2.20 is the differential equation of
the depth resulting from a sinusoidally-varying bottom
of amplitude z_ in length L. A solution to this
equation may be found if the geometry ratios can be
expressed in terms of the depth ratios {y/yo]. It
is not possible to express the geometry of a circular
section as a simple continuous function of the depth-
normal depth ratio. It is possible, however, to
achieve a solution if the depth ratio is assumed to be

34 i 2nx
53-- 1+esin (-9 , (2.21)

in which e is the ratio of amplitude to y,, and

4 is the phase angle for the depth wave. 1f this
is done then
2y
L 2 :ticos [an =20 1) S (2.22)
dx L L

From Egs. 2.20 and 2.22, expanding the cosine of the
sum and equating the coefficients of the unknown

phase angle ¢ in Eqs. 2.20 and 2.22, the value of
¢ is determined for the infinite wide channel to be

¢ = tan 't [ (2.23)

=38 L ]
= U
2
2ny (1 - F )

The amplitude of the depth wave Y, c¢an n
evaluated from )
sza sin ¢

E = = »
3 50 L

Equations 2.23 and 2.24, for the inf:
channels, relate those quantities which are
estimate the effect which the periodic ¢
larities have on the corresponding changes
of flow. This is an approximate evaluati
of periodic bottom irregularities in condui

Calculations and results. Equations 2
2.24 were solved for various combinations

(a) channel slope,

(b) wave length of channel irregular
(c) amplitude of channel irregularity
(d) normal depth. b

The Darcy-Weisbach friction factor was takern a
constant 0.012. 3 h
Table 2.2 presents the results of thes
tions. The results indicate, as expected
a Froude number greater than one the deptﬁ
nearly in phase with the bottom wave. The
difference is due to flow resistance. Fi
number less than one the depth wave is out
with the bottom wave by essentially ¢ .
slight difference is due to flow resistance

Note that the amplitude of the depth
changed for various lengths of the bottom
vided that other parameters are also unch:
amplitude of the depth wave compared to the
the bottom wave ranges from approximately
Froude numbers to approximately three for
numbers close to one.

Significance to physical observations,
channel invert was aligned as carefully as
to a constant, uniform slope. All leveling
with a self-leveling level with an optical
which could measure to at least 0.001 inch
was accomplished by first adjusting the con
predetermined position on the supporting
the invert elevations were observed at 45
approximately 20 feet apart and least-square
mination of the slope and the deviations
position was made. If the deviations showed
sistent or excessive trend in a given length,
portion of the conduit was readjusted and
redetermined.

Due to unavoidable irregularities in
sections of the conduit and the method of
sections, it was impossible to completely
all deviations from the mean slope. Tabl
the results of mean slope determinations and
corresponding maximum and root-mean-square
from the slope of least-square fit.

These results show that the invert prof
the conduit had an undulating bottom with
0.01 foot of amplitude and 20 to 40 feet Of ¥
length.

Equations 2.23 and 2.24 were solved usil
case of an infinitely wide channel with s
bottom. This case may be considered as th
one for a circular cross section flowing
full if the radius is considered to remain
and the centerline of the section to vary
about the mean slope. Thus, the entire



ed as changing position vertically rather profile, it may be concluded that for the slopes used
= idal change of the invert or radius. in this study the observed depths may deviate from

TR oi

3 alns the ideal by 0.01 to 0.03 of a foot on the average.

snsideration of the results of Table 2.2 Based on the maximum deviations the water depth may
' zzﬁng the effect on the observed water surface differ from the ideal by 0.03 to 0.09 of a foot.

Theoretical effect of bottom irregularity on water surface profiles.
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} Froude
pg.:de z-ft.  L-ft. ¢-Rad. ey -ft. Sisae . NG, z,-ft.  L-ft. ¢-Rad. ey -ft.
5,582 .01 20 6.266  .002 .03 20 3.170  .090
Sl 40 6.249 .002 40 3.198 .090
60 6.232 .002 60 3.227 .090
80 6.216 .002 80 3255 .090
.02 20 6.266 .004 .04 20 3.170 .120
40 6.249 .004 40 3.198 .120
60 6.232 .004 60 3.227 .120
80 6.216 .004 80 3.255 .120
.03 20 6,266 .005 .0001 .258 .01 20 3.142 .011
40 6.249 .005 40 3.143 .011
60 6.232 .005 60 3.144 .011
80 6.216 .005 80 3.145 .011
.04 20 6.266 .007 .02 20 3.142 .021
40 6.249 .007 40 3145 .021
60 6.232 .007 60 3.144 .021
80 6.216 .007 80 3.145 .021
.816 .01 20 3.170 .030 .03 20 3.142 .032
40 3.198 .030 40 3.143 .032
60 3.227 .030 60 3.144 .032
80 3.255 .030 80 3.145 .032
.02 20 3.170 . 060 .04 20 3.142 .043
40 3.198 .060 40 3.143 .043
60 Sa2 R, .060 60 3.144 .043
80 3.255 . 060 80 3.145 .043

TABLE 2.3. Slope deviations of the experimental

conduit
Root-Mean-Square
Slope Max. Deviation, ft Deviation, ft
.0000052 +.0188 L0116
.0000157 +.0182 .0135
.0000303 +.0214 .0099
.0001325 +.0195 .0099
.0005197 +.0347 L0117
.0010101 +.0279 .0119
.0074578 -.0240 L0133
.0200690 +.0375 .0141




Chapter 3
HYDRAULIC RESISTANCE OF THE EXPERIMENTAL CONDUIT

3.1 Expressions for the Friction Factor of Partly
Flowing Conduits

Resistance to motion of open-channel flow, in-
cluding the free-surface flow in conduits, due to
boundary roughness can be expressed in various forms,
Foremost among those commonly in use are the Chézy,
Manning, Colebrook-White, Hazen-Williams, and Darcy-
Weisbach equations of flow resistance.

The Committee for Hydromechanics of the Hydraulics
Division of the American Society of Civil Engineers
[2] recommended the use of the Darcy-Weisbach equation
for future presentation of resistance data in pipes.
Thus, boundary resistance in conduits is evaluated and
expressed in this study in terms of the Darcy-Weisbach
equation

(5]

[77]

1]
Ol
Bls

(3.1)

in which S, is the slope of the energy gradient, f
is the Darc§-weisbach friction factor, V 1is the
mean flow velocity, and D is the diameter of the
conduits flowing full. For channel cross sections
other than circular, and for partly full circular
conduits, the diameter (D) is customarily replaced
by four times the hydraulic radius (4R). The validity
of this replacement may be questioned for open-channel
flow and for partly full circular conduits. How-
ever, for lack of a better length parameter describing
the velocity gradients of the velocity distribution in
a cross section, and hence the shear stresses, the
hydraulic radius is commonly used. Equation 3.1 thus
becomes

wi
]
= v
(3]

€3.2)

&5

in which the hydraulic radius (R) 1is defined as the
cross sectional area divided by the wetted perimeter
(P), or R = A/P.

It has been demonstrated that the Darcy-Weisbach
friction factor f is a function of the Reynolds
number, the relative roughness (k/y), and the channel
cross sectional shape, in which k is the absolute
boundary roughness, y is the depth of flow, and
k/y is the relative roughness. The form of this
theoretical relation depends in turn on the range
of the Reynolds number, the relative roughness, and
the shape of the channel cross section. For hydrauli-
cally smooth boundaries, such as the boundary of
experimental conduit used in this study, and for Rey-
nolds number greater than 2.5 x 104, the Prandtl-von
Karman equation [4]

1
VE

= a log,, (R /E) + b (3.3)

relates the friction fattor f
the Reynolds number (R_). The constants a and b
in Eq. 3.3 are determinéd experimentally. Their
values depend on the selection of the Reynolds
number length parameter, assuming that the mean flow

only in terms of

10

velocity and the kinematic viscosity are
uniquely defined. For open channels, it jis
to express the Reynolds number as

in which R is the hydraulic radius of the
cross section. Equation 3.3 for open chann
smooth boundaries becomes

1
7 = 2 log,, (R, vE) + 0.4

In the case of full flow through a ci
section, the length parameter in the Reyno
is the diameter, or R* = VD/v. In this ¢
takes the familiar fo

1
= =2 log,. (R*VE) - 0.8 .
/F 10 e

The evaluation of f from Eq. 3.3
R, requires an iterative procedure, and o
computations are needed. To simplify compu
(within practical limits of Reynolds numbers
specific conditions) it is convenient to use a
simplified form of the f to R_ relation
practical form of expression fof this relati

e d
f=c Re

in which ¢ and d are constants to be emp
determined.

The purposes of the experimental investif
of hydraulic resistance in this study were
confirm the hydraulically-smooth surfaces o
experimental conduit; (b) to develop a simpl
expression for the friction factor as it is
to Reynolds number, in the form of Eq. 3.7,
to determine the effects of an assumed constan
friction factor on unsteady flow through sto
and compare these with the effects of a chan
friction factor related to Reynolds number
same type of flow,

3.2 Observations on Hydraulic Resistance
Experimental Conduit

The experimental conduit and the inst
used are described in Part I1 (Hydrology
of these series of four papers on flood rou
through storm drains. A brief summary is
this subchapter,

The experimental facilities consisted
diameter, 822-foot long circular conduit wi
slope adjustable between 0 and approximatel
cent. Water surface elevations used to Stu
hydraulic resistance are measured by hook g



at 16 positians along the conduit (see Table

' Hydrﬂloly paper No. 44).
it was care
_jeveling leve
o for a desirec
ted from previ

er No.
°‘¥hza§ownstraam outflow-control gate was

ed to produce the desired backwater or drawdown
~ Geveral conditions of non-uniform flow were
ished, both above and below normal de?th. Hook
1evels at the variouslpiezopeter locations were
at a roximately 15 minute 1nte?vals until the
ngs stabilized. Hook gage readings, gage zeros,
i’vgrt-elevatiOns were transferred to punch cards
th the steady discharge rate and the conduit
pata was then analyzed by means of a digital

1 with an optical micrometer. Dis-
d depth of flow in the conduit was
ous observations (see Table 5.3

s Analysis of Experimental Results

"133 total energy per unit weight flowing in a
¢ially full channel is defined as: total energy
= invert elevation + depth of flow + velocity
The difference in successive values of total

¢ head divided by the distance between conduit

ms represents the rate of energy loss. This
rate (Ep-E;)/Ax, the averagg hydraulic radius,
the average of the velocity feads at the ends of
reach,
tance equation to evaluate the friction factor

The invert slope of the
fully determined by means of a precise

44) and established at the conduit

(V2/2g),y » were then substituted into the

(3.8)

fu
(szzg) av

The Darcy-Weisbach friction factor f was com-
puted initially by considering the slope of the energy
gradient between the successive piezometer locations.
This approach gave a large number of less accurately
determined friction factors. The computations were
performed by the digital computer thus eliminating
any subjective bias in establishing the slope of the
gradient at these short distances. A plot of these
f - values versus Reynolds number, however, resulted
in a wide scatter of values as shown in Fig. 3.1. As
expected, this was largely due to experimental errors
in observation of depth, the influence of unavoidable
bottom irregularities on the surface water profile,
and small surface waves and pulsations, which produced
substantial variation in the slopes of the energy
gradient computed from the short lengths of conduit.
The use of small reaches in computing the slope and
other parameters of Eq. 3.8, therefore, resulted in
a large scatter of points in Fig. 3.1 around the
expected smooth curve.

It was apparent that the mean slope of a long
reach was necessary to define the friction factor more
accurately. Therefore, the values of energy heads at
the piezometer locations throughout the conduit were
plotted and the best estimate of the average slope was
graphically determined. The least square fit of these

f_;d

Teaches of the conduit).
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data was not used because it would not produce the
expected results in regions of high curvature of the
water surface the slope of the energy gradient did not
remain constant. This variation occurs because friction
factor varies with Reynolds number and thus with depth.
The graphically-fitted average slope of the energy
gradient was taken to be the most representative slope
of the particular flow conditions.

The following procedure was used to determine
the average value of the hydraulic radius and the
average velocity head. The depths of flow at both
ends of the reach were computed based on the energy
heads indicated by the uniform gradient. These two
depths were then averaged and from this value the
average area, average hydraulic radius, average
velocity, and average velocity head were computed.

Even with these precautions and averagings, as it
was expected, a scattering of points (f, R,) remained
but with much smaller deviations than in Fig. 3.1.

The results of these averaging computations for the
entire length of conduit are presented in Fig. 3.2.
It is apparent that the points computed from the
average slopes of the energy line show an improved
relation of the friction factor with the Reynolds
number. The points tend to cluster around the
Prandtl-von Karman smooth-boundary friction-factor
equation.

The plotted points represent the results in a
range of depth from 0.56 to 2.6 feet, or depth-to-
diameter ratios of 0.19 to 0.89. The discharges varied
from 2.25 to 72.0 cfs. The corresponding Reynolds- 6
number range is from approximately 3 x 104 to 1 x 10

For the data shown in Fig. 3.2, the value;
constants a and b in Eq. 3.3 are 2.075 ap
respectively., These will be compared later
constants of 2.0 and 0.4 in the Prandtl-von K;
equation for the free-surfSce smooth boundary
For the values = 2.075 and b = 0.1434 in
the mean absolute dev1at10n of the points in
from the line defined by Eq. 2.3 is 0.00167,
standard deviation of 0.0024. The two extrf'ﬂ"
departing points on the right side of Fig. 3,2
the standard deviation greater than it really g
be.

W5,

The two points in Fig. 3.2, which are
the other points and the curve of the Prand
Karman equation could not be verified as inace
of observations or the ensuing data process
is considered to be reasonable to assume that t
mistakes either in observations or in data pro
their values being about two times the expecte
values on both the Prandtl-von Karman curve fo
corresponding Reynolds numbers and the expecte
determined from the curve fitted to all obs
points. These two points are retained in Fig.
show that mistakes are often unavoidable in e
mental results, and that they should not be
removed.

To save computing time, the constants ¢
in Eq. 3.7 were evaluated and used in subsequer
puter programs. The constants c¢ and d in
used for integrating unsteady-flow equations, ;
estimated from data in Fig. 3.2 to be 0.10939
-0.17944, respectively.
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o 0.000032
Q08N ' ——r——-— < 0.000132
] Q000520
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o 0.020080
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= R0 4 0040013
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£ 0020
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0008 ¢
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Fig. 3.2, Variation of Darcy-Weisbach friction factor £ with Reynolds number R, based on the slopé
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representative of the entire length of experimental conduit.



- Eqs. 3.3 and 3.7 show a decrease of f
_Al".‘,‘:‘c’fi;asg of Re it can be shown that for a
t:: ;ange of Re the changing friction factor

An investigation, presented in Part I
paper No. 43), was done for the range of

Ir observed in this study and shows a relatively

'1"13:;fere“°e between the analytical waves computed

.o use of the friction factor in Eq. 3.7 and by
::, of a constant representative friction factor

gefect of Depth on Friction Factor
jaii

The Darcy-Weisbach friction factor, £ , has
demonstrated to be a function of Reynolds number.
sugh it is not possible to separate the effects
1:16city and geometry on the friction factor, there
been attempts in the past [3] to demonstrate the
t of depth alone on friction factor. A similar

. was made in this study to compare results with
iously published results.

The Darcy-Weisbach equation relates friction
or, depth, velocity, and slope of energy line in
general form

F (£, ¥, V, Sg) = 0 . (3.9)

The Prandtl-von Karman equation relates the
friction factor, depth, velocity, and properties of
the fluid in the form

thf: s V. \J) =)

- By eliminating the velocity V between Eqs. 3.9
and 3.10, the new general function is

Fs{fn ¥ Sf’ \-') =0 ’

50 that for a given slope (Sg), a kinematic viscosity
), and a depth of flow (y) the friction factor

_ may be computed. Because S¢ is a function of
£ for this analysis of the long conduit the slope of
Mergy line is assumed to be equal to the bottom

%‘1 or Sf = So'

Equation 3.2 gives

SgSfR 1/2
v =[ 3 ] : (3.12)

50
in a:thl;:t'-;he l?rancltl-von Karman equation becomes now
4 fop < Ti"8 Eq. 3.12 for V in R, in Eq. 3.5
the bo, = S, for the steady flow, with S, being

ttom slope

L. . (agso)kszz

F o108 |[———— |+ 0.4, (3.13)

th ‘.
. fitted £q. 3.3 with a = 0.1434 and b = 2.075

(555, "R/2

v

>
i?t 0.1434 loglo + 2075 .

ed by an average value or a representa-

(3.10)

(3.11)

(3.14)
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A plot of the results of Eqs. 3.13 and 3.14 is
given in Fig. 3.3 for two extreme slopes, and these
two equations are presented in the form relating the
relative friction factor to the relative depth. The
relative friction factor is defined as the ratio of
the partial-flow Darcy-Weisbach friction factor to the
full-flow friction factor of a conduit. The relative
depth is defined as the ratio of the partial-flow depth
to the full-flow depth (or the diameter) of a conduit.

Figure 3.3 shows that both the theoretical
relation of relative friction factor to the relative
depth of the Prandtl-von Karman equation, or the
experimental relation obtained in this study lie
appreciably below the curve proposed by Camp [3].
Figure 3.3 further shows that variations of f with
depth from the curves given are equal to or lesser
than the errors in the computations of £ for a free-
surface flow within the upper range of the conduit
(upper 2/3 of the diameter). Below the lower 1/3 of
the diameter an appreciable change of the friction
factor occurs with a change of water depth.

3.5 Effect of Measurement Errors on Computed Friction
Factors

To estimate the effect of observational errors
on the computed friction factors, certain assumptions
are required. For the following analysis the assump-
tions about the numerical values of parameters and
errors are: Internal diameter of the conduit (D)
3 feet, the depth (y) is 1.5 feet *0.005 foot,
the bottom slope S is 0.001 * .00001, and the
discharge (Q) is 90 cubic feet per second * 0.3 cubic
foot per second. These values will be used in the
expression for the friction factor

BgSfRA2
=_.2—

Q
with Sg = 5o for the steady flow.

The errors are *0.005 foot, *0.00001, and *0.3 cubic
foot per second respectively for y, S. and Q.

By differentiating Eq. 3.15, the error gqustion for
the assumeﬁ independent errors in the four quantities

is

£ (3.15)

(¥, Sg» RA® and Q) is
2 2
2 af af 2
g £ = L= el5 )} + e (RA )J &
(55, cc0| *[ s
2
af
[ﬁ E{Q]] 3 (3.16)
in which ¢(f), a(Sf), e(RAz}, and ¢(Q) represent
the errors in f, Sf, RA?, and Q respectively.

The error E(RAZJ is evaluated by means of Fig. 2.3
from the error in the depth (y), given as e(y).

The derivatives af/an, af/anu\zj and 3f/3Q

are computed from Eq. 3.15, and the above numerical
values of parameters are used to numerically determine
these derivatives in Eq. 3.16.

Assuming that the above errors in vy, and

Sf,
Q are their respective standard deviations of random
errors, then the standard error of random errors in

the friction factor, e(f), is



e(£) = {(2.681 x 0.00001) + (0.000286 x 0.0997)° +

+ (0.0001787 x 0.3)%}" =

= (7.18 x 10710 « 8.12 x 10710 &

+28.5 x 10719)% - 6.61 x 10”5

For the representative constant friction factor of
0.012 for this conduit and the range of Reynolds num-
bers used in this study, this estimated standard
error of 6.61 x 10-5 represents only a 0.55 percent
error.

For the above particular numerical case it is
noted that the largest contribution of error to the
friction factor is by the error made in discharge
measurement whereas the error in slope has the least
effect. The standard error in the friction factor of
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Fig. 3.3. Variation of Darcy-Weisbach friction factor f with depth of flow in a circular cross !

6.6 x 10°° may be considered as a lower
practical evaluations of random errors.

3.6 Conclusions

From the consideration of the experim
can be concluded that:

(1) The boundary of the conduit used
experimental study is hydraulically smooth.

(2) Estimations of friction factors
comparing water elevations across short T
in significant random errors (shown by Fi
using the entire conduit length (822 feet)
puting the energy slope the spread of erro:
smaller (shown by Fig. 3.2).

(3) The friction factor may be eXpr
practical applications as



-0.17944
.10939 RB & ¥ [3.17)

6

average Darcy-Weisbach friction factor of
onsidered representative of the smoothness
"dary of the experimental conduit for the
"R in this study.

» of Reynolds numbers from 3 x 10* to 1 x 10°.
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(5) Roughness values for any depth in a circular
cross section can be estimated from the roughness of
the full conduit (shown by Fig. 3.3)

(6) The assumption of a representative constant
friction factor for CSU smooth pipe may be in error by
a maximum of *10 percent for depths in excess of one-
third of the diameter shown in Fig. 3.3, lines (2), and
the friction factor of a full-pipe flow is not repre-
sentative of roughness for depths less than one-third
full.



Chapter 4

ENERGY LOSSES AT JUNCTION BOXES

4.1 Definition of Losses at Junctions

The previous chapter considered the hydraulic
energy losses resulting from the effects of the bound-
ary roughness.. This chapter considers the energy
losses resulting from local changes in channel geometry
and the losses accompanying energy exchange when the
main flow and lateral inflows interact at junction
boxes. The junction of any two storm drainage systems
presents the problems of these two energy losses. The
two energy losses, however, cannot be separated
whenever the intersecting flows are associated with
a change in boundary geometry, which is usually the
case with junction boxes of storm drainage systems.
Only the energy loss due to the change in boundary
configuration can readily be evaluated.

The need for an experimental evaluation of these
two losses at junction boxes was necessary to evaluate
the validity of applying numerical solutions of un-
steady flow equations along a conduit with local
lateral inflow. Mathematical representation of the
junction-box loss appears as a discontinuity in the
application of unsteady flow equations. Thus, the
junction-box loss presents a boundary condition which
is satisfied by the conditions upstream and down-
stream of the junction box.

4.2 Brief Review of Previous Investigations of Losses
at Junction Boxes

There is a limited number of references on energy
losses at hydraulic junctions of various types,
particularly for free-surface flow. The following
brief review of several references and the material
presented in this chapter are taken from the M.S thesis
by William L. Lorah entitled "Free-Surface Flow Energy
Losses in a 90° Junction Box'", Colorado State Univer-
sity, June 1966, which was done under this project on
"Unsteady Free-Surface Flow in a Long Storm Drain."

In 1926 Stevens [5] developed a theoretical
equation from the energy equation to express impact
and eddies losses at the intersection of two full-
flowing pipes. His computations assumed that eddies
losses for a 902 junction are equal to the upstream
velocity head in the main pipe, plus the velocity
head in the lateral pipe times the ratio of lateral
to main flow.

Taylor [6], in 1944, derived a relation between
the upstream and downstream depths at a channel
junction. His derivation was based on the momentum
equation and these assumptions:

(1) flow was parallel to the channel walls,

(2) velocity was uniformly distributed immediately
above and below the junction, and

(3) the depths of flow entering the junction
were equal. His resulting equation was

2
Q) [Ya
. A

Yu %) [ Yu
) [2 () (o) reon 0 32
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¥4 is the depth downstream, and ¢ is t

s
1

in which k, is the ratio of the velocity
depth in the branch channel, Q, is the br
Q, is the downstream flow, ¥y 1s the

branch channel makes with the main channe

He tested a model junction in which ¢
branch channels were of equal width and at
intersecting elevation. He also tested 459
junctions for combining and dividing flow,
experimental results for a 45° combining £
well with his theory but there was lack of ;
between theory and model for the 135° comb
This disagreement was attributed to the dis
of velocity distribution below the channel :
and to the flow not being parallel to the

In 1950 the University of Minnesota model
channel junctions for a drainage system to
Whiting Field Naval Air Station [7]. The
were trapezoidal, with a maximum prototype
of 960 cubic feet per second. Their slopes
supercritical, which normally creates hydra
in both the main and side channels. One of
conclusions of this report was that model s
this type of junction were necessary until be:
design criteria could be developed.

Discussing manhole and other junction lo
storm sewer drains in 1964, Jens and McPher
page 20-31] state "There are virtually no da
which estimates of such losses can be based, .
than those from the recent University of Mis
experiments.'

In 1958 a study of storm drain junctions
conducted at the University of Missouri, It
an analytical and experimental investigation, 1
full-pipe relation only, with the top of the ju
box open to the atmosphere. This work was col
with pressure changes across the various jun
studied. The results of this study were graphi
procedures for designing full-pipe storm drai
junctions. These graphs represented the empi
relations between the ratio of lateral flow t
flow leaving the junction, and the ratio of
head lost in the junction to the velocity he
either the main or lateral flow.

Discussing the present state of knowledg
cerning channel junctions, Chow [10, page 512]
"The problem is so complicated that only a few
and specific cases have been studied. The co
of such studies indicate that generalization o
problem is not possible or even desirable."

4.3 Experimental Facilities

The evaluation of energy losses accompany
lateral inflow into a main conduit having fre
flow was accomplished on two separate experimen
facilities in this study. A plastic pipe with
six-inch diameter provided a means of economica
developing the basic evaluations of junction bo
The results were then verified by a limited m
tests in the 3-foot diameter conduit. Agreement
the two systems was obtained based on Froude s
relation. The details of the two physical syst
presented in Chapter 2, Hydrology Paper No. 44.



he model studies of the relaFion of power
e junction to other hydréullc properties
e type Of junction box configuration was
.on This junction box had two lateral inlets
't“d?Ed' + elevations above the invert of the main
at d:ffereghe two lateral inlets were studied separate-
* main and lateral conduits- entering the
on box were circular, having digmeters of
inches and 1.873 inches, respectively. The_
1ns limited to steady, free-surface, subcritical

flow.

Int

.1055 at th

only

e
junctl
6.250
study wa
‘onhinxng
The results of this study are in the form of two
sations (one for each inlet) which show the relations
the power loss in the 'junction, the power
hetﬂe?ﬁ the junction, the rate of main conduit flow
?ater:hg junction, the rate of lateral inflow, and
:;:odepth of flow entering the junction from the main

conduit.

This particular study is one of the foundations
for further study of unsteady flow through a similar
prototype junction box.

The experimental facilities for the six-inch pipe
are described in Hydrology Paper No. 44, Chapter 2,
subchapter 2.3.

Photographs of typical flow conditions are pre-
sented in Fig. 4.1, 4.2, 4.3 and 4.4. Figures 4.1

and 4.2 show the flow conditions with the lower inlet,
and Figures 4.3 and 4.4 show the flow conditions with

the upper inlet for the two extreme relative discharges

Q) -

of lateral inflow to main conduit flow

Fig. 4.1. Flow conditions for S_ = 0.000537,

5,56 with lower inlet.

Fig. 4.5

Flow conditions for §

0.000537,
8.44 with lower inlet.

&
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The following conditions should be noted in these
photographs:

(1) The turbulence within the junction box.

(2) The drop in water depth from the upstream to
the downstream side of the junction box.

(3) The persistence of turbulence, as evidenced
by the entrained air and surface waves several pipe
diameters downstream of the junction box.

4.4 Energy Loss Evaluations

The energy of steady, free-surface flow in any
shaped channel may be defined as

2
E=12+ycos8+aqm s (4.2)
in which E 1is the energy head, =z is the elevation

of the channel bottom above the zero datum, y is

the depth of water perpendicular to the channel
bottom, V is the mean velocity, a is the velocity
distribution coefficient for the energy, and 8 is
the angle the channel bottom makes with the horizontal
as shown in Fig. 4.5 for the definition of energy
heads and differences. For the cases considered,
is, within the limits of physical observation,
sufficiently close to zero so that the cosine of 8
is essentially one. It is also assumed that the velo-
city distribution coefficient a is sufficiently uni-
form and may safely be assumed to be one. Thus the
total energy head equation may be written as

6

—

Fig. 4.3.

Flow conditions for S 0.000537,

3.30 with upper inlet.

Q

= 0.000537, L

Q

Flow conditions for S
7.40 with upper inlet.

Fig. 4.4.



Upstream Energy
Gradient

Projected Energy
Entering Junction
from Main Conduit

Horizontal

Big. 4.5

2

T " (4.3)

B-z-a-y-l-

The power at any given cross section of the con-
duit is found by multiplying the energy at its section
by the weight rate of flow past the section. The
power equation then can be written as

or

P=1yQ(z+y+ ;;J s (4.5)

in which P is the power in foot-pounds per second,

Q is the volume rate of flow in cubic feet per second,
and y is the specific weight of water in pounds per
cubic foot.

Power computations. For each set of flow condi-
tions, power was evaluated at three sections. These
sections were: the main conduit section upstream from
the junction box, the main conduit section downstream

/Center Line of Junction Box

|_—Energy Added at Center Line from
Lateral Inlet (not shown )

Energy nomenclature.

from the junction box, and a lateral section immediately

before the lateral entry into the junction box.

Power in the main conduit. The power entering
the junction box from the main conduit was calculated
by first computing the energy E at each of the
stations measured. The energy grade line was then
computed by taking a least-squares regression line
through five of the energies computed. The energy
grade line was linearly projected to the center of
the junction box. The power from the main flow into

Energy Difference in Main Conduit Due fo L.
Junction and Energy Added from Lateral Infl

Projected Energy Leaving Junction
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the junction was computed by multiplying the
jected energy at the center of the junction |
main flow in cubic feet per second and by

weight of the water.

The computation of power downstream
junction was made in a similar manner to co
made for the upstream power.

Power contributed to the junction box
lateral inflow was similarly computed. I
it was necessary to consider both the di
elevation between the lateral conduit inv
main conduit invert, and the depth of flow
lateral conduit or the piezometric head of
conduit at full flow.

In the case of the lateral flow with
inlet, the inlet can be submerged or flowing
full. As all experiments were carried out W
submerged lateral inlets, the power of later:
was determined by the conditions of full late
flow as existed a short distance upstream O
This power is then

P=TQ£{Q£2+D£“Z] »
26A%

in which A

is the area of the lateral
duit and Dy is the diameter of the later:
The term 2z is zero since the zero datum

at the invert in the center of the juncti

Using the lower inlet of the lateral;.5'
the junctiaon box and with submerged flow
input was evaluated by



; is again zero. The depth of water
jon box is denoted as y and was deter-
gveraging the depth readings immediately up-
downstrean of the junction box.

d the upper inlet of lateral inflow
jﬁgg‘m box, with free-surface flow into the

t,the power input was evaluated by the
VZ
R e qu(fg- tYet 2y , (4.11)

is the critical depth for the given flow
€y, is the critical velocity, and zy is
r,;l distance from the datum to the invert of
jnlet. Critical depth and critical velo-
e evaluated by the expression

3
£ -1 , (4.12)
QB
A is the cross sectional area, B is the

is the rate of flow, and g is the

1ysis and results. In order to relate the
osses for various flow conditions, the data

e dimensionless by expressing the power losses
ios of power inputs in the form

1B, + 14E, - Q48
1IrQmEnl < YQEEZ

P = (4.13)

P, 1is the ratio of power lost in the junc-
to the power entering the junction, the sub-

- m referring to the upstream conditions or the
to the junction box from the main conduit, the
pt L referring to the lateral inflow condi-

i, and the subscript d referring to the down-

m conditions or the outflow from the junction

The above Eq. 4.13 is thus an expression of

ency of the given geometry and flow conditions
junction boxes.

It was assumed that the power loss ratio Py

d be expressed as a function of the relative dis-

® of the lateral to the main conduit flow when

the upper inlet (Q. = Q,/Q ). The validity

S assumption is demonstrated in Fig. 4.6. The
onal relation between the power loss ratio and

S the hgrge ratio was developed. The fitted equation
" Points in Fig. 4.6 is

P, - 0.77) (Q, + 0.55) = - 0.482 . (4.14)

‘. qutm;} 4.14 was used for all subsequent numeri-
UWputations for losses produced at the junction
lateral inflow was introduced at the upper

l';t"ﬁ‘luatitm 4.14 is applicable for values of
_.rr::n 0.1 and 6.0. Within this range the stan-
Yalue in estimating P, is 0.0218. For
less than 0.1, the power loss ratio is less
- i"l When there is no lateral inflow and the

3 OW in the main conduit is less than one-

» the power loss through the junction box is
as for the straight, undisturbed conduit.
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Fig. 4.6. The P, versus relationship for the

upper inlet of laterals.

Power losses for the lower inlet of lateral in-
flow at the junction box were analyzed in terms of
the ratio of lateral inflow discharge to the main
conduit discharge, and the ratio of the upstream
depth to the conduit diameter. A plot of the data
points is presented in Fig., 4.7. A functional relation
of these data points was developed and the resultant
power loss ratio is

-2.78 + 1.71 Dr

P = + 077, (4.15)
: Q_r + 3,122 - 0.167 D.
I
O.% Pe Conduit Siope Jos0
s 000008
as & 000054
« 000107
04 _ Depthot flow Upstream
f Diometerof the Pipe
0 o
ozt
olf
0.08|
00§
0.04]
e i Sy ae : o
%303 ol 10 10
Fig. 4.7. The P_ versus Q, for various Dy re-

lationship for the lower inlet of laterals.



The standard error in estimating P_ for given
values of Q, is 0.082. Disregarding the values of
D, of less than 0.5, the standard error in estimating
P, for given values of Q. is 0.067. The estimated
values of P apply for the range of Q. from
approximate 0.15 to 0.8, The depth ratio D. rTange
is from 0.40 to 0.99 of the main conduit diameter as
represented by each data point in Fig. 4.7.

The computer programs for evaluating the effects
of lateral inflow used an improved functional relation-
ship over that expressed by Eq. 4.15. The least squares
fitted equation is

. 2 2

Z=aiXx +ay+ax+ a,y" +agxy +ag (4.16)
in which z = Dr’ X = log10 Qr- y = 10310Pr‘ and

al = -1,129, ‘a, = 1.045, P 0.662, a, = 0.376,

= -0.753, = 1.045.

2 a

and a

fe 6

4.5 Effect of the Junction Boxes on Downstream Con-
duit Flow Resistance

For each of the run conditions used to develop
the power loss ratios at the junction box, data were
collected to evaluate the hydraulic boundary resistance
downstream of the junction box. These values were
consistently higher than the values of hydraulic
resistance computed upstream of the junction box.

An explanation of this observation involves two
factors. The first factor is the increased turbulence
introduced into the main conduit flow by the lateral
inflow and the junction-box geometry. All the lateral
inflows studied intersected the main conduit at 90°
to the main conduit centerline. The intersecting flow
had to traverse a right angle turn as well as under-
go a change in the particle velocities. This combined
motion produces standing surface waves and an internal
rotational motion superimposed on the main conduit

A
flow. This higher velocity near the solid
increases boundary shear and hence the boy
tance. The effect persists downstream untji:
normal depth is approached which in this e
was about 50 pipe diameters.

The second factor is the experimental
in measuring the water surface due to the
waves and longitudinal surges generated by
instabilities in the junction box. In spi
measurement difficulties, the analysis of
consistencies in the means of junction hydra
parameters, but with relatively wide scatt
points about the fitted curves.

The observed hydraulic friction fact
Darcy-Weisbach equation are presented in F
for the downstream main conduit section o
and lower inlet postions, as well as for
stream main conduit section. Within the ups
reach, with no flow disturbance produced
inflow, the friction factor ranges appro
between 0.010 and 0.020. Downstream of the
box, with lateral inflow from the upper ir
friction factor ranges between 0.020 and
a tendency toward the lower end of the ra
stream of the junction box, with lateral in
the lower inlet, the friction factors range
mately between 0.010 and 0.030 with a ten
cluster around a value of 0.020.

From the preceding discussion, it is
that the energy losses resulting from latera
into a junction box consist of two componen
immediate energy losses during the change in
of the lateral flow and the gradual decay o
in the channel downstream of the junction.
has been evaluated and related to the signi
meters of geometry and flows. The latter
evaluated in a manner which would permit app!
to general use. &
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The relation of friction factor f versus Reynolds number R _:
lower inlet and (c) upstream, upper and lower inlets.

(a) downstream, upper in




Chapter 5
VELOCITY DISTRIBUTION COEFFICIENTS

aition of Velocity Distribution Coefficients

ations which define the velocity distribution
iéﬂts are based on momentum and energy consider-
! faspectively. This may be demons?rated as

ws, Momentum due to a motion of an incompressible

nay be expressed as

M= f pv |V| dA (5-1)

A

Jhich p|v|dA describes the mass of water passing
oh the area dA of a cross section in a unit of
The integrals in the following text are over the
sectional area A and the limit A will be

in these expressions.

-»ﬁm—dim&nsiﬁnal considerations give

M= p f\rsz (5.2)
approximation to this evaluation of one-

al momentum flux is to represent it in terms
mean velocity V as,

M= Bo VA (5.3)
The coefficient B is then defined as
fvsz
B = 3 5 (5.4)
V7A

- The constant in the equation of kinetic energy

W

it weight correspondingly develops into the form

fvsdA

VoA i

o

(5.5)

Thus, the general theoretical form of a velocity
ibution coefficient of n-th order is represented
e velocity v at a point raised to the power

fvndA
A i

Fﬁ:ch €quation n takes on only integer values.
. ®qual to one, the coefficient ¢ is unity,
5 definition is the mean velocity. Values of
ad n =3 in Eq. 5.6 give the momentum (8)

energy  (4) velocity distribution coefficients,
tively,

(5.6)

~ 5

Egz?tiOn.s.e permits the evaluation of the effect
“ity distributions in a cross section on a
a and the computation of interrelation between
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5.2 Approximate Relation Between o and g
Coefficients

Consider the time-average velocity at a point as

v=(1+k) V , (5.7)

in which V is the mean velocity across a cross
section of point time-average velocities and k is
plus or minus depending on the position of a point.
Since the mean velocity V 1is defined as

1 1 v
v-vauaxf(nk)vuu\uxjm,
the integral kdA over the area A must be zero.

When B and o are expressed in terms of k ,
then

2 2
= ff_f;ifl_ff =1+ % / K2dA » (5.8)
VA
and
3
v a+x)3an
@ T — ] +%fde+%fk2dA+%fk3dA .

VoA

Because the integral of kdA is zero,

3 F2
a=1+2[k'aA+ 2 [KdA . (5.9

From Eqs. 5.8 and 5.9 the following conclusions
may be derived:

(a) The larger the deviation of the point
velocities from the mean, the larger are the values of
the velocity distribution coefficients, a and 8.

(b) For the case when maximum velocity is less
than twice the mean velocity, the absolute value of
} 2will be less than one and in that case 0 <|[k3dA[<

k<dA.

(c) As the value of k approaches zero, the
- term becomes less significant compared with the
- term, and hence, as an approximation,

kS
k2

-1

B-1

: 3, (5.10)

or a = 38-2 .

The values of « and B determined experimentally
in this study tend to cunfirm this approximate relation.



5.3 Evaluation of Velocity Distribution Coefficients

Equation 5.6 suggests several methods of evaluat-
ing the velocity distribution coefficients, ¢ . One
method is the analytical integration of a given time-
average velocity distribution function over the cross
section; the other two being the graphic and numerical
methods of integration using point time-average
velocities observed in a specific flow by a replace-
ment of integrals by summations.

Analytical Integration Method. The analytical
integration of Eq. 5.6 depends on a knowledge of the
explicit function of velocity as related to position.
Such equations for fully developed turbulent flow are
available only for certain limiting cases of boundary
configuration.

For the case of an infinitely-wide open channel
with two-dimensional flow the following equation
has been determined experimentally for velocity
distributions outside the boundary layer [4]:

(5.11)

in which v is the point velocity at position ¥ oV

is the mean veloc1ty for depth y and f is the
friction factor in the Darcy-welgbach equat1on.
Substituting the value of v from Eq. 5.11 into Eq.
5.6, and integrating in the limits from zero to Yor
¢ - coefficients for values of n=2andn =3

are, respectively,

B =¢,=1.0+0.755 £ + 0.023 VE + 8, (£) (5.12)

! T T

Circuler  Channal
Fiawing Fall

i 717
A
£ i gigh
“Friction Facter, f - g
Fig. 5.1.

friction factor f .
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and

= 1.0 + 2.263 £ + 0,035/F - 1

o= ¢z
in which & (f) and &,(f) represent t
effects of %oundary layérs. In this c'

functions are the result of integrating

the limit of the boundary layer rather
solid boundary. In each case, however,
distribution functions of the boundary
negligible effect on the respective velo
bution coefficients. The plots of these
are shown in Fig. 5.1 as the computed a
values of partly flowing conduits. Withi
of friction factors the theoretical d

a and B coefficients on f are approx
linear for values of f greater than 0.0

It is interesting to note that the ra
(x-1)/(B-1) 1lies approximately between 2
as shown in Fig. 5.2. The fact that the
3.0 of Eq. 5.10 does not agree with the ra
2.6 as developed for the logarithmic velog
bution in an infinitely-wide channel y
for that case at least, the integral of the
must be significant as well as negative.,

For the case of a full flow in a ciz
the following equation has been determin:
experimentally to be the velocity dlstri

tion [4]:

v=-V i
== = 2 log. . i{e=]"% 1,32
WE 10 l‘o *
t
1082
Lo28 i -
(
1024 - -
o ./
Lo20 b
s %
Girculer Chanmal / v
Flowing  Full
(X- 3
aye
/ //
[{- 3 / -
L]
/ g | omo
1Lo08
/ oI
om
2l ynd . :
tooo | s A =
' ™ Eriction: Factor, f i

Theoretical relation and CSU experimental points of velocity distribution coefficients versus



in which the variables are defined as before, and r
the radius of the conduit. Substituting the valu®
v from Eq. 5.14 into Eq. 5.6 and solving for ¢
iin. the limits of boundary thickness (§) and
one obtains respectively

- B= ¢,=1+0.034 /F+0.941 £ (5.15)

#=9;=1+0.051VF + 2.828 £ - 2.685 £/F . (5.16)

_ The values of o and 8 from Eqs. 5.15 and 5.16

_‘r9'315° Plotted in Fig. 5.1. These curves approach

s ght lines for a large range of f-values. Simi-

= ¥» as in the case of an infinitely-wide open

. f@mel, o and g coefficients depend only on the
STiction factor £ . 1In this case, the ratio (a-1)/

{3'1) also lie i
-\ S approximately between 2.3 and 2.4, as
3 M in Fig. 5'2‘p Y

5 e::gause the velocity distributions are often non
- m ll;alharouncl the mean velocity, the integral

Megative Y be negative if the absolute values of the

of the F are much greater than the absolute values
! :di;tribﬁg§ltlve k. This is the case in the velocity
and the fl?“s of both the infinitely-wide open channel
Y 1 pipe flow as given by Eqs. 5.11 and 5.14
(8-1)

“iiFE a lower limit of zero. Therefore, (a-1)/
€ing smaller than 3.0 is expected.

The comparison of curves of Eqs. 5.15 and 5.16

12 :2; corresponding curves for B and o of Egs.
in which 5,13 in Fig. 5.1 indicates that for channels

the side walls substantially affect the
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Fig. 5.2. Relation of o and B versus friction factor f.

velocity distributions (or when the height of sides is
of the same order of magnitude as the width of the
channel bottom) the k - values, on the average, are
greater than the k values for infinitely-wide open
channels. Hence, the a and B-coefficients are
greater for full flows in circular conduits.

Because velocity distributions in partial flows
through circular conduits can be considered cases
which are between the velocity distributions of an
infinitely-wide open channel and a full flowing
circular conduit, Eqs. 5.12, 5.13, 5.15 and 5.16
give an indication and a range of the expected velo-
city distribution coefficients as they change with
the friction factor f.

Graphic integration method. The classic method
for computing velocity distribution coefficients from
observed data is to plot the position of observed
velocities along with the velocity at that point. The
lines of equal velocity (isovels) are then drawn by
interpolating between the known velocities. The area
between successive incremental velocities is then
determined, for example, by a planimeter. The summa-
tion of the individual areas times the mean velocity
in the area taken to the appropriate power (2 or 3),
provides the numerical integration of the numerator
of B and o . A sample of the result is shown in
Fig. 5.3.

Numerical integration method. A numerical inte-
gration method was developed around the point velo-
city measurement equipment. Time-average point
velocities were measured by Ott current meters. Five
meters were mounted on a center-supported rod which
was then placed at the conduit centerline. The rod
support could rotate to place the meters in any
angular position. The meters were spaced along the




Fig. 5.3.

rod to sample equal annular areas and the end meter was
placed at the minimum recommended distance from the
pipe wall. The support rod of the meters was posi-
tioned at angular intervals of 10 degrees and point
velocities were observed at five radial positions
using as many 10-degree intervals as required to

sample the circular segment.

Data processing was based on the observation that
velocity distributions along the radial directions and
along circumferential arcs of constant radius were
smooth and could be approximated by third-degree
-polynomials.

The computer procedure was as follows:

1. A third-degree polynomial was fitted to the
observed velocities at a fixed radius, of the form

2 3

Sl g bre + cre + dra . (5.17)

2. For a given angular position, a third-degree
polynomial was fitted to the computed velocities along
the radial direction, of the form

s dxd . (5.18)

= a o

2
8 bar I

Ve 6

3. For the velocity expression at a_given angu-
lar position, the integrals of vudA, dA and
ve3dA are obtained, in which dA was the area re-
presented by a 10-degree sector to the free-water
surface.

Isovels (equal velocity lines) for partially full conduit flow.
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LEGEND:
Diameter:=2926 ft
Depth of Flow =112 1
Hydr Rodius=0.608 ft
Area:=237 sq. it

Discharge =

Average Vel:374 ft/sec
Slope :0.0010

/3:1008
of 21023

Reynolds No:5.44x10°

4, The results of Step 3 divided by the
priate relation of the mean velocity and th&
area resulted in o and B coefficients.

The root-mean-square difference betw
observed velocities and the computed velo
(based on the polynomial fitting procedur
puted for each case of measurement of vel
butions of partly full conduits. The calibx
equations for each current meter and propel
included in the computer program so that the
was computed from the given data before po
fitting was begun.

5.4 Results of Experimental Investigations

Several comparisons of test condition
vational procedures were made to identify
on the computed velocity distributions. Th
siderations were reproducibility of results,
of depth, location along the conduit, numb
velocities, and length of time for observ
velocity. The results of these evaluations
sented in Table 5.1. This table gives da!
following order: run identification (RUN N
charge in cubic feet per second as measurt
inflow orifice (DISCH), depth of flow in
measurement cross section (DEPTH), cross Sec
area in square feet (AREA), mean-velocity
per second based on the measured discharge
number of point velocity observations (N),
number of point observations per square foo
ratio of the mean velocity based on the
charge compared to the mean velocity ob
tegrating the observed velocities (GAMMA),
velocity distribution coefficient (BETA), €
velocity distribution coefficient (ALPHA).
mean square difference between the observ



ngproducibility and effects of various factors on velocity distribution coefficients

: !l
3O DISCH DEPTH AREA VEL N
A% 540 2.210  5.449  4.834 146
26.340 2,139  5.268 5.000 144
: 16.130 1.612 3.797 4,248 91
o 16.130 1.597  3.754 4.297 01
of Dep ]‘l
o 8.260 1.064  2.209 3.739 33
13,450 1.442  3.301 4.075 70
16.130 1.612  3.797 4,248 91
20.520 1.888 4,588 4,472 122
24.240 2.079  5.110 4.744 140
26.340 2.210 5.449 4,834 146
£ position in Direction of Flow
23.930 2.110 5.192 4.609 148
24.240 2.079  5.110 4.744 140
24,240 2.063 5.067 4.783 144
20.520 1.909 4,647 4,416 123
20.520 1.888 4,588 4.472 122
20.520 1.880 4.566 4,494 121
16.130 1.617 3.812 4.231 94
16.130 1.612 3.797 4,248 91
16.130 1.611 3.795 4,251 91
of Number of Point Velocities
24,240 2.079 a1l 4.744 140
24,240 2.094 5.150 4,707 73
Length of Time of Observations
13.450 1.442 3.301 4.075 70
13.450 1.442 3.301 4,075 70
13.450 1.442 3.301 4.075 70
13,450 1.442 3.301 4.075 70
13,450 1.442 3.301 4,075 70
13.450 1.442 3.301 4,075 70
24,240 2,079 5.110 4,744 140
24,240 2.079 5.110 4.744 140
24.240 2.079 5.110 4,744 140
24.240 2.079 5.110 4,744 140
24,240 2.079 5.110 4,744 140
24.240 2.079 5.110 4,744 139
24,240 2.094 5.150 4.707 73
24,240 2,094 5.150 4,707 74
24.240 2.094 5.150 4,707 73
24,240 2.094 5.150 4,707 73
24.240 2.094 5.150 4,707 73
24,240 2.094 5.150 4,707 73

N/A GAMMA BETA ALPHA STDDEV  TIME
26.79 1.006 1.006 1.018 0.051

27.34 1.008 1.005 1.017 0.081

23.96 1.025 1.011 1.030 0.041

24.24 1.028 1.011 1.029 0.035

14,94 0.920 1.066 1.123 0.037

21.21 1,037 1.005 1.019 0.037

23.96 1.025 1.011 1.030 0.041

26.59 1.025 1.006 1.019 0.047

27.40 1.002 1.009 1.027 0.042

26.79 1.006 1,006 1.018 0.051

28.51 1.011 1.009 1.025 0.058

27.40 1.002 1.009 1.027 0.042

28.42 1.007 1.007 1.021 0.048

26.47 1.014 1.006 1.019 0.094

26.59 1.025 1.006 1.019 0.047

26.50 1.024 1.008 1.024 0.046

24.66 1.006 1.010 1.028 0.044

23.96 1.025 1.011 1.030 0.041

23.98 1.017 1.011 1.030 0.045

27.40 0.999 1.010 1.028 0.029

14,18 1.012 1.008 1.022 0.049

21.21 1.037 1.005 1.019 0.037 30
21.21 1.034 1.005 1.020 0.028 60
21.21 1.032 1.005 1,019 0.021 90
21.21 1.031 1.005 1.020 0.018 120
21.21 1.031 1.005 1.019 0.018 150
21.21 1.032 1.006 1.020 0.101 180
27.40 1.002 1.009 1,027 0.042 30
27.40 0.999 1.010 1.028 0.029 60
27.40 0.999 1.009 1.027 0.029 90
27.40 0.999 1.009 1.027 0.030 120
27.40 0.998 1.009 1.027 0.030 150
27.20 0.998 1.009 1.027 0.030 180
14.18 1.012 1.008 1.022 0.049 30
14,37 1.013 1.008 1.022 0.039 60
14.18 1.011 1.008 1.023 0.032 90
14,18 1.010 1.008 1.024 0.029 120
14,18 1.010 1,008 1.024 0.030 150
14.18 1.010 1.008 1.024 0.026 180

t?ﬂ_::locities in feet per second computed from the
s fits (STDDEV), and the observed time inter-
econds used to compute the mean velocity.

-::a::or?sults were not intended to be conclusive.
bilig. Vide, however, a measure of effect and
¥ of the overall results,

The
Beneral observations on these data are:

Ma;

( :ea:hsefoﬂ?-mea?-squara (STDDEV), as a percent
() The c°°12Y, is of the order of 1 percent.
Beasuyeq m"mputed mean velocity is larger than

Cases, an velocity by less than 3 percent in

' ) The Trela

< tion betwe .
Approxima en a and B coefficients

tely with Eq. 5.10.
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(d) The variation of the velocity distribution
coefficients within any one of five effect categories
is insufficient to detect a clear effect over the
entire sample size. In other words, the experimental
and computational errors overshadow the effect of
varying the experimental conditions.

Based on the preliminary results of Table 5.1,
an extended series of observations were made to
relate the velocity distribution coefficients to
the depth and the mean velocity. The observations
were made at the midpoint of the 822 foot conduit.
Each point velocity was averaged over a 60-second
period. The results of thece observations are pre-
sented in Table 5.2.



TAB1E 5.2. Velocity distribution coefficients in the conduit of 2.926 feet in diameter.

Hydraulic Discharge Mean Re = VR
Designa- Depth Radius Q Velocity g’
tion Slope ft R, ft cfs fps x 10 a
S1-4 0.000032 2.926 0.732 5.610 0.834 0.4 1.036
S1-7 1.547 0.757 11.980 3.320 1.653 1.017
S1-8 1.779 0.818 16.040 3.748 2.017 1.019
S1-9 1.984 0.857 19,620 4,042 2,278 1.021
52-2 0.000132 1.749 0.811 10.080 2.404 1.283 1.026
S§2-3 2.064 0.869 15.340 3.026 1.736 1.020
§2-4 2.371 0.890 18.940 3.245 1.900 1.017
82-5 2.630 0.873 19.570 3.073 1.765 1.018
S2-6 1.152 0.620 4.710 1.915 0.781 1.040
52-9 0.903 0.512 3.260 1.848 0.622 1.060
S2-10 1.785 0.819 16.640 3.873 2,087 1.024
S2-10 1.936 0.849 16.640 3.524 1.968 1.021
83-1 0.000520 2.644 0.870 18.350 2.870 1.643 1.021
§3-2 2.309 0.889 12.270 2.156 1.261 1.027
§3-3 2,079 0.870 14.100 2,756 1.577 1.027
S$3-4 1.740 0.809 10.410 2.498 1.330 1.032
S$3-5 : 1.497 0.742 7.960 2.299 1.122 1.055
§3-6 1.154 0.620 6.210 2.519 1.028 1.084
§3-7 0.871 0.497 2.040 1,215 0.397 1.056
§3-10 1.771 0.816 15.970 3152 2.014 1.033
D2A 0.001022 0.810 0.468 4.000 2.637 0.812 1.073
D2B 0.817 0.471 4.000 2.605 0.807 1.037
D3C 1.964 0.854 8.220 1.713 0.962 1.027
D7A 1.989 0.858 23.380 4,803 2.711 1.024
D7C 2,357 0.890 23,380 4,028 2,358 1.021
D8B 2.166 0.880 25.620 4,800 2.779 1.024
X6MH2A 0.001001 1.442 0,725 13.450 4,075 1.944 1.019
X7MH2A 2.210 0.884 26.340 4,835 2,812 1.018
X7MH2B 2,139 0.878 26.340 5.000 2.888 1.017
X8MH1A 2,110 0.874 23.930 4,609 2.650 1.025
X8MH2X 2.079 0.871 24.240 4,744 2.718 1.027
X8MH24 2.094 0.873 24,240 4.707 2.703 1.022
X8MH3A 2.063 0.869 24.240 4,783 2.734 1.021
X9MH1C 1.909 0.844 20.520 4,416 2.452 1.019
X9MH2C 1.888 0.841 20.520 4.472 2.474 1.019
X9MH3C 1.880 0.839 20.520 4.494 2,481 1.024
X10M1A 1.617 0.777 16.130 4,231 2.163 1.028
X10M2A 1.612 0.776 16.130 4.248 2.169 1.030
X10M3A 1.611 0.775 16.130 4,251 2.167 1.030
X10M2B 1.597 0.772 16.130 4,297 2,182 1.030
X12M1A 1.090 0.843 8.260 3.618 2.006 1.035
X12M2A 1.064 0.583 8.260 3.739 1.434  1.123
X12M2B 1.372 0.701 8.260 2.668 1.230  1.095
X12M2C 1.066 0.583 8.300: 3.747 1.437  1.024
D3A 0.001022 1.057 0.580 8.220 3.754 1.482" * 17051
D3B 1.078 0.589 8.220 3.655 1.416  1.016
D4C 1.903 0.843 12.920 2.790 1.666 1.019
DSA 1.605 0.774 16.000 4,236 2.157 1.032
D5B 1.601 0.772 16.000 4.249 2.159 1.037
DSC 2.187 0.882 16.000 2.968 1.718 1.022
D6A 1.855 0.834 20,510 4.562 2,503 1.025
D6B 1.868 0.837 20.510 4.526 2,492 1.026
D6C 2.198 0.883 20.510 3.785 2,199 1.023

(1) Computed value less than the minimum value of one.
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seussion of Experimental Results

expected that the velocity distribution

e nients would differ with changes in those

deion which determine the velocity profiles.
.rztars which primarily effect the velocity
“4re the geometry of the cross section, the

' ac of the fluid, the condition of the boundary
;?:oughness), and the mean velocity. All of
jables are encompassed in the Regno}ds

(VR/v) and the Darcy-Weisbach friction factor

B

‘Because the Darcy-Weisbach friction factor is re-
to the Reynolds number, one would expect to be
correlate o and B-coefficients to the

n factor f. The experimentally observed values
and B in this study are plotted in Fig. 5.1.

e range of the Darcy-Weisbach-friction factor

1 for the series of data in this study, §nq be-
the Reynolds number fluctuates within a limited

e spread of computed a and B coefficients
ntly due to other causes.

sure 5.4 displays the relation of a and B
Reynolds number. These results indicate an
of the velocity distribution coefficients with
e of Reynolds number. The general trends may
ented by two curves. The apparent scatter of
around these curves may be assigned to observa-

and computational errors.

e following parameters of the computed velocity
jbution coefficients remained essentially con-
the circular form of the section, the fluid

ies (water at approximately 45°F), and

approximately the friction factor because the Reynolds
number varied over a narrow range. It would follow,
therefore, that the variation in « and B could

be represented as a function of depth and mean velo-
city or slope as a first approximation, Because the
effect of depth and mean velocity are included, through
their product, into the Reynolds number (assuming an
approximate proportionality of depth and hydraulic
radius), the main relation should be between the
velocity distribution coefficients and the Reynolds
number.

The effect of depth on the velocity distribution

coefficients is presented in Table 5.3 and Fig. 5.5.
The values in Table 5.3 are grouped in ascending order
of the depth-diameter ratio (y/D). The corresponding
mean velocities (V) which are also listed do not
arrange themselves in any discernable manner. This

is probably because the mean velocity increases with
the depth for a given slope and roughness, and the
depth has already accounted for the effects of the
mean velocity. Figure 5.5 indicates slightly incre-
sing values of both B and o as depth decreases.
This is expected because deviation from the mean
velocity becomes greater and the friction factor be-
comes effectively larger as the depth decreases.

At a depth of half the conduit diameter g -

coefficient has a value of approximately 1.01 and a -
coefficient of approximately 1.03. At greater depths
g reduces to approximately 1.007 and & reduces to
approximately 1.022. For depths less than half the
conduit diameter, both coefficients tend to increase.
Data was not available for depths less than one-
fourth of a diameter.
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Fig. 5.4, Velocity distribution coefficients versus Reynolds number.



TABLE 5.3. Velocity distribution coefficients as a TABLE 5.4. Velocity distribution coeffic;
function of depth. function of mean velocity.
Range Depth- Velo- 1
of Depth Run  Diameter Depth city Run Velocity Depth
£t. No. Ratio y,ft V,fps o B No. V,fps y,ft
0-1.0 D2A 0.276 0.810 2.637 1.073 1.024 §3-7 1.215 0.871 1
D2B 0.279 0.817 2.605 1.037 1,016 D3-C 17138 1.964 1
§3-7 0.297 0,871 1.215 1.056 1.022 §2-9 1.848 0.903 ;
§2-9 0.310 0.903 1,848 1.060 1.024 52-6 1,915 1.152 1
§3-2 2.156 2.309 1
1.0-1.5 D3A 0.360 1,057 3.754 1.031 1.010 S1-4 2.210 2.926 i
X12M2A  0.363 1.064 3,739 1,123 1.066 §3-5 2.299 1.497 1
X12M2C 0.366 1.066 3.747 1.024 (1) §2-2 2.404 1.749 1
X12M1A 0.373 1.090 3.618 1.035 1.007 $3-4 2.498 1.740 RS
D3B 0.368 1.078 3.655 1,016 (1) | §3-6 2.519 1.154 1
§2-6 0.393 1.152 1.915 1.040 1.013 D2B 2.605 0.817 1
$3-6 0.394 1.154 2.519 1,084 1.029 D2A 2.637 0.810 1
X12M2B 0.468 1.372 2.668 1.095 1.040 X12M2B 2.668 1.372 1
X6MH2A  0.492 1.442 4.075 1.019 1.005 83-3 2.756 2.079 53]
83-5 0.510 1.497 2.299 1.055 1,022 DacC 2.790 1.903 1
$3-1 2.870 2.644 1
1.5-1,8 S1-7 0.528 1.547 3.320 1.017 1.004 | D5C 2.968 2.187 1
X10M2B  0.545 1.597 4.297 1.030 1.011 §2-3 3.026 2.064 1
D5B 0.546 1.601 4.249 1.037 1.014 §2-5 3.073 2.630
D5A 0.547 1.605 4.236 1.032 1.012 S2-4 3.245 2.37%
X10M3A 0.549 1.611 4.251 1.030 1,011 51-7 3.320 1.547
X10M2A 0.550 1.612 4.248 1.030 1.011 | s2-10 3.524 1.936
X10MIA 0.551 1.617 4.231 1,028 1.010 X12M1A 3.618 1.090
§3-4 0.593 1.740 2.498 1.032 1.011 D3B 3.655 1.078
§2-2 0.596 1.749 2.404 1.026 1.009 X12M2A 3.739 1.064
$3-10  0.585 1.771 3,752 1.033 1.011 X12M2C 3.747 1.066
S1-8 0.604 1.779 3.748 1.019 1.006 S1-8 3.748 1,779
$2-103 0.609 1,785 3.873 1.024 1.008 §3-10 3.752 1.771
D3A 3.754 1.057
1.8-2.1 D6A 0.634 1.855 4.562 1.025 1.009 D6-C 3.785 2.198
D6B 0.638 1.868 4.526 1.026 1.009 §2-10 3.873 1.785
XOMH3C 0.642 1.880 4.494 1.024 1.008 D7-C 4.028 2.357
XOMH2C 0.645 1.888 4.472 1.019 1.006 51-9 4.042 1.984
D4C 0.650 1.903 2.790 1,019 1.006 X6MHZA 4.075 1.442
XOMHIC  0.652 1.909 4.416 1,019 1.006 X10M1A 4.257 1.617
§2-10 0.660 1.936 3.524 1,021 1.007 D5A 4,236 1.605
D3C 0.670 1.964 1.713 1.027 1.009 X10M2A 4,248 1.612
$1-9 0.677 1.984 4,042 1.021 1.007 DSB 4.249 1.601
D7A 0.678 1.989 4,803 1.024 1.008 | X10M3A 4.251 1.611
X8MH3A 0.704 2.063 4.783 1.021 1.007 X10M2B 4.279 1.597
§2-3 0.704 2.064 3.026 1.020 1,007 \ X9MH1C 4.416 1.909
$3-3 0.709 2.079 2.756 1.027 1.009 X9MH2C 4.472 1.888
X8MH2X 0.709 2.079 4.744 1.027 1.009 X9MH3C 4.494 1.880
XSMH24 0.714 2,094 4.707 1.022 1.008 D6B 4,526 1.868
| D6A 4,562 1.855
2.1-2.5 X8MHIA 0.720 2.110 4.609 1.025 1.009 X8MHIA 4.609 2.110
X7MH2B  0.729 2.139 5.000 1.017 1.005 X8MH24 4.707 2.094
D8B 0.739 2.166 4.800 1.024 1.008 X8MH2X 4.744 2.079
D5C 0.746 2.187 2.968 1.022 1.008 X8MH3A 4.783 2.063
D6C 0.750 1,198 3.785 1.023 1.008 D8B 4,800 2.166
X7MH2A  0.754 2,210 4.835 1.018 1.006 'D7A 4,803 1.989
§3-2 0.787 2.309 2.156 1.027 1.009 X7MHZA 4.835 2.210
D7C 0.804 2.357 4.028 1.021 1.007 X7MH2B 5.000 2.139
S2-4 0.809 2.371 3.245 1.017 1.006
2.5- 52-5 0.897 2,630 3.073 1.018 1.006 (1) Computed value less than the minimum V&
§3-1 0.902 2.644 2.870 1.027 1.009
S1-4 0.998 2.926 2.210 1.036 1.012

28




.I
l A—-a
l

o--8

] ‘\\ &
- o o Lo &
T “\\ — K‘\‘\, -
‘\N a
v A 3 a
)\ Sy

Loio lozo 1030 Lo40 1050 1.0B0 1070 1080 1090 1100 Lo L1zo LI30
& ALPHA — — A AND BETA—=— O

Fig. 5.5, Velocity distribution coefficients versus depth of flow in a circular cross section.

L 4

F‘“"tteﬂpﬁ was made to find a relation between partia11§ full and having Reynolds numbers between
lcjens.  CCity and the velocity distribution co- 0.4 x 10> and 3.00 x 105. In the smaller Reynolds
““'t‘:‘ It may be seen from Table 5.4 that for numbers, the observed velocity distribution coefficients
ot oo Of depth the variation of mean velocity are greater but display greater dispersion about a

" Tesult in a consistent variation in a and 8. smooth curve. In the larger Reynolds numbers the

Be values trend toward invariance with lesser dispersion.
tion ¢ Of the limited range of the Darcy-Weisbach | The relation between « and B has been demonstrated

8 tor and the mean velocity, the variation in | both theoretically and experimentally to be expressible
any 2T€ identified primarily with the Reynolds as (a-1)/(B-1) = 2.3 to 3.0. The value of 3.0 is
~ " Secondarily with the depth of flow. representative of the experimental results. A
E: representative value of a for the experimental
of Results conditions is 1.03, and a representative value of
he resy) & g for the experimental conditions is 1.01.
dcally. S of this study are applicable to X

Smooth circular cross sections flowing
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Chapter 6

BOUNDARY CONDITIONS OF EXPERIMENTAL CONDUIT

6.1 Definitions of Boundary Conditions

Adequate knowledge of boundary conditions is
necessary for solving the two partial differential
equations of gradually varied free-surface unsteady
flow. Many physical conditions impose these boundary
conditions, which are independent of the solution
methods. These boundary conditions must be defined
physically and mathematically whenever feasible.

Physical conditions impose boundary conditions on
the two quasi-linear hyperbolic partial differential
equations of unsteady flow. Five of these conditions
follow:

1. The inflow flood hydrograph conditions,
described by a specific discharge entering the experi-
mental conduit at each instant of time. The discharge
is assumed to be independent of flow conditions in the
conduit; hence, the inflows produce no effect on the
system. These conditions may be well satisfied in
nature, provided no reflected wave tends to alter the
discharge-time relation of inflows.

2. The free-outfall conditions at which the depth
of flow is considered to be critical. These result
in a unique relation between the discharge and the
depth at the outlet. There is no reflected wave in the
case of a free outfall.

3, The controlled-outlet conditions at which
the depth and discharge may be related through an
exponential relation. Although they are not mathe-
matically different from the free-outfall conditions,
they produce a different physical effect in the form
of a reflected wave moving in the opposite direction
of the main flow.

4. Changes in conduit geometry result in local
losses. These concentrated energy losses are not
accounted for in conduit friction factors and in the
unsteady flow equations, thus they may be considered
as boundary conditions. These boundary conditions are
then used to integrate both flows upstream and down-
stream of these geometric singularities. A change in
boundary geometry may result in one of the two alter-
natives. One alternative is in flow passing through
the critical flow at geometric singularities. In this
case the boundary conditions upstream of the boundary
singularities are the same as described under (1).

The downstream boundary conditions are then the same
as those described under point (3). The second
alternative is in the flow not passing through the
critical stage. In this case the relation between
the upstream and downstream depths and the correspond-
ing energy loss at singularities must be known. This
relation of energy loss to the two depths produce the
boundary conditions in the solution of partial differ-
éntial equations of unsteady flow.

5. A moving hydraulic jump, a bore, or a break-
ing wave may also be considered as boundary conditions.
The previous four dictates of boundary conditions were
considered to be fixed in space. Similar moving
boundary conditions exist in the case of moving
mechanisms along the conduit with energy dissipation.
In this case, it is necessary to determine whether
the jump, the bore, or the breaking wave exists at
each point of the conduit in time and space. If these
conditions exist, then the appropriate energy loss
relations are applxed as boundary conditions.
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. critical depth, so the initial water surface

The preceding five aspects of boundar
have presumed that the condition of sub-cp
exists in at least one of the regions of u
For the condition of super-critical flow
the conduit region, including both the in
flow conditions, both of the required bo
tions occur at the same space location,
unsteady flows equations require that th
conditions relate depth and discharge as
time. An acceptable alternative is an e
depth as a function of discharge which in
function of time. The mathematical repres
this relation is readily available. Howeve
physical situations that produce these re
be of various types. One possible phys
tion of these conditions is an undershot g
its rate of rise controlling the depth as |
of time. To obtain the discharge also as
of time requires a time-varying head on th
which is independent of the gate opening
conditions for super-critical flow are not r
reproduced in physical experimentation.

Storm drains for urban or highway dra:
have any of the above five boundary condi
pumping storm waters into or out of a dra
may meet any one of the discussed cases of
conditions, Apart from energy losses at ju
the boundary conditions discussed in Chap
only two boundary conditions discussed in
are: (a) the inflow hydrograph, and (b)
time or depth-discharge relation at eithe
or downstream end of the reach. The selecti
location of this latter condition depends om
the base flow is in the super-critical or ;
critical regime. The following discussion I
the sub-critical flow, in which case the s
boundary condition is at the downstream end
physical condition then may best be expres
depth versus discharge relation.

For a free outfall the depth was ass

was that of a drawdown profile. The locati
critical depth as normally computed does
the end of the physical conduit but at some
upstream. Subchapter 6.2 describes the pro:

used to evaluate this distance. A

The second boundary condition imposed in
experiments at the downstream end was that
stricted opening. This insured that the
was always greater than the normal depth.
duced an initial condition of a backwater S
profile. Subchapter 6.3 describes this b
condition.

6.2 Free Outfall Boundary Conditions

Definitions and assumptions. The free ©
at the downstream end of a prismatic channel
considered as that condition for which th
energy of flow is at a minimum for a given dl
Mathematically this condition may be expres

S [%

in which Q is the discharge, B is the sus
width, A is the cross-sectional area, and



y onal acceleration. This expression is

.yiztzissgumptions, namely, the pressure distri-
g:, hydrostatic, and the kinetic energy may be

" 4 through the mean velocity.

. first assumption is invalidated in the
nity of the free outfall because of the significant
o of streamlines. Furthermore, the pressure
‘pottom of the end cross section must be

jc, or the relative pressure is zero. Thus,
ential portion of the total energy head,
ve to the channel bottom, is actually less than
ssumed in the development of Bq. 6.1.

‘The second assumption depends on a uniform velo-
distribution in the cross section. The more the
v distribution differs from the uniform distri-
for the same mean velocity, the greater will
true kinetic energy as compared to the assumed
energy. Based on the previous evaluation of
ocity distribution coefficient o being close
it may be assumed that this second assumption

ptable.

imental observations and results, The

se of taking experimental measurements was to

mine the location of critical depth as compared

e depth computed from Eq. 6.1. This position

served as the location of the downstream boundary.

er-surface profiles were measured for a range of
jarges from 2.10 to 16.62 cfs. The channel slope

from 0.000032 to 0.001022,

~ Table 6.1 presents the 14 conditions of discharge
| slope and the corresponding ratios of end depth
: computed critical depth. Figure 6.1 presents
water-surface profiles for the same conditions
{ ith the locations of the computed critical

LE 6.1. Observed end to critical depth ratios.
Data values of free outfall (diameter

2,926 ft).

y./y

Slope Discharge e-c
.001022 2.10 0.731
.000132 3.26 0.746
.000032 4.14 0.758
.001022 4.58 0.749
-000032 7.96 0.776
000520 7.98 0.764
.001022 8.26 0.751
.000032 11.98 0.761
.001022 12.92 0.740
.000520 15.97 0.739
-001022 16.02 0.752
-000032 16.04 0.726
.000132 16.64 0.753
.000032 19.62 0.761

Mean = 0.750

Conclusions. Within the range of observed end
depths, the mean ratio of end-depth to critical depth
is 0.750. The ratios tend to be smaller than the mean
ratio for the lower depths. The location of computed
critical depths from the conduit end varied from less
than 3.5 times the critical depth to almost 5.5 times
the critical depth. A location of 4.5 times the
critical depth was considered typical and was used in
the subsequent computations of solution of partial
differential equations of unsteady flow. This re-
duction of the integration length for the numerical
solution of unsteady flow is probably insignificant
and could be safely ignored in application.

6.3 Controlled Outfall Conditions

Mathematical simulation of the downstream boundary
conditions for controlled outflows required the cali-
bration of an end restriction. Any geometric confi-
guration was acceptable providing it satisfied certain
criteria:

1. The discharge as a function of depth can be
expressed simply by Q = my", in which m and n
are constants and y is the depth of flow upstream
of the restriction.

2. The restriction is not great enough to cause
the conduit to flow full under the maximum anticipated
hydrograph discharge.

3. The velocity distribution of approaching flow
is symmetrical and does not differ appreciably from
the undisturbed flow.

These criteria were satisfied by restriction consisting
of five 7-inch vertical wooden slats held in position
by 2.5-inch wide vertical aluminum H-sections. The
clear opening was 5 inches between supports. The
discharge could thus be controlled by varying the
vertical position or by removing one or more of the
slats.

Calibration of various combinations of openings
was made by measuring the water surface elevation
approximately 20 feet upstream of the control and
the corresponding discharge. For the range of dis-
charges anticipated in the unsteady flow runs it was
concluded that the best combinations of openings was
with the three center slats removed.

For this condition the relation between discharge
and depth was determined to be

Q = 4.84 y235

(6.2)
This relation was applied for depths between approxi-
mately one-third and eight-tenths of the full diameter.
and at 20 feet upstream from the conduit end (the
802.71 ft. station).

This gate configuration and the relation of Eq.
6.2 were used for all subsequent boundary condition
evaluations in which the backwater profiles were the
initial condition. No attempt was made to modify
this steady state relation for the unsteady flow
state.
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Fig. 6.1. Location of critical depth at the free outfall of a circular cross section.
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. pefinition of Initial Conditions
R =

R integration of the two partial differential

ons of gradually varied free-surface steady flow
that the initial values of velocity and depth

at a given position in time and space. These

are independent of the insuing solutions and may

pitrarily established, Realistically, the§e

.1 conditions should be the result of physical

conditions.

‘For this study the initial conditions are the

' steady flow of the hydrograph base dis-

o. A mathematical expression for this condition

ordinary differential equation.

S, - S¢

%._"_—2- , (7.1)
d
1+ 3;- §§;§

. y is the depth at the position x, x is
distance along the channel, S, is the bed slope,
is the friction slope, a is the energy velocity
ribution coefficient, Q is the steady discharge
‘the hydrograph, A is the cross-sectional area,

g is the gravitational acceleration.

The slope of the energy gradient, Sg, was
luated by the Darcy-Weisbach equation based on the
-ion factor evaluation described in Chapter 3.

Comparisons were made between the computed and
observed water-surface profiles for non-uniform

flow. The objective of these comparisons was
test the validity of the theoretical and numerical
inations of initial conditions.

Computational Procedure and Results

Determining the depth at specified positions
the conduit was accomplished by a Newton-Raphson
Tation of Eq. 7.1 to a tolerance of 0.001 foot of
. The given information included discharge Q,
el slope S;, friction factor f, velocity dis-
ion coefficient «, position x along the con-
of points of observed depth, and observed or
tgcsl depth at the extreme downstream position.
‘Pth_0§ flow in feet was observed at the following
iltlﬁ-su:].ons with respect to the upstream end of the
n i 20,00, 197.92, 406.07, 509.64, 613.20,
4L, 772,71, and 821.00.

The boundary conditions for the determination of

i -_.!teady non-unif. X > s
Bt 1 3 o
#5tabl shog - rm flow as initial conditions were

tha, &:l nfor the mild slope profiles 1t depths greater
&t tgrmal depth (M-1 type curves) the observed
(b f: 802.?17foot station was used, and
-‘fiticalr the mild slope profiles at depths between
od criti_ind the normal depth (M-2 type curves) the
dea) g ical depth at a position of 4.5 times the
Pth upstream of the conduit end was used.
"'1:: :::t“me“n'SQUQTB (RMS) deviation between the
Tent valz°mputed depths was computed for three
 Valyes o> Of o (1.00, 1.02, and 1.05), and

of f (.011, .012, and .013). The wu-

Were selected on:
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(a) the usually assumed value of 1.00 in lieu
of better information as to its true value;

(b) the value of 1.02 as a representative
of the values within the range of expected depths. and

(c) the value of 1.05 as being an extreme for
the flow in a uniform conduit with free-surface water
flow.

The friction factors were selected according
to the most reliable constant value throughout the
range of expected depths and velocities, and approxi-
mately 10 percent more and less this constant value.
It was to be expected that these values would include
an engineering estimate of the best constant value for
the friction factor of smooth conduits in the expected
range of Reynolds numbers. The results of these com-
putations are given in Tables 7.1 and 7.2,

The invert of the experimental conduit deviated
from a mathematically uniform slope as indicated in
Table 2.3. Since the actual depth of flow above this
slightly irregualr invert may not be expected to agree
with the computed depth, an adjusted depth was computed
at each position. The adjusted depth was based on the
depth that would have occurred with the same total
energy but with the invert on the mean slope. The
root-mean-square deviations for the adjusted depths are
given in Tables 7.4 and 7.5.

7.3 Discussion of Comparison of Backwater Calculations

The data presented in Tables 7.1 and 7.2 were
analyzed in terms of the mean values of the root-mean-
square deviations for each friction factor and «-
coefficient. The consolidated results are presented
in Tables 7.3 and 7.4. These results do not indicate
any strong tendency for a smaller root-mean-square
deviation for the friction factor and «- coefficients
previously estimated for this conduit, i.e., 0.012, and
1.02. A representative root-mean-square deviation for
the conditions observed is approximately 0.025 foot for
both the M-1 and M-2 type surface profiles of backwater
curves. There is a larger spread of deviations for
changes in the friction factor than for changes in the
velocity distribution coefficient «.

7.4 Conclusions

Based on the preceding results, it is concluded
that a steady non-uniform water-surface profile can be
accurately computed as the initial conditions for the
solution of unsteady flow equations. It is also con-
cluded that the evaluation of the friction factors is
more important than the evaluation of velocity dis-
tribution coefficients, The solutions of these equa-
tions utilize the variation of the friction factor
with the Reynolds number, as given in Chapter 3, to
compute Sg of Eq. 7.1. Since the variation of
velocity distribution coefficients did not produce
significant differences in solutions of unsteady flow
equations, subsequent computations utilize an a-
value of one in Eq. 7.1.



TABLE 7.1. The root-mean-square deviations for M-1 type backwater curves with the normal
smaller than the initial depth
a=1.00 a =1.02 a=1.05

Run Q Normal Initial*
N e Depth Joriei- Criti- Criti-

cal . RMS Dev. cal RMS Dev. cal RMS Dev.

Depth Actual Adjusted Depth Actual Adjusted Depth Actual Adjusted
§3-3 14.10 1.834 2.074 1.205 0.075 0.077 1.211 0.074 0.074 1.220 0.075 0.074
$3-5 7.96 1.269 1.554 0.89 0.034 0.034 0.900 0.034 0.034 0.907 0.034 0.034
§3-6 6.21 1.097 1.107 0.788 0.034 0.034 0.792 0.034 0.034 0.798 0.034 0.034
§3-7 2.04 0.594 1.028 0.446 0.016 0.014 0.448 0.019 0.016 0.452 0.019 0.016
53-8 1.42 0.490 0.621 0.371 0.025 0.024 0.373 0.025 0.025 0.376 0.025 0.025
S$3-3 14.10 1.893 2.074 1.205 0.066 0.065 1.211 0.067 0.065 1.220 0.066 0.065
§3-5 7.96 1.303 1.554 0.896 0.027 0.026 0.900 0.021 0.026 0.907 0.027 0.025
§3-7 2.04 0.608 1.028 0.446 0.017 0.016 0.448 0.017 0.016 0.452 0.018 0.016
S3-8 1.42 0.501 0.621 0.371 0.022 0.029 0.373 0.023 0.023 0.376 0.022 0.023
$3-3 14.10 1.950 2.074 1.205 0.061 0.058 1.211 0.059 0.058 1.220 0.060 0.058
§3-5 7.96 1.335 1.554 0.896 0.022 0.021 0.900 0.022 0.021 0.907 0.022 0.020
§3-7 2.04 0.621 1.028 0.446 0.018 0.015 0.448 0.018 0.015 0.452 0.018 0.015
$3-8 1.42 0.512 0.621 0.371 0.020 0.020 0.373 0.020 0.020 0.376 0.020 0.020
X6A 13.20 1.415 1.441 1.164 0.027 0.040 1.170 0.029 0.040 1.179 0.029 0.040
X6B 13.20.1.415 1.757 1.164 0.016 0.032 1.170 0.017 0.032 1.179 0.016 0.033
X6C 13,20 1.415 2.379 1.164 0.021 0.020 1.170 0.021 0.020 1.179 0.021 0.020
X9A 20.30 1.884 2.341 1.457 0.062 0.060 1.465 0.067 0.062 1.476 0.067 0.062
X10B 16.00 1.599 1.990 1.287 0.042 0.039 1.293 0.041 0.039 ==---= ==-==  =====
X12A 8.20 1.066 1.697 0.909 0.022 0.024 0.914 0.023 0.024 ----- ---on  —cens-
X128, 8.20.:1-066..1.104 , 0:909 0614 ,0:012 .0.914 10.014,:  0.035 =mem= =;nemielicaccs
X6B 13.20 1.454 1.757 1.164 0.023 0.020 1.170 0.022 0.020 1.179 0.022 0.020
X6C 13.20 1.454 2.379 1.164 0.021 0.018 1.170 0.021 0.017 0.179 0.020 0.018
X9A 20.30 1.945 2.341 1.457 0.023 0.020 1.465 0.077 0.064 1.476 0.071 0.073
X10B 16.00 1.646 1.990 1.287 0.050 0.042 1.293 0.048 0.042 1.303 0.047 0.041
X12A 8.20 1.093 1.697 0.909 0.019 0.017 0.914 0.019 0.018 0.921 0.019 0.018
X12B 8.20 1.093 1.104 0.909 0.018 0.026 0.914 0.018 0.026 0.921 0.015 0.026
X12C 8.20 1.093 1.109 0.909 0.015 0.028 0.914 0.015 0.028 ----= ==cen  —oe-s
X13A 4.68 0.798 0.833 0.681 0.018 0.030 ----= =--e=  co-eo mmmem mmmen coeee
X13B 4.68 0.798 1.079 0.681 0.013 0,022 ----= =-con  co-on mmmen mmeen aeeee
X12C 8.20 1.093 1.109 -=-=- c---e cmeea 0.914 0.015 0.028 ---== ~—;emcm eeen
X12D 8.21 1.093 1.053 -=-=-- -—---=  ——--- 0.915 0.044 0.040 ----- =-==-=  —=--=
X6B 13.20 1.491 1.757 1.164 0.033 0.026 1.170 0.035 0.026 1.179 0.032 0.026
X6C 13.20 1.491 2.379 1.164 0.026 0.022 1.170 0.026 0.022 0.179 0.026 0.022
X9A 20.30 2.006 2.341 1.457 0.044 0.045 1.465 0.046 0.045 1.476 0.091 - 0.080
X10B 16.00 1.690 1.990 1.287 0.060 0.054 1.293 0.060 0.053 1.303 0.059 0.053
X12A 8.20 1.119 1.697 0.909 0.0024 0.021 0.914 0.023 0.020 0.921 0.022 0.018
D4C 12.92 1.388 2.225 1.151 0.026 0.026 1.157 0.027 0.027 1.166 0.028 = 0.028
p6C 20.51 1.883 2.253 1.465 0.040 0.040 1.473 0.040 0.040 1.484 0.041 0.042
DIC 2.10 0.516 1.417 0.453 0.020 0.023 ===-= ===== === 0.458 0.021 0.023
D2C 4.58 0.784 2.293 0.674 0.011 0.010 =-=--= =-==s  ==o=e ceemee mame-e e--e-
D4C 12.92 1.425 2.225 1.151 0.016 0.016 =~---- =-====  —=o-- 1.166 0.017 0.017
D6C 20.51 1.945 2.253 1.465 0.025 0.024 1.473 0.025 0.024 1.484 0.025 0.023
D1C 2.10 0.527 1.417 0.453 0.019 0,022 0.455 0.020 0.022 ---=-- =cee=  —=-a-
D2c 4.58 0.801 2.293 0.674 0.011 0,010 0.677 0.011 0.012 0.682 0.011 0.010
p4C 12,92 1.462 . 2.225, 1.151 0.012. 0.011, .1.157 (10.012 Q.011, 1,166, ,0.011 .,,0.011
DéC 20.51 2.006 2.253 1.465 0.027 0.026 1.473 0.027 0.026 1.484 0.027 0.025
DIC 2.10 0.504 1,417 ===== ===c=  ===a= 0.455 0.021 0.024 =-=-=v =-oes  aeaee
D2C 4.58 0.766 2.293  ---=s ssm-ee —eeee 0.677 0.012 0.011 =--=-= =====  «e---

*Observed depth at the 802.71 ft. station.




TABLE 7.2. The root-mean-square deviations for M-2 type backwater curves with the normal depth
greater than the initial depth s

e
Observed a=1.00 o =1.02 a=1.05
f £ 51
Q Normal values o ope
%:‘ cfs Depth Initial .
¥ ft Depth Criti- Criti- Criti-
£t cal RMS Dev. cal RMS Dev. cal RMS Dev.

Depth Actual Adjusted Depth Actual Adjusted Depth Actual Adjusted

.55.4 14,41 1.863 1.768 1,218 0.040 0.036 1.225 0.040 0.036 1.234 0.040 0.036 0.011 0.000520

§3-4 14.41 1.923 1.768 1.218 0.042 0.038 1.225 0.039 0.039 1.234 0.033 0.041 0.012
§3-6 6.21 1.125 1.107 0.788 0.026 0.025 0.792 0.025 0.024 0.798 0.026 0.025 0.012
§3-4 14.41 1.962 1,768 1.218 0.045 0.042 1,225 0.043 0.042 1.234 0.045 0.041 0.013
6.21 1,152 1.107 0.788 0.021 0.019 0.792 0.021 0.024 0.798 0.020 0.019 0.013
X6-E 13.20 1.415 1,331 1.164 0.028 0.044 1.170 0.028 0.044 1.179 0.027 0.044 0.011 0.001001
X7-A 25.90 2,301 2,122 1.656 0.056 0.051 1.664 0.065 0.059 1.677 0.065 0.052 0.011
X7-B 25.90 2.301 1.828 1.656 0.055 0.062 1.664 0.066 0,072 1.677 0.067 0.072 0.011
X7-C 25.90 2.301 1.831 1.656 0.072 0.074 1.664 0.065 0.070 1.677 0.067 0.074 0.011
¥s-B 23.70 2.124 1,753 1.580 0.019 0,042 1.589 0.023 0.043 1.601 0.022 0.043 0.011
X8-Cc 23.70 2.124 2,023 1.580 0.027 0.036 1.589 0.027 0.034 1.601 0.026 0.034 0.011
X9-B 20.30 1.884 1,619 1.457 0.061 0.066 1.465 0.061 0.066 1,476 0.060 0.066 0.011
%9-C 20.30 1.884 1.832 1.457 0.061 0.061 1.465 0.061 0.061 1.476 0,065 0.060 0.011
X10-A 16.00 1,599 1.579 1.287 0.013 0.032 1.293 0.013 0.030 1.303 0.013 0.030 0.011
X10-C 16.00 1,599 1.448 1.287 0.023 0.043 1.293 0.023 0.043 ----- --oon  —ceee 0.011
A6-A 13.20 1.454 1.441 1.164 0.018 0.024 1.170 0.018 0.025 1.179 0.018 0.025 0.012
X6-E 13.20 1.454 1.331 1.164 0.020 0.034 1.170 0.020 0.011 1.179 0.020 0,034 0.012
¥8-B 23.70 2.289 1.753 1,580 0.066 0.080 1.589 0.079 0,082 1.601 0.082 0,085 0.013
X8-C 23.70 2.289 2.023 1,580 0,052 0.047 1.589 0.051 0.048 1.601 0.052 0,048 0.013
X9-B 20.30 2,006 1.619 1,457 0.098 0.086 1.465 0.091 0.087 1.476 0.095 0.090 0.013
X%9-C 20,30 2.006 1,832 1.457 0.091 0.080 1.465 0.092 0.081 1.476 0.091 0.080 0.013
X10-A 16,00 1.690 1,579 1.287 0.045 0.043 1.293 0.046 0.042 1,303 0.046 0.043 0.013
X10-C 16.00 1.690 1.448 1.287 0.048 0.053 1.293 0.049 0.054 1.303 0.050 0.055 0.013
X12-B 8.20 1.119 1.104 0.909 0.026 0.026 0.914 0.026 0.026 1.303 0.050 0.053 0.013

DIB 2.10 0.504 0.464 0.453 0.026 0.037 0.455 0.026 0.036 =----= =====  -==-- 0.011 0.001022
D2A 4,58 0.766 0.696 —--ec eaccms  eceao 0.677 0.050 0.056 0.682 0.050 0.055 0.011
D2B 4.58 0.766 0.724  -—--e- comen —eee- 0.677 0.037 0.040 0.682 0.037 0.037 0.011

Dap 12,92 1.388 1.292 1.151 0.032 0.037 1.157 0.034 0.035 1.166 0.034 0.034 0.011
DSB  16.02 1.590 1.450 1.288 0.032 0.033 1.294 0.032 0,032 1.304 0.032 0.032 0.011
DéB 20,51 1.883 1.737 1.465 0,038 0.038 1.473 0.039 0.040 1.484 0.038 0.038 0,011
D7B  23.51 2.092 1.926 1.574 0.024 0.024 1.582 0.024 0.024 1.594 0.024 0.024 0.011
, DBB  25.60 2.253 2,029 1.646 0.029 0.029 1.654 0.028 0.028 1.667 0.028 0.028 0.011

D1B 2.10 0.516 0.464 0.453 0.023 0.034 0.458 0.020 0.036 0.012
D2A 4.58 0.784 0.69% 0.674 0.039 0.044 0.682 0.038 0.044 0.012
D2B 4.58 0.784 0.724 0.674 0.029 0.033 ----= -c-on  —--ee 0.682 0.032 0.033 0.012
D4B 12,92 1.425 1.292 1.151 0.021 0.020 1.166 0.021 0.020 0.012

DSB  16.02 1.636 1.490 1.288 0.018 0.017 1.294 0.019 0.017 1.304 0.019 0.016 0.012
D6B  20.51 1.945 1.737 1.465 0.025 0.023 1.473 0.025 0.023 1.484 0.024 0.023 0.012

D7B 23,51 2,170 1,926 -~--== -====  ~-oa- 1.582 0.025 0.022 1.594 0,025 0.023 0.012
D8B  25.60 2,352 2,029 ~---= —-=m=  m--ee 1.654 0.024 0.018 1.667 0.021 0.018 0.012
DIB 2.10 0.527 0.464 0.453 0.020 0.034 0.455 0.017 0,032 ---== ==-=s  —--ee 0.013

D2A 4,58 0.801 0.696 0.674 0.028 0.034 0.677 0.028 0.035 0.682 0.027 0,035 0.013
D28 4,58 0.801 0.724 0.674 0.029 0.025 0.677 0.031 0.025 0.682 0.026 0.023 0.013
D4B 12,92 1,462 1.292 1.151 0.025 0.024 1.157 0.027 0.025 1.166 0.024 0.020 0.013
DSB 16,02 1.680 1.490 1.288 0.030 0.026 1.294 0.030 0.027 1.304 0.032 0.028 0.013
D6B  20.51 2.006 1.737 1.465 0.037 0,035 1.473 0.038 0.035 1.484 0.037 0.035 0.013
DB 23,51 2,250 1.926 1.574 0.049 0.088 ----= —-eno  momee 1.594 0.052 0,050 0.013

$21  5.61 1.565 1.210 0.748 0.035 0.034 0.752 0.036 0.033 0.757 0.036 0.034 0.011 0,000132
S2-6  4.71 1.400 1.012 0.684 0.035 0.034 0.687 0.034 0.033 0.692 0.034 0.033 0.011
S2-7 3,44 1.159 0.611 0.582 0.035 0.035 0.585 0.033 0.034 0.590 0.032 0.033 0.011
S2-8  1.06 0.604 0.339 0.320 0.044 0,042 0.322 0.043 0.041 0.324 0.043 0.040 0.011
S2-1 5.61 1.608 1.210 0.748 0.029 0.028 0.752 0.030 0.027 0.757 0.030 0.027 0.012
S2-6 4,71 1,438 1.012 0.684 0.028 0.026 0.687 0,028 0.026 0.692 0.028 0.026 0.012
S2-7 3,44 1,189 0.611 0.582 0.027 0.027 0.585 0.025 0.025 0.590 0.024 0.025 0.012
gg-s 1.06 0.618 0.339 0.320 0.037 0.035 0.322 0.038 0.035 0.324 0.037 0.035 0.012
-1 5.61 1,651 1.210 0.748 0.026 0,023 0.752 0,025 0.022 0.757 0.025 0.022 0.013
S2-6 4,71 1.475 1.012 0.684 0.022 0.020 0.687 0.022 0.020 0.692 0.022 0,020 0.013
$2-7  3.44 1,218 0.611 0.582 0,020 0.020 0.585 0,018 0.019 0.590 0,017 0.018 0,013
52-8  1.06 0.631 0.339 0.320 0.033 0.030 0.322 0.032 0.030 0.324 0.032 0.029 0.013

TABLE 7.3, Difference in computed and observed depths, | TABLE 7.4. Difference in computed and observed depths,
root-mean-square values in feet for M-1 root-mean-square values in feet for M-2
type curves type curves

;“-——-—.__

elocit: i
:é:;‘@bition Friction factor f :i:giizztion Friction factor f
ficient  0.011 0,012 0.013]0.011 0.012 0.013 coefficient 0.011 0.012 0.013|0.011 0.012 0.013
a Root-mean-square values Root-mean-square values
Unadjusted depth Adjusted depth T Unadjusted depth Adjusted depth
:-gg 0.026 0.020 0.023/0.033 0.023 0.022 1.00 0.035 0.026 0.030(0.037 0.030 0.034
1'05 0.024 0,024 0.023{0,033 0.026 0.022 1.02 0.034 0.025 0.030(0.040 0.026 0.031
___‘;q__h___ 0.024 0.022 0.024{0.031 0.023 0.021 1.05 0.036 0.026 0.036/0.041 0.026 0.037
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" Chapter 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

After considering the analysis and discussion of
the various evaluations of geometric and hydraulic
parameters in Chapters 2 through 7, the following major
conclusions are drawn:

1. Geometric parameters can be well evaluated for
the circular storm drain; errors in depth measurements,
errors from the assumed ellipticity and inclination of
cross sections, and errors from undulation of inverts
are all well within tolerable limits.

2. Because the 822-foot experimental storm con-
duit is a hydraulically smooth pipe, the relation
between the Darcy-Weisbach friction factor (f) and

the Reynolds number (Rg) may be well approximated
by a power function, £ = 0.10939 Re'0'17944, with
4 5

the Reynolds number in the range 3 x 10" to 6 x 10
for the steady flow conditions. An average Darcy-
Weisbach friction factor of 0.012 is a representative
value of the conduit roughness, for this range of R,.

3. Under steady-flow conditions, for the lateral
inlet with its upper position in the junction box,
the power loss relation for junction box losses is

P12 T
Yr Tig wngees T DaTlas

and for the lateral inlet with its lower position in
the junction box the power loss relation is

-2.78 + 1.71 D
P T

¥ ", 7 322w GIeTD, Mred

4, The relation between the velocity distribution
coefficients, o and B is approximately (a-1)/
(B-1) = 3.0 for the experimental results obtained
under the steady-flow conditions, with representative
(average) values of a = 1.03 and A = 1.01 for the
experimental conditions.
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5. The relation between discharge
depth (y) at the controlled outfall of th
for steady flow conditions can be well ap
by an exponential function of the form Q
The values of the constants m and n d
shape and size of the arbitrary opening of
controlled outfall. j

6. For conduit slope less than 0.
ratio of end depth to critical depth obta
conduit free-water outfall and for the st
conditions is 0.750.

7. By examining the sources of exp
errors, it is possible to establish bour
initial conditions, with the errors within
limits.

q
8.2 Recommendations for Further Experin | 1

1. For storm drains of circular cross
flow characteristics change significantly
flow is at nearly full pipe because of ¢h
pressure. A criterion should be develop
the applicability of partially full flow
conduits when the water surface approaches
duit.

2. The influence of changes in boun
in the unsteady flow regime on the estimat
friction factors and the velocity distrib
ficients suggests that further studies of
would be beneficial, with new ideas, diff
mentation and new and appropriate inst

3. The evaluation of flow resistance
study is limited to turbulent hydraulical
boundaries. Similar evaluation should be
for turbulent hydraulically rough bounda:

4. Because storm drains may have s
in physical boundary geometry (such as wat
with partial backwater effects of downst
on upstream flow, use of pumps for remov
water at particular points, and similar)
investigations should be conducted to p2
evaluate these particular boundary conditiol
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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 descript
of various finite-difference schemes based on explicit methods include the “unstabldml
diffusing, upstream differencing, leap frog, and Lax-Wendroff schemes. Stability qné
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. 0&'
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
using the second-order interpolations, is the most accurate numerical integration sch

of all those studied. Flow charts, computer programs, variable conversion tables,

and sample inputs and outputs, for the three numerical computer schemes, the difquﬁij

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




eral Classification of Partial Differential
E;‘Et ions

partial differential equations of physical pro-
ceps fall within one of three forms, depending on
aracter of the coefficients of the partial
tives. The equations expressing the one-

onal gradually varied free-surface unsteady

, result in what is termed the hyperbolic form of
lal differential equations. These equations are
rized by the initial conditions of the

t variables being known, given, or independ-
evaluated at all distance positions for the
ected as zero, the boundary conditions being
pendently established at two distance locations,
he process being continued indefinitely in time
‘the established boundary conditions. As time
ses, the effect of the initial conditions be-
less influential as the boundary conditions

te the process.

The hyperbolic partial differential equations
the elliptic differential equations in which
process is not time dependent. In this case the
conditions are the boundary conditions and
independent of time. A typical process described
‘this form is a two-dimensional temperature distri-
0N in a thin plate with prescribed boundary con-

5 along the edges.

The third type of partial differential equations
Parabolic equations, with the solution require-
being similar to the hyperbolic form. The

o Piest parabolic equation is the one-dimension
“at=flow equation.

;'tﬂ subsequent text only the hyperbolic partial
w5 tial equation for gradually varied free-
- 9C€ unsteady flow are discussed.

L2 e
l §¥§EEQEEIL§EG Momentum Equations of Unsteady

—_—

"_jhe two basic quasi-linear hyperbolic partial
Sy ial equations of gradually varied free-surface
ﬁ; flow are derived in Chapter 3, Part I, Hydro-
Per No. 43, as Eqs. 3.23 and 3.19, and are

.;;hi?d here in their final dimensionless forms.
“iHnuity equation is

A
at

VB » (l'l)

1
v

FLOOD ROUTING THROUGH STORM DRAINS

Part IV

NUMERICAL COMPUTER METHODS OF SOLUTION

V. Yevjevich* and A. H. Barnes**
Chapter 1
INTRODUCTION

and the momentum equation is

aV v

av A
g 9x

= - B . (1.2)

&

(SQ-S

B 3V
+Eﬁ+ f)

in which

the cross-section area,

the mean cross-section velocity as a dependent
variable,

= 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.

= =
| non

»
n

(LI R (R | T | |

- wnoe ™ t
Pm e

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

£v2

SE=ammt

(1.3)

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

ity -Charge of Hydrology and Water Resources Program, Dept. of Civil Engineering, Colorado State

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
reference list in Appendix 2 of Hydrology
43 (Part I of this series of four papers)

Graphical solutions. The graphical
equations for free-surface unsteady flow
characterized by the following procedure,
of the disturbance in the distance-time
(x,t) - plane, is computed from the simpl
relation 3

in which V is the mean velocity of flow
hydraulic depth (A/B) in any cross-se
and g is the gravitational acceleration

The term C = vgy, is usually refe
celerity of a small disturbance movin
water of a channel. The terms V + Vgy_
vgy, are called either the wave velocity
or the celerity of a small disturbance in
fluid [1, p. 10]. This latter term will
this paper when Eq. 1.4 is discussed or us
first derivative, dt/dx, in the (x,t)
is used as the measure of the celerities |
bances in the moving water, then the i
1.4 should be used as

dt 1
R A

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

In the discussion to follow the two ¢
of Eq. 1.5 will be referred to as the ch
directions, which are first derivatives
istic curves, defined in Chapter 3, Part
Paper No. 43. Along the characteristic et
wave phenomenon may be expressed by the t!
differential equations with two dependent
as unknowns. Thus, starting from the kn
of the dependent variables (V and y) at
locations in time (t) and position (X
direction of the characteristics may be g2
plotted. From these plots, the location ©
sections in time and position can be det
the known time (t) and position (x)
difference solution to the two ordinary
equations gives the corresponding depe
(V and y). Repeating the procedure,
proceeds along the time scale for the gi
channel or conduit, A

This procedure has been used extensiV
Parmakian in his book on waterhammer analy
Akers and Harrison presented a similar 2
free-surface unsteady flow in a circular
in their paper on attenuation of flood wWaV
partially full pipes, [4].

The limitations of graphical proc_;-
immediately evident when one considers

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




__rameters, initial and boundary conditions,
roblem.

= Thus the graphical solution has
s s ficgtion at present because of the labor
t perhaps for the visualization of

g encep hemes and the results to be

tal computer SC

erical solutions. Various numerical procedures
—sed in the past. The excessive pumber of
jons in order to progress the solution in
cever, has limited the application of these

‘two partial differential equations, 1.1 and
usually approximated by the two finite-

es equations, replacing the increments

dv, dy) by the finite differences (Ax,

AV, Ay). At the same time the partial derivatives
slaced by ratios of finite differences: 3V/sx
iax, 3V/at by AV/at, 3dy/dx by Ay/Ax, and

by Ay/ot. With Ax and At given, AV
&y are changes of dependent variables which
these finite differences.

The basic characteristics of the above finite-
ce approximations are: (1) the accuracy de-

on the size and relation of finite differences

] 4x; (2) the smaller the 4x, the more

the computation work, but also the greater

racy may be, and (3) the values of dependent

les computed for the end of a At become the

. values for the next At.

With the development of electronic computers,
provide fast and relatively inexpensive com-
dons, the past drawbacks in economy of performing
t operations of the finite-differences method of

ion are largely eliminated. The method is

Y favored inasmuch as it is the most accurate of
practical methods of flood routing in channels
tonduits. The advent of new numerical schemes

d this progress in the use of numerical methods
Solution by digital computers.

The results of integration are given for two
dent variables as functions V = F (x, t) and
t:gf’«'; t). These two functions represent surfaces
ths Space  (V, x, t) and (y, x, t). If there is
discontinuity in the four partial derivatives of
L.1 and 1,2, these discontinuities propagate along
channel, and the projection of the position of
tifl?u1t1es at surfaces F. and F, in the
QP ane"produces lines thdt are cafled ''character-
'ly'cor charactgristic lines". These lines are
Stres ::ve§, but in application may be replaced
At.g lines along the finite differences Ax

za”12° Simplified characteristic lines are usually
N the form

=01 /gy, ar, (1.6)

dv + 5

F- = -
2V.) .F(S° spdt (1.7

ar x

! 1: gqulvalent to Eqs. 1.1 and 1.2. The

for :ﬁthf Y«) should be expressed as a function
¢ 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 ¥gy,) with A(V £ 2 /gy,). 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, AV, and height change,
Ay, are considered as discontinuities traveling
with celerities V * /gy, (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 Ax 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 Eqgs. 1.1
and 1.2, or Eqs. 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 integrat
assumption of discrete increments of the
integration.

There are a large variety of nume
tion procedures available for the solut
St-Venant partial differential equations
varied free-surface unsteady flow. Ong
of categorization of these basic proc
consider solutions depending on the two ;
differential equations of 1.1 and 1.2 o
in the other method solutions depend on t
differential equation forms, Eqs. 1.6 an
same equations. How the forms of the o
differential equations are derived from
differential equations is shown in Chap
I, Hydrology Paper No., 43. o

1.5 Objectives of Studies Presented in |

The objectives of this paper are
the results of studies concerning the
tions by various finite-differences s
for the case of the two partial diffe
1.1 and 1.2, or for the case of the four
istics equations, 1.6 and 1.7, Chapter
applicability of various finite-differen
the numerical solution of the two partia
equations. Chapter 3 analyzes the vari
difference schemes in the numerical solu
four characteristic equations. The appl
various schemes is discussed at the end
these two chapters. Chapter 4 is a comp:
the best finite-difference schemes in th
numerical solution of partial different
and numerical solution of characteristic
Chapter 5 presents the conclusions and rec
for further research.



Chapter 2
INTEGRATION OF PARTIAL DIFFERENTIAL

EQUATIONS BY FINITE DIFFERENCES

pifference Methods

‘ginite-difference methods of numerical

-n to be discussed refer to the partial
“equations of gradually varied free-
teady flow. Because these equations do not
closed analytical solution, approximate

| methods of integration must be employed.
pumerical integration methods are funda-
‘finite-difference procedures some distinctions
various methods or schemes are appropriate.

‘this presentation, the term "finite-difference
11 refer to the approximation to the partial
ves as the ratios of differences of finite
f the dependent variables at fixed uniform
1 The ratios of finite differences will
e partial derivatives as the intervals or
ses become smaller. The basic definition of
derivative in x of a two-variable function,

[f(5 + AX, ii - f{xa_ZJ] . (2.1)

= lim
Ax+0

i g the right side of this equation, the partial
tive may be approximated as nearly accurate as
by selecting a small difference Ax.

solving De Saint-Venant equations 1.1 and 1.2
'énce approximations are made as follows. Since
are two independent variables and two dependent
s, designation of the time-distance locations
variables will be based on the subscripts and
Ppts of the variables. The subscript will

to the distance (space) location, and the super-
to the time location as shown in Fig. 2.1.

1

= i i+l

Distance Position x

B21. Deginition graph for the finite-difference
scheme,

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

it i
A T
ax 3 2
xi+1—xi (2.2)
i*l_i
Al U e
LN £ T 3
i i
: BIRE
e
9y . i+l °i
% ;}*‘j;; 5 (2.4)
5, s |
and
h i
b
oy - X i
3% T (2.5)
t -t

The unknown quantities in these expressions are
generally the values at the incremental time locations,

j+1. Thus Vi*l and yi*l
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+l, are determined
directly from the conditions at the preceding time, j.
Other explicit schemes are presented in the next sub-
chapter.

are the unknown values.

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

yitl _ yivl
1

aVv i+l

LA . AR T 2.6)

ax i DO 73 B (
a8

and

41 _ vl

. Ha (2.7

RN g ) «7)
isl ~ %

The partial derivatives in the case of Egqs. 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

1

V + /g AJB

"

s (2.8)

n.ln.
"1

in which V and A/B are the average values for the
specified finite differences, Ax and At 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 ((4A), due to the approximation
where A is the symbol of increment, either Ax or
At.

Substituting these approximations i
equations results in a pair of equations ;
knowns, velocity and depth, at the end o
interval.

The "unstable scheme' is inherently
is presented to demonstrate the simplest s
to permit comparison of stable schemes wi:
scheme.

The diffusing scheme is the simplest
It offers two approaches for computation.
consists of the staggered scheme as pres
Table 2.1. It uses known values of V
i-1 and the i+l distance positions at
compute the dependent variables at the di
i, at time t + At. This approach dete:
at all locations defined by i+j equal an
number. The other approach is to advance or
and thus compute the dependent variables a
intersection. This approximately double
putational time but produces results at oj
intervals of the first method.

In order for the diffusing scheme t
it is necessary that

Ry e Loy

& vV + /g AJB

be a condition throughout the computatiun._
progresses into the super-critical range,
tion is less likely to be fulfilled unless
arbitrary reduction in At is made. An
limitation of this scheme is the assumed lir
the dependent variables within the interva

i-1 to 1i+l.

The upstream differencing scheme is
diffusing scheme. The computer progralmlng,
is somewhat more involved because of the nt
deciding which representation of the dista
tive to use for each computation. For this
this scheme was not investigated in this s

The leap-frog scheme is an improvement :
diffusing scheme in that the time derivati’
estimated from the computed values of the
variables at the t - At time position.
limitation of this procedure is similar to
the diffusing scheme. An additional 1imit:
the required computer storage of computed
three successive times as compared to two .
times for the other schemes.

The previously described schemes all |
assumption of linearity between the time-
junctions for the description of the part
tives at the pivot point (i, j). An improV
this assumption is to recognize the rate-t
the derivative as defined by the known val
dependent variables at three points. The
method provides this recognition. The proc
described in detail in a following subcha
consistent reproduction of initial conditi®
constant discharge, regardless of the curV
water surface, is the benefit derived from
method.

The implicit scheme requires the soluti
system of simultaneous equations equal in
the number of distance intervals plus one.



Table 2.1 Various finite-difference schemes

UPSTREAM LEAP LAX
UNSTABLE DIFFUSING DIFFERENCING FROG WENDROFF IMPLICIT
COMPUTATIONAL
TEMPLATE
j+l *
X  Unknown i+ jtl i+l j+l i+l
o  Known 9 .
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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
summnarized 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 variables. 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+l1. The partial
derivative of U with respect to t is approximated

by
alu) . [AU
[32-. 2 [EE : (2.9)
i i
in which
s, =Wt wb (2.10)
Expressing Ui as an average
: U + U
g i | i-1
Ui 3 : (2.11)
then
; Wl !
suy = 03t . At : 2 0 (2.12)

and finally the finite difference approximation to this
partial derivative is

; :
R T T Y

AU i 2

(E? i At

A R = 2,

X 24t ; ¥

Similarly, the partial derivative with respect
to the distance x is approximated by

s

3

(2.14)

in which

e | J j
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Ax |, 2 Ax Ax 2
i
so that

j j
G- U
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Ax i 24x i-1 3

It is to be noted that both partial deri
approximated for the location i, j.

2.4 Lax-Wendroff Scheme

The Lax-Wendroff finite difference
investigated to eliminate some of the

the diffusing scheme. The summary of
as follows. It is assumed that all func
continuous and contain as many continuous
as required. It is also assumed that p
first-order partial derivatives, and any
Sf in x and t are negligible quanti

i

The expressions 3t B 3t and 2

relate A, B, and Yy.

Therefore, th
continuity reduces to ]

o AV, ol
at B ax ax

The intended application of the Taylor s
the use of second-order partial derivati
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U as the symbol for any dependent
or y, then for any U(x, t) and a
a Taylor series expansion gives

(o
in

= U(t) + m:——+ 1“—"1- ——-+ ofat)’] , (2.25)

both 3U/3t and 32U/9t2 are functions of

larly, for a fixed t,
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ax
acting Eq. 2.27 from Eq. 2.26 yields
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8 Eq. 2,27
m Ses and Eq. 2.26 yields the approximation
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's:;titutmg V and y for U, respectively,
Eqgs. 2.17, 2.20, 2.22, and 2.24 for the

ate partial derwat:.ves with respect to t
Produces

DRV -2y W, g s, - 5]

Al v
B

2 2.2
. (8t [(u; "%

ar
k)
[ 8]

2
s @enky .3_:2:] sofen)’] (2.30)
ax .
and
y(t+at) = y(t) - bt(%% ‘v %)
2 2
-@5}—{{ . 1)2—3—}5 GEvh %Jz’-]
X
3
+0[at)Y] . (2.31)

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

LT
R (2.32)
and
ol . - 2uj . 0
_lzl_ i+1 i-1 (2.33)
(nx)

Thus, recurrence relations for finding approximate
solutions to V and y in Eqs. 2.30 and 2.31 are

{9 L BE Tl S g M
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and
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For those cases in which the products of the
first order partial derivatives and the derivatives of

cannot be disregarded, difference equations
atalogous 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:

2y

(En
Ne—— s,

YVia-p

with D the conduit diameter;

s B A
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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 A  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
number n of x intervals used was 160,
L/n = 822/160. It is to be noted that afg
seconds the maximum drops are about 0,01 s

for A and Di schemes, respectively.

Another important criterion in a nume
solution is stability. Paraphrasing mat
the Journal of Mathematics and Physics [6]
is related to the difference between the e
tion of the difference equations and the nu
solution of these equations. This differen
called the round-off error. In the Journal
is defined in terms of the growth of round
That is, strong stability exists if the ow
error due to round-off errors does not grow
stability exists if single round-off errors
grow. Strong and weak instability occurs
of the above is true. Also stated is the
that weak stability implies strong stabili
stability is a measure of error propagation.

The first series of tests studying the
of error propagation was that of strong s
under a constant discharge or steady flow.
for both the Lax-Wendroff method and the
on the diffusing scheme, an error of 0.001
added to the initial condition at each x
point. Simultaneously, these schemes were i
period of time using the correct initial
and these same conditions, plus the induced
were used as the starting lines. In both ca
induced error did not grow but approached
the developed scheme tending to zero at a

Some effects were observed in the secon
tests with reference to weak stability,
error was added only to the middle partition
Using 81 partition points and observing
of y at x=4n -3 and t=2n- I, &
that the developed solution took 225.3 secon
out to five decimal places, and the diffusi
took 520.9 seconds.

Of more importance in the matter of
the third series of tests studied. This t
constant discharge input hydrograph was rep!
a varying hypothetical input hydrograph.
0.001 feet was added to the initial condit
81st point of a total of 160 partition poin
the Lax-Wendroff scheme and the diffusing
The solutions of y for the same t and
points were the same as those observed for ti
series of tests, After 180.9 seconds the
point i = 5 was 0.00001, and the error at
points has zeroed out to 5 decimal places
Lax-Wendroff scheme. The diffusing scheme
did not show an induced error growth either
time the error did not stop at zero but be
tive.

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

The next consideration regarding com
solutions using the hypothetical flood input
graph, is that of the effect of interval :
both the Lax-Wendroff scheme and the diffus
At = Ax/4z, where 2z is the initial dis
divided by the initial area (A). This i5
insure that At will be small enough to
the domain of dependence. Figure 2.3 shows
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. 2.2. Comparison of Lax-Wendroff scheme

in feet at x = 735.8 ft versus the number
Ax intervals used (n = 80, n = 160, and
) for both schemes and for three different

The entire length of 822 ft of the conduit was
ided by n to obtain the corresponding ax. From
ln'botyom in Fig. 2.3, the given times t repre-
¥ rising (upper graph), y near maximum
ral graph), and y falling (lower graph). The
S of the size of the Ax intervals are
able, and, thus, the corresponding size of At
als are also noticeable, when comparing the
INg scheme to the Lax-Wendroff scheme, Since
 STTOT in the Taylor series expansion is on the
:: (ﬂt]3f in which At is a function of ax,
= erence in y due to different Ax sizes is

tg:°§iund in the Lax-Wendroff scheme solutions
-'ﬂhrestgfus?ng scheme. Figure 2.3 also shows

. imation by the diffusing scheme similarly
Ore in Fig, 2.2 in the study of ability of
# nte:e to repeat the initial condition under a
nput discharge,

 The :
¢ last consideration in this comparison of

ions invo)
ves th o i
ASsumpt jon, e Lax-Wendroff scheme but with

(Ayo), or without thi ti
t > is assumption
“ti::: all Progucts of first-order partial

and any derivative of S¢ are negligible.

Us
zfzggzgezsamg hypothetical input hydrograph,
it ap 15,5h°w plots of the depth y versus
elyPOS;glons X =409.1 ft, and x = 797.8 £,
for éhe d°5Q figures give the comparisons of
simpli g eveloped Lax-Wendroff scheme (Ay)
The dif;Gd scheme with the above assumption
: 43 erence occurs in the computed hydro-
© the first-order partial derivatives are

I0 20 30 40 50 60 70 80 90
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steady initial conditions along the conduit, at the distance x = 796.7 ft.

100 120 130 140 160 170 180 190

t, seconds

(Ay) and the diffusing scheme (Di) in reproducing the
such that the assumption becomes less valid. That is

for example, 3y/3t is negligible only until the
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 Egs. 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 1i.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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Fig. 2.5. The same comparison as in Fig. 2.4, except at the position x = 797.8 ft,
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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, Egqs, 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 o =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
g, = (—] - —1 (3.1)
<x) v+ GA/B
e 4 9] 1 s (3.2)
R b v

A W INdy L A dVv A o _ .
(vn g) Lt dxtgBax t VB 55598, 0,3.3)

A v 1( d A dv A
(vra‘ y “]5- CE I B * 7E GoSPEr 0. (5.4)

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 scﬁeme, the values of V and y
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 Ql, Q2
and Q in Fig. 3.1 are obtained from the values of
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depths, velocities, and coordinates (x, t)
points Qo’ Pl' P2 and P3, respectively,

e

same manner, all values of the dependent va
V and y as functions of the independent y
x and t can be computed. ]

Fig. 3.1. Network of characteristics in the
grid system for the solution of u
flow equations.

It is evident from the preceding brief
tion that the values in the solution at each
section of characteristics must be retained !
computer for the later interpolation for fix
and positions. No attempt was made in this
use the method of characteristics curves. T
principal reason was the need for excessive
storage of solutions at each intersection.

The second category is the specified inte
system for independent variables. In this af
the dependent variables V and y are L
of the independent variables x and t eitl
initial conditions of t = 0 or as the resu
previous time computations. For example, it
that V and y are known along distance X
t. Figure 3.2 represents the rectangular gri
(x, t)-plane with intervals Ax and At
t coordinates, respectively. In this case,

y at points N%, ﬁj, Bj,...,Nj are known.
values of V and y at time t + At, and p
at points Mj+l’ Aj+1’ Bj+1""’Nj+1’ c&m d
puted from equations 3.1 through 3.4 and
boundary conditions. In this manner, V am
time t + At at various points along distanc
also be computed. This process can be ¢

far as desired or meaningful. This method
and used in this study because the values OF

t at points Mj+1’ Aj+1‘ Bj+1""'Nj+1 .
known, and only the values of V and ¥ at
points must be determined. 2



This method has the advantage that it gives
ults directly and in the form most needed and
ble, such as the hydrograph at each position
the channel and also the water surface profile
given time. From the view of computer pro-
mming, arrangement of the steps of computation for
methods of the second category appears to offer
ntages over the methods of the first category.
 the values of the dependent variables at time
the second category are known at predetermined
ts, the only information needed to be stored in
computer is the values of the dependent variables
time t + At. Therfore, this category needs

er storage of only two time lines as indicated
Fig. 3.2 and designated by j and j+1 Tows,
pectively. Values of the dependent variables
4 of row j are known and stored while the
es of V and y of row j+l are being computed
the next time interval. After completion of this
® interval, the values of V and y of row j+l
' Stored for computation at the next time interval;
Values of V and y of row j are then printed
a’“Elﬂle Storage space is replaced by the values of

v

=3 .i‘l-_“;_:_{_i_gl Solution by the Specified Intervals
System

Tlus'section discusses the numerical solution of
equations of free-surface unsteady flow by the
W Of characteristics with the specified time
I:léh-m" and the specified distance interval
{x, t)- : is meth?d, V and y at point P on the
hitialp ane of Fig. 3.3 are to be computed from the
conditions or from previous values of V
¥ at points
: :‘1 it s sufficiently small so that the parts
< “haracteristics between P and R and
D i and S may be considered as straight
.u’)e'l'he slope of the straight line PR at point
iom Positive characteristic direction of the
(E,);» and the slope of the straight

at point P

i n ive characteristic
on of s the negativ

the position C, ey .

A, B, and C using two assumptions:
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Row j+l
t+At * 3 x * * x »
Mg [R5 B[Sl [Piu o Nje
t : il ! | | JRowj
MJ Aj Bl Cl Dj A Nj
I
—Ax —— Ax— %
Fig. 3.2. Network of specified intervals for the solution of

characteristic equations.

1
Ax Ax
B
t+At
&, £
At |V< /gA/B
e & A 2
AR C 5 B
: Ax Ax
t+At i
§+ E- At V=./gA/B
e = :
A R c,S B
A Ax Ax
t+At i
I
E+ At Vv gA/B
A
Lo & :
AR S C B
Fig. 3.3. Rectangular grid for the solution by the

system of specified intervals, At and
Ax: subcritical flow (upper graph),
critical flow (center graph), and super-
critical flow (lower graph).



Since x_ and t_ are known,the velocity at point
P, vp. and the depth at point P, yp, are then
computed. The computations proceed as follows.

(1) The coordinates of R and S are deter-
mined from the relations of (£+JC 5 (E_Jc , and

the geometry of the grid by

tp = tR = (£+JC(KP 3 xR) ’ (3‘5)

and

tp =1 ts X (E_)c(xp = xs) » (3'6)

in which (E*)c and (E_]C are computed from Eqs.

3.1 and 3.2, respectively, at point C.

(2) The values of VR o Vs, and yg are

determined by interpolation from the Taylor expansion,
with h the symbol of either Ax or 4h, as
2

Yo

£(xh) = £(0) + hE'(X) + o £1(x) +...4 O"),  (3.7)
and 5 .
£(x-h) = £(x) - he' (x) + *2‘—, £1(x) +...+ O™, (3.8)

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

£ (x) = fix + i:) - f(x)

and that of Eq. 3.8 becomes, in finite-difference form,

£1(x) = f(x) - f(x-4Ax)

Ax ¥
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

Up = U - 5= A (xe-Xg) (3.9)
U.-U

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,

f(x+ax) - f(x-Ax)

£43; 25x

i () = EG20X) = 2600 & £(x-8x)

(i'm'-)2

The value of the function (U = V or y) at points R
and S are then
U'U‘\ UB-2U +Uk 2
U e - o ol 202 Oen¥n) ™ ln g, /(3231
Ug-U U, -2U.+U
B A R 2
U. = U, = (x.-x.) + (X=X D)™ (3.12)
s C 2sx YC°S 200%)2 i

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

The first derivative

3
and

(FeUpyg) + (6 (Vp-Vg) + (5)¢ (xpox

C are defined as

(Fc = (ACp-AC) ) ()¢ = (B1C,-B,C ) 5
©)c = A8 3

(8,)¢ = (AE,-AE))c(E,)c - (BjA;BA DG
(g = (41Cp-A201)c (8 )¢ - (3)C,-BC0CI
(6 = (A;B,-AB))e » and

(8¢ = (A EyAE (8 ) - (ByE,=BE )

in which the above coefficients of the two
partial differential equations (Eqs. 3.24
Part I, Hydrology Paper No. 43) are:
A,=V/g, B =0, B,=1/g, C, =C
D, =0, E =0,
3.13 and 3.14 simultaneously,

and Ez = Sf-So.

3 ©)¢
fT_)C (G_]c
" =
(F+)C (G+]c -
(F.)g (6| 8
and
(F e )|
i @
P = e
in which
(’r‘.}c - {F")C )'R 2 (G+)C VR" (s+)c ‘xP
and §

A

[T—)C - [F-)C yS L {G-}C VS e [s_)c H
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2 tations, velocities and depths at time
e obtained for all points along the channel,
for the two boundary points. The values for

ints are provided by previous computa-
known boundary conditions.

of.fhe

re in the solution requires first
ghe pr?::g:n of the intervals within which the
R and S lie. A linear interpolation
n performed within the appropriate interval
dependent variables at time t. This linear
ation has the same effect as the linear
olation in the diffusing finite-difference
« namely a systematic positive or negative

'in the computed values V and y.

In an attempt to eliminate this deficiency, a
_order interpolation was developed. Referring
to Fig. 3.3 (upper graph), a second-degree

al of the form

2

U=a + bx + cx (3.19)

umed to fit the function of V and y through
, A, C, and B. This is the same interpolation
Eqs. 3.9 and 3.10, except in a different way of
enting it. If the function is centered on the

on of C, then the constants are

U.-U U_-2U.+U
b=—" , and ”_.‘#, (3.20)
24x

__;?hus, the value of the function of the location
f R is

= Ug - 3(UP) (Up-U,) + S0P (U-20,+,) (3.21)
in which
w - "ﬁ%/(%‘i‘+ (3.22)

The ratio of At to Ax is the selected grid
Tatio and (dt/dx), is the direction of the

Positive characteristi i i
‘ eristic estimated from the conditions
t location C,

i.Sinilarly, the value of the function at location

0. 1
ks U - 3w Wg-U,) + -;.(m)z(uB-zucmA) (3.23)
:, ‘i“
N = _ At f(d
:&—/ (%} (3.24)

msei“terpolatiun scheme offers two advantages.
_ oxin TVature of the function at a given time
& Withiy :;g'h §econd, it is not necessary to com-
acterisrio ., Lterval the intersection of the

€ and the x-axis falls. The assumptions

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 conditions. 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-t )/ (t -t,) t/(t_-t))
P P(t}'tpj & P (3.25

Q(t)=Q, + Qe
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Fig., 3.4. Hypothetical inflow hydrograph of the
Pearson Type III function, Eq. 3.25, with
the selected parameters: Qp = 6.21 cfs,
Q = 8.00 cfs, t_ = 100.00 sec, and t_=
150.0 sec. P g
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, is the time
from the beginning of the storm runoff to the center
of mass of storm runoff, G. One hydrograph with

arbitrary values of Qh' Qo, tp’ and 1:g 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)

is the cross-sectional area and V is

Py

in which A
the velocity at

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 1is also given by the initial

conditions. The relation between the depth 1y and
velocity V, at point P can be determined from
Eq. 3.4. Substituting the boundary condition of Eq.

3.26 into Eq. 3.14 gives

6. (A v )+ (5, (xy-xg)
=il S S il S R
Yo = ¥Ya - £ (3.27)
P S (F )
-‘C
in which A is the cross-sectional area at P and
A is a function of Yp:

¥y, from Eq, 3.27 and substituting
mhkes it possible to determine VP'

a Newton-Rhapson

Solving for
yp into Eq. 3.26

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

Downstream boundary conditions - The boundary
conditions at the downstream outlet may generally be
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given by a stage-discharge relation, In
of the study only a free outfall at the

was assumed. Therefore, a critical flow g
stream end exists i

C- 3

where A is the cross-sectional area and
top width of the downstream boundary.

Ax
=]
t+At
€. At =
4
Cc S B
X=0
t
Ax
t+At E
V=
¢ At .
t& &
c.S B
X=0
t
A x
t+At P
/ .
: v
/ -
A té 6
S C B
X =0
Fig. 3.5. Upstream boundary conditions: su

flow (upper graph), critical flow
graph), and supercritical flow (1

graph).

Figure 3.6 shows the downstream bound:
the critical depth occurs. For the free outis
was assumed that critical depth occurred at
of 4.5 times the critical depth from the end
assumption was also applied to the unsteady
with critical depth computed from the bas
Qb. Therefore, the total distance Xy from

inlet to the downstream boundary is dete



Mix. ~ 4.5 e (3.29)

Cy
is the total length of the channel and

h X 1
; the Eritical depth for discharge Q.

At
<,

&
19 A R c

X=X

L

Downstream boundary conditions for the
subcritical flow, with xL the computa-
tional conduit length.

g. 3.6.

The depth and velocity at the downstream boundary
P at time t + At can be computed from the
conditions at A and C, and from the

r conditions given by Eq. 3.28.

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

ying Eq. 3.3. Substituting the boundary
ions of Eq. 3.28 into Eq. 3.13 results in

P

(6B - V) + (5,)¢Opxg)
YR ' {F_'_)C >

(3.30)

which .& is the cross-sectional area and B is
;°P width at P, with both A and B functions
P

Solving Yp from Eq. 3.30 and substituting
into Eq. 3,16 makes it possible to determine VP.
® Eq. 3.30 is not linear in yp» a Newton-

N iteration was again used for a solution,

3.
3.6 Summary of Computational Procedures

floy D SOlving the equations of free-surface unstead
: = Y
?n"-"" Eq;- 1.1 and 1.2 and Eqs. 3.1 and 3.4, by the
ﬁ‘lOCity ;PﬁCIfled intervals, the steps of computing
- Bsitions 5, and depth y at various times and
B 0) v ong the conduit are as follows.
along the cglues of V and y at various positions
SOnstant oo . fOT the steady-state condition of
i Llow, , are determined from a

1on of the bacRwater curve,

Aluateq € Upstream boundary conditions are

o

3
ﬂétgd The downstream boundary conditions are

o ‘ .
.r[ 30 E:lues of V and y at time t + At
= annel are computed from the known values
(5) st)' at time N
as des_eps (2), (3), and (4) are repeated as

ired or meaningful.

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 4x and At in the computational
scheme, Fig, 3.2, is limited by the characteristic
directions £ , £, 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 + YgAJB]

* 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 is the maximum anticipated velocity, and
(2) A/B is a maximum for free surface flow.

Effect of computational parameter 4&x. 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,
arbitrarily sglectsd as any even number,
is determined. The smaller the Ax,
the more accurate are the results. But
smaller the Ax, the greater the requi
time. In compromising these two condi
the objectives of this study, several vy,
for the fixed X, Were tried.

Figure 3.7 shows the effect of the
on the depth hydrographs at three posit
the conduit. The upper graph is the d
at a position 50.0 feet downstream fro;
for a Ax of 40.91, 20.45, 10.23, and §
corresponding to n values of 20, 40, 8
respectively. The center and lower gr
depth hydrographs at 410.0 feet from the :

L 771.7 feet from the inlet, respectively.
ot o= (3.52) condition for each computation is the st

water surface for a free outfall.
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Fig. 3.7.

20.45 ft, (3) Ax = 10,23 ft,

(upper graph),

Effect of Ax on hydrographs at various positions along the conduit; (1) Ax = 40,91 £t
and (4) Ax = 5.12 ft, at three locations of conduit X =

x = 410.0 ft (center graph) and x = 771.7 £t (lower graph).
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ing the depth hydrographs of Fig. 3.7 with

. inflow discharge hydrograph of Fig. 3.4, it
that: : y

The critical portion of the conduit for

depth hydrographs is near the outlet where

s the greatest curvature of the water surface

th Ax being 40.91 and 5.12 feet, are

at 50.0, 410.0, and 771.7 feet from the
;)mectively.

05 feet or 0.15 percent of the conduit dia-

Ax is less than 10.23 feet., Therefore,
equal to 10.23 feet, or n equal to 80, was
‘for computation in the other portions of this

peak depth yp and the time to peak depth

two important parameters describing a depth

. These two parameters are defined and

aphically in Fig. 3.8. The required accuracy
ed hydrograph at various positions along

uit can be measured by the peak depth, vy_,

to the diameter, D of the conduit, for

lengths Ax. Also, the accuracy can be
by the time to peak depth, T,, relative
‘time to peak discharge, 5 og the inflow

e hydrograph of Fig. 3.4, for various lengths
. the same positions, x.

Yp

t, seconds
1 1 ! 1
200 300 400 500

Cparacteristics of the depth hydrograph
“ith T, the time at peak depth, and Yp
the pea depth,

F
s :“'athe selected criteria for defining the acc-
S foung tﬁﬁmputed hydrograph for a given &x, it

at the percentage differences of yp,

The maximum differences between the computed

wi
ately 0.3, 0.6, and 1.0 percent of the conduit

There is no significant increase in accuracy
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in which the index "min" refers to the depth y, ©Of
the smallest difference used, Ax = 5,12 ft, and 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 y,/D measure for different values of &x,

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 10.23 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

(—M—P—T -l T)‘“i“ x 100

3

tP
in which the indices "min" and "i" refer to the
Ax = 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 tp (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 Tb to t_, respectively, with different values
of 4x and vagious 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 &x,
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 Ax 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.



Table 3.1. Difference in Yp computed from various sizes of Ax
(in percent of conduit diameter D)

Ax DISTANCE, ft
(£t) |0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
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 -]
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,
10.23|0 © =-0.01 0 -0.01 -0.01 -0.01 -0.02 -0.03 -0.04 -0.06 -0.08 -0.09 -0.11 -0.14 -0
Table 3.2. Difference in TP computed from various sizes of Ax
(in percent of tP}
A% DISTANCE, ft
(ft) 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
40.911.23 -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 .
20.45-0.40 -0.09 0O 0.14 0.05 -0.06 0 -0.40 -0.40 -1.81 -2.73-0.42 -0.40 0 -3.58
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
Ax
0 10 20 30 40 50
L) I 1 L] L)
t, seconds
/]
2301 7
. ¢
200
180
160
140
120
100
B8O
601
401
201
n
1

! 1
o] 20 40 60 80 100 120 140 160 180

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

y Criteria for Comparison

_the comparison of three finite-difference schemes
numerical integration and numerical computer

jon and the eventual selection of the most

e scheme for particular applications depend
plicity, stability, accuracy, flexibility, and
computer time. The three schemes to be

are: diffusing, Lax-Wendroff, and specified
scheme in the method of characteristics.

vals
‘The simplicity of a particular scheme is related
¢h the algebraic description of its numerical
thm and the computer programming involved.
1y, if the algebra is kept simple for under-
ng the computer programming is usually also
lified. Frequently, however, this may lead to
pus programming decisions to insure that
tions outside the range of the simplified
ions are either included or deliberately
jded. Thus, simplified algebra does not
arily infer simplicity in the computer algorithm.

The stability of a solution infers that the

2ss will coverge to a real solution. This

rion is satisfied in the case of solving the De
Venant equations if the mesh size At/Ax ratio
less than dt/dx, for any part of the (x,t)-plane
in the integration solutions. If this condition
t satisfied, the solution will fluctuate about
rrect value with increasing amplitude. Event-

, the results may exceed the capacity of computer.

The accuracy of a solution method in this study
s that the algorithm will reproduce the initial
ditions for the steady state boundary conditions.
a corollary, the algorithm should be able to com-

2 the steady state conditions from any arbitrary
tial conditions. If the algorithm satisfies this
Eriterion, it may be inferred that there will be good
Agreement between the computed and the observed
fuantities. The difference between these two can
then be_attributed to the limitations of the underlying
T ions of the theoretical equations and the
:].‘.ations‘of accurately estimating the geometric

#d hydraulic parameters.

‘on t&:he flexibility of a computer algorithm depends
k &m;‘:ﬂge of conditions the algorithm will
desirab) te. For the unsteady flow solutions, it is
tions ofydthat the algorithm provide for all condi-
~ xpecteq €pth, velocity, and discharge within the
~ inclyge bPhyslcal ranges. Generally, this must
Y. Sonditig Oth the subcritical and the supercritical
) ;_* e ?3- Slnce.numerical procedures at some stage
"Hﬂired nterpolations, a computer decision is
to determine the appropriate interpolation.

4.2 ;
EEEEEEE&EE_EE_Diffusing Scheme

?ﬁ“ dlffusing scheme is the simplest of the three
E Th?:hemes to develop and represent in algebraic
fa1 der.canlbe seen from Table 2.1, wherein the
e anceswatlyes are represented as ratios of finite
Bver, 1o This-simplicity, of algebraic form,

> HMits accuracy and flexibility.

The stabi)ie
o

y of the diffusing scheme is assured
€ ratio of At/Ax does not exceed the
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absolute maximum value of dt/dx at any point in the
(x, t)-plane during the integration process.

The accuracy of the scheme may suffer during
eventual periods of supercritical flow. This is
because the characteristics intersect at a relatively
great distance from the solution point. Figure 4.1
graphically presents this relationship. The accuracy
of the diffusing scheme is further limited because
the dependent variables are assumed to vary linearly
within the interval of 2Ax. Thus, if the actual
value of a dependent variable at a given x-position
is more than the interpolated value, the computed value
at the same position for a later time will be less
than it should be. This effect produces a dampening
effect in time at a fixed location. Figure 4.1
demonstrates this effect for the depth at a location
near the free-fall outlet. The greater the curvature
of the free surface the more pronounced is this effect

To reduce this effect the physical size of Ax
may be reduced but this results in an increase of
the computer time needed. The computer time increases
by the square of the number n of distance intervals,
Ax., Subsequent comparison indicate that the diffusing
scheme requires more computer time than the other two
schemes .,

4.3 Properties of Lax-Wendroff Scheme

The Lax-Wendroff scheme is an improvement over
the diffusing scheme in that it accommodates the
curvature in the variation of dependent variables.
This, however, involves a more complicated numerical
algorithm.

Intersection of
Characteristics

Domain of
Dependence

Solution Point

p

At
Ax Ax
Known Points
Fig. 4.1. Effect of characteristic slopes.



The
solution

Lax-Wendroff scheme results in a more accurate
in comparison with the diffusing scheme for

the same 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
justified because of its inherent accuracies. The

y, ft

basis for this is that the points of soluti
the intersections of characteristic curves,
than at any point within the domain of de

The linear interpolation of this scheme
without the need of a computer decision.
conditions can be accommodated by this s

The accuracy of this scheme is demons
in Fig. 4.2, and is very good when compa
diffusing and Lax-Wendroff schemes.

Iy e+

It is apparent that this finite-diffe
scheme of the method of characteristics pa
rapidly convergent and stable value. It
able to the same property of the Lax-Wendx

The non-linear interpolation of the
characteristics for dependent variables ali
tances for a given time is an improvement o
linear interpolation. However, linear int
is used in producing results (C) of Fig.
method of characteristics.

| l | | l l ] |

| | | | 1 I I

105

O 10 20 30 40 50 60 7O 80

Fig. 4.2.

distance x = 796.7 ft.
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Comparison of diffusing scheme (D;), Lax-Wendroff scheme (A;), and the
specified intervals scheme of mstﬁ
producing the steady initial conditions along the conduit, at the

140 150
t, seconds

90 100 1@ 120 13O

od of characteristics (C) in re-



Chapter 5
CONCLUSIONS AND RECOMMENDATIONS

'y (Conclusions
La i _-'---_-_

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

ntial equations.

5.

2. Numerical integration schemes, their solutions
ir resulting computer programs are compared on
is of their simplicity, stability, accuracy,
1ity, and the resulting computer time needed

r given physical conditions.

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

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

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

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

Yevjevich, V., 1961, Bibliography and Discussion
of Flood-Routing Methods and Unsteady Flow
Channels, U.S. Geological Survey Water-
Supply Paper 1690.

Chow, v, T

G 1959, Open Channel Hydraulics,

. -Hill Book Company, Inc.

P

anakisnf J., 1955, Water Hammer Analysis,
éntice-Hall, Inc., New York.

Ackers,
Atte

P and A.J.M. Harrison, 1963, The
Muation of Flood Waves in Part-Full Pipes,

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 |

COMPUTATIONAL DETAILS OF DIFFUSING SCHEME

ALL

D)

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

FLOW CHART

®

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 dept

|
|

Call DNORM
to calculate normal depth

Calculate
time increment from
|maximum velocity and
maximm height

Call TNCOND
to calculate velocity and
depth for all distance

at time zero

Time increment

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

Call BON1
to compute depth and velocity
at inlet

Subroutine BON2

Compute
[depth, velocity, discharge|
at free outlet

by
Newton-Raphson iteration

Return|

Calculate
coefficients of difference
equations with diffusing
scheme

Return

Subroutine COMPTE

Gibzoutine 00D [

ischarge incremen

Is
initial discharge
(base flow) g

Input hydrograph coordinates
(Q,t) may be selected arbitrarily.

Yes

input d i scharge

time greater
than input hydrog

Imlnl mla by gtm de'pﬂll

Compute
area, wetted perimenter,
hydraulic radius, top width

Call BON2
to compute depth and velocity
at free outlet

at end of time interval at
given location

Compute
idepth, velocity, and discharge

Call COMPTE
to compute depth and velocity at
even positions

Return

Subroutine INLOND

time and less than

next input

hydrogr
i

Yes

Interpolation of discharge
for uniform time intervals

nit discharge

il input discharge

Compute

associated times at inlet

depth, velocity, discharge and their

[ depth = critical depen |

No

[Return|
(&:bmul‘.iﬂfa ockn') t Subroutine DNORM )
Initial assumed
|dcpﬂ| = 0.62 diameter Initial assumed
depth = 0.62 diameter
Ell CIMLE[
| Call CIRCLE l
Calculate
ritical depth Calculate
normal depth
Is i
B AL EFaans Idept.h = normal depth
between depth Is
:rit;n::lt::ftt:n::thin the difference
slex No between depth and
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MAIN PROGRAM FOR UNSTEADY FLOW BY DIFFUSING SCHEME
PROGRAM NSTOY(INPUTsOUTPUT » TAPES=INPUT+TAPES=OUTPUT)
DIMENSION BLNK(1201s PN1I&OC)s PNZ(4OO0)s PN3IIGOU)
DIMENSION TW@(2001s QLELOC)

DIMENSICN GU&QU)» HISGOYs VI&00)
DIMENSION G(230)
COMMUN ONenlsAeAPsoPsAlsCloblsElrnerAcsCerEcrVPryOTALT skl
CUMMUN D KO AF sOR sALPrAsBETAsSUsFarsVabsuaslToTaTCrTFalsFosFCen
COMMUN FamMarFsl s LaPERD2DUT s VA Ll Tusai iy
COMMUN HAsHE s VE s HT » VT WP TaHnaGowl |
COMMUN THeTAswPsHsvEF TR VC
COMMON GMAX (600 ) s VMAX (400 ) »rAMAKLSOU)
COMMON TOMAX(&U0) »TVMAXLSOC) » THHAX [400)
INTEGER RUN
DO 1 I=1+400
HMAX([)1=0
VHAX([)=0
GMAX(T)=0C
1 CONTINUE
C=====INPUT WHICH mAY BE ALTCRED
D=2.9262
XU=0.C
XF=B21lsT70
Frueul2
ALPHA=1.000
BETA=1.CC0
GR=32,175
H1=0+4%D
C=-=—=—COEF ICLIENTS
Cl=ls0
E1=0.0
32=BETA/GR
Cé=l+0
C==—===ENU OF COEFICIENTS
C=-===READ INPUT nYOROGRAPH
READ (5s+12) NUCD
READ (5#13) (TUUIeQItldel=1sNUCD)
QlI=Gi(1)
TGo=0
T0=0
1=T0
TF=2uC
50=0Us001
N=20

Ni=Ne+l

NPO=6

[X0X=1_

PERD=120.

FNU=0,0000141

FE=0403

FC=0

PERD=120

NT=NPO

10=1
C-===-CALCULATIUN OF CRITICAL ANG NOHMAL UEPTH AT pASt FLOW

CALL DNGRM

DX=DN

CALL DCRIT

AL=XF=X0=4 +5%DC

FD=SGRTFIGR®AL3)

M=2%N

FH=M

Mb=H+]

MMM=M-1
C----—S;LCEEQ‘IUN OF DT FROM MAXIMUM VELOCITY AND MAXLNUM AELGAT
=XL/T
RA=1a0/(240#%VC)
DI=RA®DX®*0.5
WRITE (6s1&) UN»uC
WRITE (69l5) MaDXsDToX0eXFaTORrTFaSUsuUNF
WRITE (6s16) RAsHLWPERD#FESFC
Til=T+DT
C=====CALCULATION OF INITIAL CONBITIONS
F=m===HEIGATS AT PARTICULAR DISTANCES FROM INLET ENO
FALL INCOND

Nal
Nl
Kol
hal
el
RST
NaT
LEY)
NST
NaT
NaT
NaT
NST
LEY]
wal
NaT
WaT
hal
NaT
Nal
KT
naT
NaT
NaT
N3T
NaT
haT
nal
NaT
NaT
NaT
RST
N5T
LEXS
NST
nal
nal
NaT
Nal
NaT
NaT
haT
waT
N3T
N5T

NST
NST
NaT
NST
NaT
T
NST
NST
NaT
NST
LR
NST

LB R S

R -
- \=2.0%01 o
Eel > 7
: IF [NPO=NT) &sbeb NST b3
b WRITE 1Bs17T) T ol Bh
WRITE (6218) NST &5
DO 5 1=1sW1sl1X0X NST Bb
WRITE 162191 LaH(1)aVET1aG01) KST &7
5 CONTINUE naT oo
NT=0 NaT &%
PNLIRI=HILOI#a3.0 sl JC
PhEIRI=RIo0I®a5a0 Mol 1
PN3(KI=H{150)%03.0 Nal  ¥e
K=k+1 NaT 93
6 NT=NT+1 nsT Y4
T=T+DTA NST 95
Tl=T1+DTA K5T Y&
GA=G(3) N5T 97
HA=H(3) NaT S8
VA=V(3) NST 99
GM=0(MHM) naT LGG
HM=H ( MMM ) NaT LUl
ViV MME ) waT ide
DU T I=3wrsbied wal ils
CALL COED , NaT los
CALL CCGMPTE haT 103
7 CONT INUE NsT 1l0&
C=====CALCULATICN OF INLET oOUNDARY CONDITIOn. NaT Qa7
CALL BON1 NST 10e
HX=HIMM) NaT 10%
Cm====CALCULATIUN GF GUTLET BUUNDARY COMDITICONS NST Lig
CALL BON2 Nal 111
DO & I=2e¥se Mol die
CALL COED Nal ada
CALL COMPTe Mol Lis
L] CUNTINVE hal adz
IF (TF=T) 9233 naT lle
9 CUNTINJE NST 117
NPG=NL1/50+]1 NST lie
DO 10 [11=1sNPG NST 11%
11=50%] | 1~-4F KT 120
IL=1[+45 NST 121
WRITE 164230} NaT 1de
WRITE (6:21) nol le3
D0 10 I=1isIL wal les
A=(I-11%Da Mol aea
WRITE [6222) KoHMAKC L) o THMAR LT ) o VMAAL L) o TVMAKEL ) suedAXL L) o TwHARLL) NaT leo
IF (I+EQ«N1} GO TU 11 hal 17
10 CUNTINUE N3T Lco
11 CALL ERIT Kol L&
Lommmn NsT 130
12 FORMAT (13) NaT 121
13 FORMAT (BF10.0) N3T 132
14 FORMAT (% DNGB = ¥E1648//% DCUB = #E1648/) NST 133
15 FORMAT (% M = #15// NST 134
1 ® DX = ®E16+8// MoT 1335
2 * DT = ®El6a8// haT iao
3 & X0 = *ElbeB// MNaTl 1z7
4 % XF = #El6ec// y N2l 130
5 # JO = #ELl6e0// wal Lov
G-® TF = ®EL16e8// WST isQ
7% 50 = *Eloec// wal L4l
8 ® D = SElb.8// NaT léz
9% F = #E16.8/) Nal i&3
18 FORMAT (# RA = ®*Elb.8// NST 1o
1 ® Hl = #E16e8// 5 NsT 145
2 * PERD = ®E1648// NST las
3 % FB = ®E164B// NST 1&7
4 % FC = #E16.8) WaT ise
i FORMAT (1rlsTHTIME 15sclbensan 5ECs) nal sy
Y] FORMAT (2Xs3nPNTa10KslrtslTXelavslTasln) Wal 120
19 FORMAT (1Xsl&s2XsElbebr2Xrcloecrcksblben) NST 131
20 FORMAT (//%1 MAXIMUM VALUES AND TIMES AT cAlhn LUCATIUN*//] N5T 43
21 FORMAT (® DISTANCE MAX DEPTR Tise HAAX Vee Tlke MAK W sl 123
1 TIME®) NaT 124
22 FORMAT (FBa293(4XsFbe2s2XsFTe2]11) hal 155
END NaT 156-
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SUBROUTINE FOR COMPUTING UPSTREAM BOUNDARY CONDITION

SUBROUTINE BONI

OIMENSION TGI200)» GIL200)

DIMENSION GL&0U)s HILGG) s VI400)

CIMENSION G(330)

CUMMUN CNsHLvAsAP saP AL CLallselrndrAcrCerecrvProTAsUT snksuC
COMMON DsXOsXF »GRsALPHASBETA»S0sF ariaValiswXsDT s ToTOsTFaNsFBaFCon
CUMMUN My iM s MMM oL o T o PERDsDUT s VA» G TusGl shiaC

COMMON HAsHMaVMaHT o VT o NPT sHHaGoQI 1

COMMON THETAsWPsRDEPTAVC

COMMON QMAX(400) s VMAX{S00) sHMAX (4L0)

COMMON TOMAX(&C0)»TVMAX(400) »THMAX(400)

1F (IGQeGE«NQCD) 293

QT=al(NCCD)

GO TO &

IF (ToGE«TQIIGQ) sANDToLToTQUIQ+11) 504

IG=10+1

G0 TO 1

OT=GICIGI+ (@I IG+ 1=l CEG) I (T=TUEIW A I TELIG+1)=TuLLu))
HN=H{1)
THETA=Z.O*ATANF ( (SCRTFID®H(2)=H(21%#2))/10%0a5=-R(21))
IF (THETA) Ts8+8

THETA=64263184THETA

A=04125% (THETA-SINF (THETA) 1 *(D*D)

WP=D#*0.5%THETA

R=A/wP

A2=V (21 ®%ALPHA/GR

SF=.1254F*B20V(2)%V(2) /R

E2=5F-50

SU=SURTF (U H—-HN*hn]
TRETA=2+0%ATANF { ISGRTFISG) )/ LD#*0a5=1N))

IF (THETA) 1Gsllsll

THETA=64268318+THETA

AX=04125%( THETA=SINF [THETA] 1% (D%D)

BO1

801
Bul
8Ul
sul
sul
BUl
BUL
sul

FHEHN=AZ® (V{3 )+VA-V(1)=GT/AX)=82%DX/DT*(VI3)+0T/AX-VA=-VL1) )=CE*(HABUL

14H(3)=H(1) ) =4, 0*DX*E2
DAX=0+25%D#D*% (14G~COSFITHETA) 1 /5G
FPH=1l40=(A2=B2*DX/OT ) #(LTHDAXS [AX®AK) )
HNU=HN=FH/FPH

IF (ABSFUHNU=HN)=0s0001) 13+12+1¢
Hih=hNU

GU TU ¥

H{1)=HNU

Gil)=GQT

VI1)=CT/AX

IF (H{l)«LT«HMAX(1})) GO TO 14
HMAX(1)=HI1)

THMAX{1)=T

IF (VI1)LT«VMAXI1)) GO TO 15
VMAX(L)=VI1)

TVMAX (1) =T

IF (G(1)«LToUMAXKIL)) GO TO l&
QMAXILY=GI1)

TGHAX(1)=1

RETURN

END

SUBROUTINE . FOR COMPUTING CRITICAL DEPTH

SUBROUTINE DCRIT

DIMENSION TGL200)» QI200)

DIMENSION QU400)» hiaC0)s VIaDO)

DIMENSION GI330)

COMMON DNoHL»AsAP 2P ALsCLaDLsELrnrAdsCarEd v VP ruTARWT sriks0C
COMMON D XOsXF 2GR yALPHASBETA»SOsFoHsVaQsOXeDTaToTO»TFaNsFBFCob
COMMON MsMMsMMMsL » 1 »PERD»DDT o VA IQs TGsQ1 +NGCD

COMMON HAsHMsVMsHT s VT o NPT sHH#G2Q1 1

COMMON THETA»WP sReDEPTHVC
THETA=2JO®ATANF ( (SGRTF (D®*DX-0X*#2) 1/ (D*0+5-0X1)

IF (THETA)} 24343

THETA=04 28316+ THETA 3

A=04125% | THETA=SINF ( THETA) ) ®(D*D)

801
B8Ol
8ol
801
oul
Bul
gul
aul
Bul
801
8ol
801
Bol
aol
8ol
801
Bul
aul
oul
sul
gul
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SUBROUTINE FOR COMPUTING DOWNSTREAM BOUNDARY CONUITION

SUBROUTINE BON2

DIMENSION TQ(200)s QIL200)

DIMENSION GU&00)s HIGCU)» VISGO)

DIMENSION GL330)

COMMUN DNamlsAsAPsoPsALsCloDisclrndrAdslercas VP sLTAdT shksuC
COMMON DeXOsAF s GRyALPHASBETA»S0sFaraValisbXsDToToTOsTFaNsFRsFCrn
ZOMMON MymMsMMMsL vl o PERD sDDT o VAw 1us luall shGCU

COMMON HAYHMsVMsHT s VT sNPTaHH G QI T

COMMON THETA»wP 2R IDEPTHVC

COMMON QMAX(400) s VMAX1400) +»HMAXI&CO)

COMMON TOMAXI&00) »TVMAX {400 ) s THMAX (40D

VP=Y (M)

THETA=2 O*ATANF [ { SGRTF (D*HP=HP#HP ) ) 7 10« 5%0=HP) )"
IF (THETA) lsls2

THETA=THETA+6+26316
AP=0a125% [ THETA=SINFITHETA) IR (U%U)
BP=D*SINFLO«5#THETA)

THETA=Z < O®ATANF (  SGRTF (D*HX=HX®HX) ) AL D®*0e5=rHX])
iF (THETA) 4»545

THETA=64,28316+THETA

A=04125% (THETA=SINF(THETA) ) ®(D*D)
B=D*SINF(THETA®C.5)

VX=SQRTF(A®GR/B)

CTN=COSF(THETA®045) /SINFITHETA®D.5)

FORG=AP/ (BPRDX)# (VRX+VIHMI =V MMM =VM) $VP /UX® [HX+H (MM ) =H (MMM) - M) + (RB02

LX4H (MMM ) =H (MM ) =HM) /DT

FPRIZAP/ (BP#DX*240% VX * (GR~A®GR* 2o URCTN/ Lo*0 ) J4VP/OA+1 4 G/DT
DC=HA=FURG/FPRI

IF (ABSFLDC-HX)=0+0001) Tsbsb
HX=DC

60-TO 3

HUMM)=DC

THETA=24 O®ATANF ( | SURTF (D*DC~DC#*DC) )/ (D*0e5~DC) )
IF (THETA) Bs9s+9
THETA=6426318+4THETA

A=0e125% (THETA=SINF (THETA) ) *(D*D)
B=D*SINFITHETA%0W5)

VIMM) =SQRTF (A%GR/B)

GUMM) =A®Y (MM)

1=MM

IF (H{I)sLToHMAX(I)) GO TO 10
HMAX(1)=HIT)

THMAXIT ) =T

IF (VII)aLT4VMAX(I)) GO TO 11
VMAX(T)=VII)

TVMAX(L)=T

IF (Q(I)eLT4UMAXII)) GO TO 12
QMAX(I)=Ql 1)

TOMAX (1) =T

RETURN

ENu

SUBROUTINE FOR COMPUTING GEOMETRIC PARAMETERS OF CIRCULAR SEGMENT

SUBROUTINE ClrCLe

DIMENSION TGI200)» Q102601

DIMENSION GUL&OU)s DI4C0)s VIS00)s XU330)

COMMON DNoHLwA»AP»0PsALsCLoDIsELvBLrALICLrc s VPIUTAILT sriksC

COMMON DIA»XOsXFsGRyALPHAYBETASSOsFs0sValsDXsDToToTOsTFsNsFBIFCaB

COMMON MypMMaMMMaL + IsPERDsDDT o VA IQw TW G T4 NQCD

COMMON HAsHMsVMsHT s VT s NPT sHH» X0 QB

COMMON THETA»WPsRsDEPTHVC

THETA=2 4 G*ATANF ( [ SCRTFIDIA®DEPTH=-CEPTH®#2) ) /{UIA®0«5=0EPTH) )
IF LTHETA) 1s2s2

Bus
Bue
Bl
BUL
Bus
oUe
Boz
Boe
8oz
802
802
BOL
BOZ
Bl
ole
Bue
Buz
BU
- 1VF3
BUZ
802
8oz
8oz
Bo2
BOz
Bug

e =0V E W

Lo~V &b -
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R

- & wae

AP 2GR oAl vCI o0l sELsB2eAZsCarELovPrUTAILT sHXsLC
GRIALPHAHETA» SO PV aOXDTaToTOHTFaNsFEIFC

’ sTuaQleheCo CoE
COMMON HAsHMaVMsHT o VT s NPT oHHe G Q11 COE
CCMMUN THETAswPsRsUEPTHSVE CoE
VTI=(VEI+11+VII=1))1%Ce5 COE
HT=(HEE+1)+9(I=111%045 O
THETA=Z.0®ATANF (L ISURTFID*nT-HT*%£) )/ (D*0e5-nT)} CuE
IF (THETA) 1%2s2 cue
THETA=6,20510+THETA Cue
A=l lZ5%({THETA-SINF(TRETA) 1 *(0%0) CUE
WP=D*(C.5*THETA COE
REA/WP COE

BED®SINFITHETA®Ce5) COE
AL=AZ (VT*8) CoE
DI=l.0/VT CUE
AZ=VT®ALPHA/GR COE
SF=,125%F a2 *VToVT/R COE
E2=5F~50 Cue
RETURN Coc
ENO Cuc

SUBROUTINE FOR COMPUTING DEPTH & VELOCITY AT EMD OF TIME INTERVAL
SUBROUTINE COMPTE coM
DIMENSION TQi200)s Q1120010 COoM
DIMENSION GI4001s HI4CO)s VI400) COs
DIMENSION GI330) COos
COMMON ONsHLsAsAPsBPsALsCLsDisElrodrAZsCerbas VP IUTA LT sriksLC Lo
COMMON DaXOoXF 2GR sALPHA+OETA»SOsFaHsVaQsuXaUT s ToTOs TFaNsFBsFCog COM
COMMUN MaMMaMMMaL » 19 PERD+DDT o VA LU Tl shUCD COom
COMMUN HAsHMsVHsHT s VT s NPToHHI GG I T cuM
COMMON THETA»WP s sUEPTHIVE Cum
CUMMUN. GMAX1&00) o VMAX (400 ) snMAX(&00) Clm
COMMON TuMAXL&CU) v TVMAXI400) » THMAX (400 ) Cow
HEI eHT=(DT/(20%0X#01 ) ) # (AT (V(I+1)=VII=1)1)#lnl1+1}=nl]l=1)])) O
VI =VT=(DT/BZ)® ( LAZ#IVII+1)=VII=10 ) +HII+1)=nlE=1)0)/(2+0%DX)+E2) COM
VP=vLI) CuM
QUly=vilI=a COM
IF (HU{I}eLTeHMAX(L)) GO TO 1 Com
HMAX(Ti=HIL1) COM
THHMAX(11=T coM
IF (VIl)eLTeVMAX(I)) GO TO 2 Com
VMAX(T)=VI1) cun
TVMAXLL =T Cum
IF 1G11)+LTuMAXLI)) GO TO 3 Com
GMAKEL)=Qtl) CoM
ToMAX(Iy=T COM
RETURN CoM
END CoM
SUBROUTINE FOR COMPUTING NORMAL DEPTH
SUBROUTINE DNORM oNG
DIMENSION T@L200)s Q11200) DO
DIMENSION GL40G)» HU4CO)s VI400) 2::
13300
E&:ﬁg;lg:iglpkniﬂlnPnil'CllDlu:l-n‘llitcdtldiﬁpivTAlﬂT-h&»hﬁ b
COMMUN D»XO»XF sGRyALPHASBETA»SOsFaHsVaGsUXsDT o ToTOsTFaNsFBsFCoE DO
COMMON MaMMyMMMaL 2 1 sPERDSDOT s WA 1Qs TUQ 1 s NGCD [*1 1]
COMMON HAyHMaVMaHT s VTSNP T obHoGoGl T DNU
COMMUN THETA»WP sRDEPTHsVC DN
THETA=2 4 O®ATANF { [SGRTF (D*H1-H1##2) )/ (D*0e5=H1)} oNe
1F (THETA) 293,3 DG
THETA=6428316+THETA DNO
A=04125% (THETA=SINF(THETA) ) #({D*D) Divu
WP=(0.5%D1%THETA DNG
RsA/wP s gm
-

:m§:7:;1:.'§1=im} 1)/ 1Be0*GR*SUSR*n®A) )/ ([ 3eU%a)/n=2al/alNF I‘INLI‘%
1%0.51)

1F (ABSF(DN=H1)=0+0001) Trks& Dy
IF {D=DN} 535sf DG
DN=DN#*045 ono
GO TO & g:g
H1=DON pito
G0 70 1 S
RETURN 1hee

END

=om et B

o

SUBROUTINE IRCORD
DIMENSION TUI200)s GL1200)

DIMENSION GL&GU)s OLAGUI s VISTUY s RL33G)
COMMON ONaHLsA2APsoP sALsCLlaDlsElsndrAZeCavELsVAsLTALT anKLUC
COMMUN DIAsXOsXF o GRoALPRASBETASUsFaDaVaGsOXsDToToTUsTFoNaFBaFCon
COMMON MaMM MM sL » 1 s PERD»DOT o VAR 1G e TWaQ I s hGCO
COMMON HAvHMaVMsHT o VT sNPTaHH 2 X208

COMMON THETAsWPsRsDEPTHsVC

DTOL=0.00001

IF (ON-CC) 1sls2

k=l

G0 TO 17

DIN=(DN+LC)I#Ga S

DEPTH=DC

CALL CIRCLe

VvEGo/A

VHE (VVEVY ) /(24 0%GR)

S1=F#VH/ (440%R)

EEL=DC+ALPHA®VH

DI2%N+1)=DC

Cia=nN+11=0B

VIiZ#h+1l)=vV

NCOUNT=L

0O 16 L=1sN

DEPTH=DIN

CALL CIRCLE

HFTH=0W«5#THETA

DTAET=4.C/ IDIA®SINF LHFTH) )
DAREA=Gs125%01A*DIA® (1 0=COSFITHETA) ) *DTAET
DW=0+5%DIA®DTHET

DRA= [WP#*DAREA-A®DW) / (WP ®WP )

DENG=140~(QB*UB/ (GR*(A®%3) ) ) *DAREA
DSLO==F*Ob®0o® (2« GHR*ARDAREA+ (A##Z ) #URA) /(Be0®0R™ ([ (ReASR2 ) u87))
vv=Qa/A

VH=(VVEVV )/ (24 O*GR)

SZ=FRVH/ L4, 0%R)

SF=(51+52)%045

EE2=DIN+ALPRA®VH
FRATIO=S(EE2-cE1+2«0%UA® 1 50-5F 1 )/ (DENGH+(Ee2-ccl ) ®L5LU/ L 5U=5F) )
DCOM=DIN=FRATIO

IF (DCOM) 53846

WRITE (6419)

GO TO 18

DCOM=ABSF (DCOM)

IF (AGSF(DCOM-DIN)=DTOL) 15+15:7

IF (0«82%0IA-DCOM) Boldsld

DIN=0COM®Ca5

IF (0«82%0DIA-DIN) 10s10s11

DIN=DIN®*0e5

NCOUNT=NCOGUNT+1

GU TO §

LF (NCOUNT=20) 12sl2sl>3

GO TO 3

WRITE (6420)
.60 TO 18

DIN=0COM

GO TO 3
DIN=DCOM
51=52
EEl=gE2
11=2% (N=L}+1
DEILY=DIN
VEiIT)=vV
Gti1)1=08
CCNTINUE

GO TO 18
WRITE (6+21) K
RETUR®

FORMAT (% DCUM EGUALS ZERD ®)

FORMAT (25H D2 MUCH GREATER THAN Dl1A)
FURMAT 1% STOP #413)

END
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A.l3. DEFINITION OF VARIABLES

NAME DEFINITION
A ARFA OF CIRCULAR SEGMENT DNO
BOZ2
ALPHA VEL. DISTRIBUTINN COEF.=ENERGY NST
AP AREA OF CIRCULAR SEGMENT Bo?
AX AREA NF CIRCULAR SFGMENT BO1
41 COEFFICIENT COE
42 COEFFTCIENT COE
B FREE=-SURFACE WIDTH unn
HO2
BETA VEL. DISTRTBUTION COEF .=MOMENTUM NST
BP FREE-SURFACE WIDTH noz2
B2 COEFFICIENT MNST
CTN COTANGENT OF 1/2 THETA Bo2
Cl COEFFICIENT NST
€2 COEFFICIENT NST
D DIAMETER OF CONDUILT NST
DAREA DERIVATIVE OF AREA WITH DEPTH InC
DAX DERIVATIVE OF AREA «ITH DEPTH a01
DC CRITICAL DEPTH BchR
DCOM COMPUTED DEPTH INC
DENG DERIVATIVE OF ENGERY WITH DEPTH INC
DEPTH ASSUMED DERTH OF FLOW INC
DIN INITIAL NEPTH ASSUMED INC
INC
DN NORMAL DEPTH DNO
DRA DERIVATIVE OF HYD. RADIUS WITH NERTHINC
DSLO DERIVATIVE OF SLOPE WITH DEPTH INC
DT -TIME INCROMENT NST
DTA TIME INCROMENT NST
DTHET DERIVATIVE OF THETA WITH DEPTH INC
DTOL TOLERANCE IN APPROX. DEPTH INC

DW DERIVTIVE OF SURFACE WIDTH WITH BEPTHIHC
DX INCROMENT IN X-POSITION

D1 COEFFICIENT CGE
EE1 ENERGY SLOPF AT POSITION 1 INC
EE2 ENERGY SLOPE AT POSITION 2 INC
E1 COEFFICIENT MNST
E2 COEFFICIENT COE
F DARCY-WEISHACH FRICTION FACTOR NST
FB FRICTION FACTOR COEFFICIENT NST
FC FRICTION FRACTOR EXPONENT NST
FD CELERITY OF WAVE NST

FH (2) A0l
FM NUMBER OF POSITION INTERVALS NST
FNU KINEMATIC VISCOSITY NST
FORG (2) BO2
FPH (2) 601
FPRI (2) anz
FRATIOD (2) INC

GR ACCELORATION DUE TO GRAVITY NST
H DEPTH OF FLOW com
HA DEPTH OF FLOW NST
HFTH1/2 THETA InC
HM DEPTH OF FLOW
HMAX MAX. DEPTH OF FLOW NST
HN DEPTH OF FLOW=INITIAL BO1
HNU DEPTH OF FLOW=COMPUTED ROl
HP DEPTH OF FLOW 802
HT DEPTH OF FLOW=-MEAN COE
HX DEPTH OF FLOW ;

DCR
w02

Bl
ocR
CIR

InC
Ho2
INC

INC
INC

DNO

NST

NST
INC

B0l

A01

STATEMENT NUMBE=

13
ar

26

15

20

29
a4

25
al

21

a1

&5

&0

28

CnE
CIR

CnE

INC

NG

DCR

Ho2

Bl

15
12

18

62

49

33

46

B0l 23

anz2 23

INC S8

BDZ2 43

1L
0 1
IX0X PRINT OUT LIMIT
K (1)

M NO. OF COMPUTATION INTERVALS
MM NO. OF COMPUTATION POSTTIONS
MMM NO. OF COMPUTATION INTERVALS
N NO. OF LENGTH INTERVALS
NCOUNT (1)

NPG (1}

NPO (1)

NT (1)

N1 PRINTOUT INTERVAL

PERD (2)

PN1 (2}

PN2 (2}

PN3 (2}

@ DISCHARGE

QA DISCHARGE

QIT DISCHARGE

OM DISCHARGE

GMAX MAX. DISCHARGE

0T DISCHARGE OF LAST POINT ON HYDHO.
R HYDRAULIC RADIUS

RA (2)

SF FRICTION SLOPE

S0 CHANNEL BED SLOPE

sQ (2)

S1 INITIAL FRICTION SLOPE

S2 FINAL FRICTION SLOPE

T TIME

TF TOTAL TIME OF INTEGRATION

THETA CENTRAL ANGLE OF CIRC. SEGMENT

THMAX TIME TO MAX. DEPTH

TO INITIAL TIME

TOMAX TIME TO MAx. DISCHARGE
TQO TIME OF INITIAL DISCHARGE
TVMAX TTME OF MAX. VELOCITY

Tl TIME AT END OF TIME INTERVAL
vV VELOCTITY

VA VELOCITY

VC CRITICAL VELOCITY

VH VELOCITY HEAD

VM YELOCITY

VMAX MAX. VELOCITY
VELOCITY

AVERAGE VELOCITY

VV VELOCTTY 0F RASE FLOW
CELERTTY OF WAVE
WETTED PERIMETER
X POSITION

XF TOTAL LENGTH OF CHANNEL
XL !NI’EG#&TIDN L%TH

X0 INITIAL D
1) DO L0oP

MST
NST
NST
NST
NST

NST
NST
INC
HST
NST
MST
NST
NST
NST
NST
NST
INC
ROZ
MST
NST
NST
NST
q01
DNO
NST
INC
NST
HO1
INC
INC
NST
NST
DNO
COE
B0l
B0z
cir
cov
NST
CoM
NST
com
NST
INC
HO?
KST
nca
INC
NST
NST
comM
COE
INC
RO2

BNl
NST

INC

NST

NST

INC

coM
Bo1
COE

COE

INC
NST
onD

COE
a0l

NG

com
802

INC

16
a3

=0

49

51

w4

23
1A
17

r2

59

50

15

20
13

2%

NST

com

Bol
Bnl

Bnl

bce
ol
B02
Boz2
Bn2
an2
Bo2

CoM

BNl

11

G4

15

52
25
27

49

ROL

Ho2
CIR

DCR
Bol

Bo2

8ol

BO2

43

49

LTy

46



A.l.4. SAMPLE

INPUT AND OUTPUT

SAMPLE INPUT

n
Ted2bbl974E=01
Ted2ondasat=0l

T.326501 26
Te3208151n

Te3P06330aE=01
r.:aoa«n?sz-ul

fk-nif

c330E-01

Ted2543094E=01
T8 apqeequé-nl

9.531138235=01
9. 3841 1558k-0 ]

B4 la2 g
T.B3vHa7A2C=0]

TeTad5e)84t-y1

7232450249E20]

SFC.

1.62955490E401 5F0,
n

v
3.n3570825E+n0
A,033T7aT83E* QU

*00

ERLEEENECTI ST
3.03589131E+00
A5un] 73aE+n0

1uﬂ!¢ﬂ$ﬁfﬁ¢*ﬂh
. +00

Ly
FNABELILTE* DD
s.nin7vszntvon

+00

v
4,3TUSUS4BE*QY
4,2N33666KE+00

3. 61LT .
3.34672590E# 00

3.!2%9399&{’00

H-nisqblbgﬁtpu
3.n40)STa9E+00
3 d

F.n3oGubTaE+po

- Ted282234pr01  3,03728126E00 a.onouls?o:onn
e 7 3555047 51 I Hor e

5 3425910981E401 e,

I-h?ﬁ-}ua TALs 0y
I-n?icuqsnt'oa

v.oa:]uvq
'3’=90napu-nl

Te8a1331 4360,
oLy

SRk~
VATRE=g)
?4pnt-¢|

?-asvezasTt o1

-3*1107‘5“01

Je3e950301eoy)

LLS CLFTY

v
4.85n468G1E*0D
4. nnf;qvhqi*on

- X}

&.30%13604E*n0

%.23970298E+00
o -

1.-&:1n&B§E'on
J.40725886E00
225 YHIKE#Q

1.qn4v?5unt0no
3.n5d74834E400

L]
4+00000000E*00
3.99999451E+00

QoON0QUOE+QQ

n.ononon uE‘On
4200002999E+00

4.00000000E+00
3.9999549Y3E+00

4.00000000E+00
3.999%0231E+00

J000UGDQE+DQ

@
T.45910981E+00
T+66945517E+00

+00

4-859409035‘90

4+6A080602E+00

LOUSE+nQ

4+00003299E+00

4,00003863E+00

Q
1.00000000E+01
1.0629600S5F+01

39T5ZE+

1.9&3005??5*00

T+64395RG2E+ (0

&,03802087E+00

4.,891528]13E+00

4,8552T5HPE+ G

;.osb3‘a9a£onn
4+04808R44E+DD
p -

31

TIME 1S n.auauaarleful SFC.
PNT Q

1+00000000E+01
1+06982096E+01

1. lasiﬂaoanouﬂ
? 1.09%20aS9E+00

s.q5511vssstnn
4,40 T2TTR3E QN

1-00431943E01
9.89022028E+00

42673568796E900
4.81969992E+00

7 1.05295287L+00
8 1.04483727E400

7.91207490E +00
7.64892278E-00

4:2938T6056E+00
4,23460430E+00
SRE +

13 04040389 -01
1a 9.31039135c-01

T .17603128E400

1y deNl744%0anE=-01 3.8NBAITTOE+QD

P 7.93055356E=01 !.s%?ntzrzz:no s.u:nn:t*l!ono
2 ~ 4
TIME IS 6,5102]19&LE+0] s¢C,
BHT L] v a
1 9.90129320E-01 3.84038347E400 A+96356NTEE+0D
2 o.unasgn!at-ol 3.4?1242372‘00 ?.95?:13;:5‘90
3 A E+00

2.63356687E+00
9:615T8381E+00
0508763

4.370K9881E*00
4238112528 +00
FT7h,

T 1.05888148E+00
8 1.05629155E+00
479405

9.44792702F 400
9.3118T066E+00
376926E+00

T4.51500222
t.tnfas?:n!*ﬁn

1.02833R49E +00
l.ﬂzPT‘399=*no

TT4k=01 = 747179 1459E+00

| .35 4.,2314TBL0E+Q0
20 9.2316365nE=01 4,198026641E+00 T+49209216E+00
] - 25 + Hss, STE+
TIME 15 8 1*?17‘515001 SFC.
PNT Q
1 n.aasvrez7k-ol a.n!?asss¢=vno 4.000U000DESDD
2 H,500£44209E=01 2.915449003E 400 4.8Bp605]184E+00

T+09390172E+00
7.180?3398!‘00

. K264919TE+QD
1.;70??918!’00

T FebasTa521E-01
] 9 690240&?&-01

B.659406058E+00
3;7019‘1:!8‘00

4,152ATA01E+00
4.\?94‘0“6E'00

13 l.01724811E+00
14 ls nlhcoatstvnc

19 1.00463130E+00

6534986808000 8»05852531€400
20 9.9477i83nE=01 442584982 TF+00 AsTasbbABSE*Q0
- - - -
TIME IS 9. 711339&41401 =FC,
PNT (-]
1 s.qauuvbltt—nl 9.1?92?30‘E0ao 4:00000000E+00

2 B.44550084c=01 4,59528985E+00

T8406418158E+00

3.00T58490E400
5117290139 +00
99 8aF

T n.ﬁa»ﬁizath nl
b 8.7 3.na5A88143E+g0
*

6:6111Tp27E+00

H.36968151E~01
faT226T220E+00

Ge.bnb2v122E~-01

4.01020351E700  7+37125389E+00

19 9.812358)1E=ql
20 9.7959U276E-01  4.n2Y75925Ee00  7.9A7T3TI0SE+00
2 oAl nE= 2007529E+ R.20213593F




TIME 1S 1,14008R43E+02 eFC,

PNT | v ]
1 b.350T0E53L =01 2.07851201E+n0 42 0U00C0N00E+DD
2 8 Jﬁb‘bﬂlih-ul 2. nara?ngatoun 4.58316175E+00

g
a.&a&snwu9£tuv
&.h?dnsooatonof

Y HATANBTEIE~OV | FiaiSSTUBMESDN. &y TNEHBISSESR0
C} A 490513058=-ul : a%:lvaeneonn 4y ToeadnYBE+00
E 7 BREBT225E «

P.e911¢019[+nu
1.“?83271!!*0“

AF1TEUGINES 00
n.nzésgl9at+no

13 a ??evuqﬁs: 0l &1 tuozduubEOQG B.2h030TcIE+QD
1% M TEF3T1 1 ab=ul Fo1 993747 2E00 5. 34un!!bBFonﬂ
- ¥ . 79

. HeB9¢He526L 0] 34751 16934E+00 5.t~sﬂoa?n!*oo
17 v.nlauvgssh-ul 1.3466 73256400 5.7392295TE+00
19 0-16?‘41?6l-91 V.44 3B2TIE* QD hedalnZaZlE*0D
20 Y,1A8%0757E=01 A.520853495F + 00 As423T08232E400

= A s Asling -1-1 A

Tid4e IS 1,3u3oaluceeud eFr,

BT H v u

1 M. 2THTUSARE=0] .21 La3A59Ev 0y 4« 000N0000E=ND
- A.2AYCESE2E=01 2,9¥NTUEYIE+ND 4.5P000621E+00

A ! - ’..f'h9"31_2nﬂ asbIfIAIGE
I 4962577823E+00
‘.090(‘!*7!'00

o 3 : b i . I+

T d.38Uga7ASE=01 2,9 ¢anaoatonu l.?nlh]auqfon
] A,39159356/L=01 .cutrobenEOod 4. T299h03BE*00

3 G72E*pu 4y (BATOSTHE+

4.Tua51976E+00
4.62&8!6;&5000

[#70T49E*00
90 dl*ﬂ!‘oo

13 A.Sn41¥527E~01 1.nliﬁl-dﬂi‘0ﬂ 4+91320832E+00

1s A4+51757382e=-p1 3,0 3036842E+00 4+ 9E003R49E*00
g3 E 3, 08¢ E+gn H. bR STE+

ER L T ) SO07T101749E%00

a.:lhaszaa£4an n.l?gud?&s!oon

19 s.Tnliaﬁ?1n-nl 1.!~4?Taau=0uu SedulalnsTEan

<0 H.T16ha)A E=01 .21 34698KE4n Y Seszl15]176E*0n
- 7 10E+ Z156TE+00
TIME IS 1. san:anlaoba e,
PaT 4]
£ B, 21V!154¢t-dl 2 64¢4f¢4?5¢nu AJUNDSUOUUR 0D
[ .zzvllﬁtnn-nl 2. Q-vhfn-ﬁ;’on

haSTHA42THE +00
9 gTRE*N0

k’.‘&ﬂﬁﬁqg.ﬂﬂ
0ﬁ¢§5837£‘0ﬁ

4.61673TISEY0D
4s6ATRSGL5F+00

15 N hah i 00

7 Ay3NunTysere=01l ?.4::3?un1£-dr 4eBTHYENTIE + 00

H A.3201c101e-01 £ a«\n171!r-on 4.bGEAOGLIE-00
n - -

4aTa292680E+00
4 TA93IRITEON
G0KT qoE+00

a.qclsasaaaoun
2499945012E400

13 A tanvsﬂnz-al 016258 chE*0N a.020780d1E 00
1e Hedkn¥h23atE=01 F.AP0aITHE*ON 4843539 08E+00
879

AensHgIQUEE+ g0
3ankdnulg2Eegn

49041 YROLES00
4e9aB29418E+00

19 A.495682]18E=01 1.n3TaNBO2E+n) 5.03253739E+00

20 He5N09%13R=01 3.)1454771E+00 S5ebbsbartgEsnn
- W GE+ TT#83F +
TIME IS 1.A2995490E+02 ske,
PNT (] o a
1 Ha169393THE=DL 2.u:dT3SITE+ 0O 4.0000U0V0E+0D
e H.17B382040-01 2.478p4n14E+ QN ;.b?&f&sJ?E on
bypagk- 3,37 B 7 33597

ol 2.78c38569E+00
1 3.38%51688E+00
! - +

oo
s-&???&?i}ﬂ'ﬁﬂ

A.25un24058=01 ..’.avazuun~£inn ..eeaanvave-uo

b H, 2590026 =0} 2.999457AnEenn n.b?&-:lnaf-no

E 1

o H.2ab2 aE=01 3.00968011E+00 ;.T:esSQ az-nn

il s.!o»t‘;?at-ol -a.e|‘|a=49§000 ;-?1&;1103!‘00
Y ey - P *

13 Bs32¥lednat=0l 3.n7TnakanE* gy & 17958902F 0
18 He33538738E=01 q.ni2265H4E* 00 4s=Ta05139BE 00
db «B21ATSILES

e B I86EYN29E=0. .S ladalaEegp 4«B39E0TESE 400
L7 B.37297398E~01 R.p;eae;#vt*on a.:arnsvssa-on
2 i .

19 H.39L39T94E~5] A.ral9¥eaTEs g0 4s91T10335E+00
29 Hed0cheuw2ab=gl 1, 14399758E+np 499732266 +00
—&l  H.8n7J3canoE-y) .18 30383E00 4.97315559E+00
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TIME IS 1,.79c¢2103%E+02 =FcC,
PuT H v
Hel2708T07E=01 2,89133799E+pn

A,13220393 1 a.eqnmihlqnvuu

s.loaéhOSIt-ul 4,7110£593E+00
s.zora!lasc-nl F.nl021432E%00

13 8,204 /5850-01 1.n1v23¢?!sono
14 Hy zrsslzsnt-ol 1.raopsuevzoon

16 : & 3E=0! ,03976032
1T 4BE=01  3.0A07069
:u a.3|sb§nﬁ;=-n1 \.nashsdzlzoo{
20 A, 31n5¢zaa:-nl A,nw3R2IIELNN

=1 3 nep IE*00

TIME IS 1,955%A3RUE+02 =Fc,
H

PAT v
1 3.09109293c-01 3.01079993E%00
e 4.,098322]st-01 1.7147445aE+00
3 658
“ :
‘ "
A

T H.15650380E=01 \.ﬂreuuu-bivna
@ H, lﬁclf?bah—ul J.nsigavulE+pn

Bhen idinbegEs
in a.lnd#eagat-ol 3.0 820481 E
Ik a.10¢5513g£-01 Fenslzéasa

14 Ha ¢1:°-41v£-ul 3.0%054TYYE QD

14 a 2206eT23E-01 .03 2BTRE+N]
V322t =0 aklgdedsFeng

& _.z b33 3aE=01 J.nsd32en

17 Bupalbog)nE=0l !.n?ﬁzoqsrtou

iy A.250819aRE=01 1.~49133&ut000
20 A.2h02 A= 3. N2 53696E*00
21 Ha2629%2720=01 kP LLTYF 00

AN

MARIMUM VALVES> axU TIMFs AT FacH LOCATIUN

UIaTANCE maA VEPTH TIME

wax VEL  TTuF

L1 L1
k] \ & TT
- s & Ty
B1.A9 43 YT

lﬂc-!b 3 4,67
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A2l FLOW CHART

(Frosram LirTHEO) Compute
- depth, velocity, discharge|
at free outlet - o
By r omen
Newton-Raphson iteration iz
Set ﬁﬂ) time gnha;:ar
than input hydro p
physical constants such Subroutine CIRCLE No
as diameter, length, slope Call COMPTE @ tin“:: iess than
of conduit to compute depth and velocity
of even positions at first time ot
interval Compute
central angle by given depth Yes
Set
Ivulw of friction fac
Subroutine COED
Compute
area, wetted perimenter, Interpolation of discharge
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EDuESSCIADt equations with diffusing m
Call COMPTE Schend -
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A22. FORTRAN IZ COMPUTER PROGRAM

MAIN PROGRAM FOR UNSTEADY FLOW BY LAX-WENDROFF SCHEME

PROGKAM LWTHEDUINPUT sOUTPUT s TAPES=INPUT » TAPEG=OUTPUT)
DIMEMSION TQU(33C0)s QIC32300)
DIMENSION G(&0U1» HU&001» VI400)
DIMENSICN GL330)
COMMON DONsHL1vA»AP»uPsALsCLIDLsELsb2sAZaCLsE22VPIDTAIQT »nE»0C
COMMON DaXOnAF sGRyALPHAYBETASS0sF sHsVaGaDXsDTaToTOsTFaNsFBIFCeB
COUMMON MabMybMboL o I sPERD+DOT s VA [U» ThsGlsNGCO
COMMON nAsHMaVMaHT s VT sNPTaHAGeGl 1
COMMCN TRETAsWP sRsUEPTRaVC s JdaHNS VN
CUMMON GMAXTS0C) s VHMAX(AUT) »riMAX[4CG)
CUMMON TUMAX(&GU) »TVMAXL400) » THMAX (400D
INTEGER Rul
DO 1 I=1s400
HMAX(1)=C
VMAXIT)=C
QMAXLI)=0

1 CONT INUE

C=====]NPUT WHICH MAY 3E ALTERED
D=2.9262
5U=0.001
Ge=l0.
T=0eU
XO=0.0
AF=B2leT0C
F=0.012
ALPHA=1,00
BETA=1.00
GR=32.17%
H1=0s4%D
s P £ ALTERED

—— F INPUT wWHICH MAY BE AL

E"'-:E:?liL TIME» :I;QL TIMEs INTIAL HEIGHT» NUMSER OF PUINTS PER ROW
T0=0.

FB=0.109354
FCa=0417944
NT=NPO
C---=-CALCULATION OF CRITICAL AND NORMAL DEPTH AT BASE FLCW
QIl=a8
CALL DNORM
DA=DN
DNGB=DN
CALL DCRIT
DCAB=0C
XL=XF=X0=845%DC
FD=SORTF IGR*A/B)
FM=N
C--==-CALCULATION OF DT FROM MAXIMUM VELOGCLTY AND MAXIMUM HEIGHT
DX=XL/FM
RA=140/(24C*VC)
DT=RA*DX
DT=DT#045
DO 2 J=2+3300
CALL INFLUW
NGCD=J
CONTINUE
WRITE (6:11) DNGBDCGBDNsDC
WRITE (6312) NaDXsDTsX0sXFsTOsTF4S0sDF
TE 3 PERD Fi

LaT
LWT
LwT
LWT
LWT
LT
LwT
LWT
LaT
LinT
LwT
Lal
LT
LaT
LWT
Lwl
LwT
LwT
()
LaT
()
LT
LaT
LaT
LT
LT
LT
LwT
LwT
LaT
LwT
Lwl
LaT
Lal
wi
tni
LaT
LnT
LnT
LaT
LT
LwT
LaT
Lal
el
LaT
Lal
LaT
LT
LaT
Lal
LuT
LwT
LwT
LaT
LwT
LaT
LT
Lwi

N e O

3 NT=NT+1
T=T+DTA
QA=Q12)
HA=HI(2)
VA=V(2)
GMEGIND
HM=H (N}
VM=EVIND
ON=GIN+11
HN=HIN+1)
VN=VIN+1)
DO 7 I=2N

C=====CALCULATICN OF CCEFFICIENTS AND SCLUTIOUN OF DIFFERENCE EWUATIONS

CALL COED
CALL COMPTE
7 CONT INUE
C=====CALCULATIUN GF INLET bUUNDARY CONDITIUNS
CALL oUN1
HE=HN
C=====CALCULATIUN UF GUTLET oUUNCARY CUNOITICNS
CALL &ON2
IF LTF=T) B23+3
8 CONTINUE
NPG=NL1/50+1
DO 9 I1I=1NPG
11=50%=111-4%
IL=11+4%
WRITE (6»17)
WRITE (&s18)
DG 9 I=11s1L
X=(1-11%DX

WRITE (8319) XsrbAK (I 1o THMAXIL) o VIMARL L) o TVMARCL ) yuriAR (L ) o TuMAX (]

IF (1«EGeN1) GO TG 10

9 CONT INUE
10 CALL EXIT
[ —

11 FORMAT (#1DNGB = ®EL16.8//% DCOB = ®El646//
1 * DNPF = ®E16.8//% DCPF = *E1648/)
12 FORMAT (* N = %[5/

1 * DX = ®E164B//
¢ % DT = #El6+b/7
3 % X0 = ®EL6.8//
4 ® XF = #ElbeB//
5 & TO = ®#Elbab//
6 = TF = ®E1646//
T % S0 = #Elb.B//
B %D = #Elba8//
9 #F = =El6e8/)
13 FORMAT (® RA = ®E16.8//
1 * Hl = ®#Elb.8//
2 ® PERD = ®El6.8//
3 % FB = ®El6.8//

4 # FC = ®E16.8)
14 FORMAT (lHls7THTIME IS+cl6e8rbdH SEC)
15 FORMAT (2Xs3HPNT»10Xo1lHH»LTXs1HV 17X s 1HG)
le FORMAT (1Xsl&s2XrEl6abacXsElDaDrcXrElbal]
17 FORMAT (//%] MAXIMUM VALUES AND TIMES AT EACH LUCATION®//)

i8 FORMAT (* DISTANCE MAX DEPTH TIME MAX VEL TIME
1 TIME=)

19 FORMAT (FBe233(4XsF6e232XsFT742))
END

SUBROUTINE FOR COMPUTING GEOMETRIC PARAMETERS OF CIRCULAR SEGMENT

SUBROUTINE CIRCLE
CIMENSION TGI33000 LI03300)
DIMENSION G(400)» D400 VIA00)» X(330)

sPERDsDOT s VA# 10 TUQT #NGCD
TeNPTLHA,

MAX G

CUMMUN DNsHLrAsAP»BP sy ALsCLIDIvELrBErAZsCerELVPIDTAUT s DT
COMMON DI1A»X0s &l sALPHASBETA»S0sFsDaValsDX2LToT+TOTFsNsFB2FCHE

LwT
LwT
LT
LT
LaT
Lal
LaT
Lal
LaT
LaT
LaT
LaT
LwT
LaT
LT
LaT
LaT
Lal
LaT
Lnl
LaT
Lwl
LaT
Ll
LWT
LwT
LwT
LaT
LaT
Lal
Lal
LwT
LwT
LaT
LT
LwT
LaT
LWT
LnT
LaT
LWl
Lwl
LaT
Lwl
LwT
Lwl
LaT
LwT
LwT
LT
LaT
LwT
LaT
LaT
LWT
LaT
LwT
LuT
LT
LT
LaT

115
ile
117
iie
119
le0
121
lzz
123
l2a
125

1e7
léo
leq
130
131
13e
133
134
135~



9%

=ODdow P

is

17
18

ON & s DU400), vubdu X1330)
.ﬂ}:ﬁ-hp.&h-nlvc sD12ELva2sAZCErEL VP IOTAIGT

srig e OC
DIASXOsXF sGRALPHASBETA, so.fuo.v.o:ux¢uf.taro.rr-n»rb-rc.

CoMMON

COMMON MaMMoMMM oL o1 s PERDsDOTsVAS Qs TG oG s NGED
COMMON HAsHM s VMsHT s VT s NP Q8
COMMON THETAsaPsRsDEPTHsVC s JoHNs VN
DTOL=0.000G1

ELEV=100.0
KXmh o 5*DC
ELEVSELEV+30%XX
1F (DN-DC) 1s1e2

Ku]l

GO TU 17

DIN=1l.75%DC

DEPTH=DC

CALL CIRCLE

VV=GB/A

VHE(VVEYV )/ (2. 0%CGR)

S1=F*VH/ (4.0%R)

EEL=UCH+ALPRA®VH

XIN+1)=XF=XX

DIN+1)=DC

GIN+11=GE

VIN+1)=VV

NCOUNT=U

00 16 L=1sN

XX=XA+DX

DEPTH=DIN

CALL CIRCLE

HFTH=0W5%THETA

DTHET=4+0/(DIA®SINFIRFTH) )

DAREA=CQ 12520 AR0IA® (1.0-COSF(THETA) ) #0THET
DW=0+5%0D]1A*DTHET

WP=0s 501 A%THETA

DRA= [WPRDAREA=ARDW) / [ WP %P
DENG=1lal-(Go*0s/ IGR* (A®%*3) ) ) *DAREA

DSLO==F*UBE*QS® | 2+ 0*R®ASDAREA+ (A%R2 ) #ORA) /(B O*CR* [ (RmARRZ ) nez) )
VV=QB/A

VH=(VVRYV ]/ (2. 0#*GR]

S2=F*VH/ (4,0%R)
SF=(514521/2.0

EEZ2=DIN+ALPHA®VH
FRATIO=(EE2-cEL+LX*(50-5F) )/ (DENG+IEEZ-EEL) #O5LUZ (50-5F))
DCOM=DIN-FRATLIO

IF (DCOM) 514:6
WRITE (6219)
G0 TO 18
DCOM=ABSF (DCOM)

IF (ABSFIDCOM-DIN)=DTOL) 153157

IF (0«B2*CIA-DCOM) Balésls
DIN=DCOM/2.0

IF (0«82%DIA-DIN) 10+10s11

DIN=DIN/240
NCOUNT=NCOUNT+1
GO 1O 9

IF (NCOUNT=20) Ll&elZsl3
GO TO 3
WRITE (6220)

11=N-L+1
XTI ) =XF=XX
DIIIY=DIN
VIiili=vy
Gilli=Ge

CONT INVE

GO TO 18
WRITE (&s21) K
RETURN

Commri

19
20
21

FORMAT (® DCOM EQUALS ZERO #)

FORMAT (25H 02 MUCH GREATER THAN OIA)
QOEHIT (= STOP #1313}

N

L

TP=100.0
T6=150.0
UuU=TP/LTG=TP)
Ad=J
TG(J)=(AJ=1.01%DT
QILI)=QE+COMEXPFI=(TQLI)=TP)I/LTG=TRI DI *ITCLI)/ TPy 2y
RETURN
END

SUBROUTINE FOR COMPUTING DEPTH § VELOCITY AT END AF TIME INTERVAL
SUBROUTINE COMPIE
DIMENSICN GI330)
DIMENSION TWi33000» Wi(3300)
DIMENSION GL400) s HIS00)» VI4OG)
COMMUN DNeHLsAsAP sbP sALsCLleDiscionesAZsCarc s VP uTAsuTrnd sl
COMMON D3 X0 XF sGRIALPHASBETA»SONF sh sVl sOXaDT s T TOTFaNaFBFCHE
COMMON MaMMaMMMaL » 1o PERDSDDT s VA 10 TusulahaCD
COMMON HA»HMaVHaRT s VT sNPTsHRGo QL1
COMMON THETA»WPsR+DEPTHsVC o JsHNs VI
COMMON GMAX (4001 s VMAX(400) oHMAX (400}
COMMON TGMAX (600 »TVMAK{400) » THHAX(400)
Z1=DT/DX
LE=A/EB
Z3=ALPHA/GETA
L4=GR/BETA

RELI=nil)=0e5®al® (Z20 (VII+1)=VII=1) I+ VLI *(AI+1)=Ali=1)))+e5*(L1%lUnM
111!!{!13+1-01'Vli!*ZZ'IUElfll—Z-O'ViI]*FII-lIl+(22'£4+v¢ll"ll*tnlcﬂh

2I+1)=2+0%AL1)+nl1=11))

VL) eVIT)=0u5®Z 10 (Z38VI1)#IVII+1)=VII=1))+L6*nilel)-Hl]l~ XDJ*ZoO'DCOH
IXKWZGREZ )1 +0. 5% 21 %2 1@ [ (230230 (11 ##2+ 24022 )% (VII+1)=20%VIE)4VII=1))COM

24(Z3+1C)H2L%YIL)RIHII+1)=20%¥H(1)+HLTI=111)
Qily=vili®a
IF (Ht1)eLTaHMAX(L)) GO TO 1
HMAX(T)=H(1)
THMAX LT =T
IF (VOI)aLTeVMAX(I)) GO TO 2
VHAXCL)=V L)
TVMAXLT) =T
IF (Gl eLToWMAXITI)) GO TO 3
GMAX(IY=Q(1)
TAMAX (1) =T
RETURN
END

SUBROUTINE FOR COMPUTING COEFFICIENTS IN DIFFERENCE EQUATIONS

SUBROUTINE COED

DIMENSION TG(3300)» GL(3300)

DIMENSION GL40L)» HI&O0)» VI4OO)

DIMENSION G(330)

COMMON ONsH1sA»APBPsALCLaDLIsELvo2rA29C29E29VPHLTAIGT snBDC
COMMON Dy XOsXF 9GRsALPHABETA9SOsF sHaVaGs0XeLTaTaTO»TFaNsFBFCa2
COMMON MaMMaMMMsL o 1 +PERD DT o VA2 IQ TG QT ohGCD

COMMON HAsHMsVMaHT s VT oNPTaHR»GaGI I

COMMOGN THETAsWPsRsDEPTHaVC e JsHNs VN

THETA=2 + OFATANF ( (SGRTFID*H 1) =H{ 1) *#2) )/ (D/2e0-nlld 1)

IF (THETA) 102,52

THETA=8.28310+THETA

A=0e125% (THETA=SINFITRETA) ) *(D*D)

WP={D/2.CI*THETA

R=A/WP

BED*SINFITHETA/240)

Al=A/(VI1)1#8)

Cl=1.0

Dl=l.0/VW(1)

El=0.0

B2=sETA/GR
A2=VI11*ALPRA/GR

€2=1.0
SF=.125%F*E2av(1)*vil)/R
E2=5F=-50

RETURN

END

COM
COoM
COM

CuL
CoE
CUE




LE

NAME DEFINITION
A AREA OF CIRCULAR SEGMENT

AX INTERMEDIATE AREA

AJ (2}

ALPHA VELOCITY DIST FACTOR-ENERGY
AP INTERMENIATE AREA

a1 (2)

a2 (2

B FREE SURFACE WIDTH

BETA VELOCITY DIST FACTOR-MOMENTUM
BP INTERMEDIATE FREE SURFACE WIDTH
B2 (21

CTN COTANGENT OF ANGLE

cl (2)

c2 (2)

D DIAMETER OF PIPE

DAREA DERIVATIVE OF AREA WITH DEPTH
DAX DERIVATIVE OF AXx

DC CRITICAL DEPTH

DCOM COMPUTED DEPTH

DCOB CRITICAL DEPTH

DENG (2) .

DEPTH DEPTH OF FLOW

DIN INITIAL VALUE OF DEPTH

NN NORMAL DEPTH
DNOB NORMAL DEPTH

DRA DERIVATIVE OF HYD RADIUS WITH DEPTH

DSLO DERIVATIVE OF EN SLOPE WITH DEPTH
0T INCREMENT OF TIMF

DTA INCREMENT OF TIME

DTHET DERIVATIVE OF THETA WITH DEPTH
DTOL MAX ERROR IN DEPTH CALCULATIONS
DW DERIVATIVE OF WP WITH DEPTH

DX INCREMENT OF DISTANCE

nl (2

EE] ENEQGY AT KNOWN DEPTH

EE2 ENERGY AT UNXNOWN DEPTH

ELEV ELEVATION

El (2)

E2 (2)

F DARCY=WEISBACH FRICTION FACTOR

FB FACTOR IN REY. NO.~DARCY FUNCTION
FC FACTOR IN REY. ND.=DARCY FUNCTION
FD CELERITY OF WAVE

FH 12) [

FM NUMBER OF DISTANCE INTERVALS
FORG (2}

FPH 12)

FPRI (2)

FRATIO (2)

GR ACCELFRATION OF GRAVITY

H DEPTH OF FLOW

HA DEPTH OF FiOW

HB DEPTH OF FLOW

HFTH ONE-HALF THETA

HL INTERMEDIATE DEPTH

H4 INTERMEDIATE DEPTH

HMAX MAXIMUM DEPTH

HE INITIAL DEPTH
Hl INITIAL DEPTH

ONO
A0z2
Aol
INF
LWT
a0z
COE
CoE
DNO
Aoz
LWT
Bo2

STATEMENT NUMBER(S)
DCR 13

Boz 37

801
CIR

802
INC

INC
INC

LWT

LWT
INC
INC

8ol
Bo2

26
15

12
28

42
31
40
24

A23. DEFINITION OF VARIABLES

COE
CIR

INC

12

sol 23

Bo2 a3

INC 62

BOl1 46 BO2 43

T ()

%0% (1)

11

L

10 (1)

X (1)

NCOUNT ITERATION CONTROL COUNTER
N NUMBER OF DISTANCE INTERVALS

NT TIME INTERVAL. PRT OUT CTROL COUNTER
NPG PRINT OUT CONTROI

NPO TIME INTERVAL PRINTOUT LIMIT
NOCDONO. OF INFLOW DISCHARGE VALUES
N1 NO. OF X-POSITIONS

Q COMPUTED DISCHARGE

0A INTERMEDIATE DISCHARGE
0B BASE FLOW

Q1 INTERPOLATED DISCHARGE
011 INTERMEDIATE DISCHARGE
QM INTERMEDIATE DISCHARGE
OMAX MAX. DISCHARGE

ON INTERMEDIATE DISCHARGE
00 EXCESS OF PEax @ OVER QR
QT INFLOW DISCHARGE

R HYDRAULIC RADIUS

RA RATIO OF DY TO Dx

SF AVERAGE FRICTION SLOPE
SO CHANNEL RED SLOPE

50 t2)

S1 FRICTION 51 0OPE

S2 FRICTION SLOPE

T TIME IN SECONDS

TUMAX TIME OF MAX. VFLOCITY
TF TIME LIMIT FOR SOLUTION

TG TIME TO C. OF G. OFINFLOW HYDROGRAPH
THETA CENTRAL ANGLE OF CIRCULAR SEGMENT

THMAX TIME OF Max. DEPTH

T0 (23

TP TIME TO PEAK TINFLOW HYD. DISCHARGE
T0 (2)

TOMAX TIME OF MAxX, DISCHARGE

w2

V VELOCITY

VV VELOCITY

VX CELERITY OF WAVE

VA INTERMEDIATE VELOCITY
VC CRITICAL VELOCITY

VH VELOCITY HEAD

VM INTERMEDIATE VELOCITY
VMAX MAXIMUM VELOCITY
VN INTERMEDIATE VELOCITY
VP AVERAGE VELOCITY

WP WETTED PERIMETER

X POSITION ALONG CHANNEL

XX POSITION OF CRITICAL DEPTH

XF TOTAL LENGTH OF CHANNEL

XL WORKING LENGTH OF CHANNEL

X0 INITIAL POSITION ALONG CHANNEL
1 2)

72 (21

23 2)

74 (2)

(1) DO-LOOP COUNTER OR VARIABLE SUBSCRIPT

{2) INTERMEDTATE VARTABLE

INC

INC
LwT

INC

INC
INC

&7
16

Ta

71

an
18
15
24

53
T0
40

41
27

14

23
29

LWt

OCR
801
Bo2
Bo2

Bo2

CoM

INC

22

50
19

49

14

BO2

CIR

Bo2

801

43

49

14



DNgH
DCas
DNPF
DCPF
N =

ox =
pT =

i =

TO =

TIME IS
-]

z
VR~V LW N—

P

12

A24. SAMPLE OUTPUT

(%o input required)

2.bubuup0oE=a2
1.0uv000000E~03
£.9¢b20000E+n0
L.2u0u0000£=92
1.0¢613185€=01
1.2¢85900TE*n0

=45l 380a083=1Y5

1.093940008=n1

TF =
1+2¢85821TF+0

+2¢858217F+00 50 =

1.007854n8+00
D =
1.2285821T7=+00
F =
1+007354682400
RA =
2n
Hl =
4,0058232TE*0l
PERD =
2.,U¥6298TO0E*NU
FB =
0.
FC =
B.21700000E202
0.
0s SEC.

El v
1+2751153E400 3,.73A6932BE400
1+£27254 74000 3.73772414E+00
122693597400 3,73900045E400
1.£2653979E400 3, T2060824E400
1+4€2604705E-00 3.T425916BE+00
122563390400 3, 74504734ELND
leg246T78B3E-00 3,74815459E400
1+€2373955E.00 31,75194R32E-00
1+€2256764E400 3,756T3569E+00
1:€21101T3E-00 3,752T1430E.00
1:21924208E+00 3,.77024248E+00
1.21694368E.00 3,7797Tnl0En0
1:21%00589E.00 3,79190800E+00
1210256136400 3,R075n435E00
1.20563223E.00 3,82778a29E.00
14499136172.00 3,A545328TE«00
1+19075871E400 3,8906671TE«00
1617928145400 3,94121002E+00
1+16278538L+00 s nleneadbcend
led3te5536E.00 &, 18028845E400
1:U0T45468E.00 &, AT2THRaZTESND

1.25777Bo25+0] SEC,
-

lagt3n3)175E.00 4,n07a5108E«nD
1+242334052400 3,R1093923E.00
1+£€3503933E400 3.78135739E400
1+€3077535E400 3,7562827151E400
1.22815193E.00 3,75372186E400
1+£2643453E400 3,750431 37E400
1+22512882E.00 3,750634T1E«00
1+22392490E+00 3,7530790bE400
l.c2262615E400 3,7572138BE+00
1:€2109743E400 3.75290a78E+00
1.21922238E400 3,77031407TE«00
1+2168781RE400 3,77979325€400
1+21391552E.00 3,79192231E+00
1:€1013645E-00 3,80753208E+00
1:20526892E.00 3,82783131E400
1.19891002E400 3,A546734BE400
1+19042701c+00 3,89109931E+00
1«47863937E-00 3,94273328E.00
1«l6U75100E400 6,0269645TE«00
led2l84018E-00 L, 21721499E-00
10147521 1E00 4, RB339nIFELND
2+5155560%F*V1 SEC, 4
-

14€6383703E+00 ,6117180TE«ND
1.308830926+00 &,02063107E.00
1.£T991237E00 4,.0l15A236E+00
L+£6606T25EL00 3,93593454E400
1+€5350423E.00 3,8R089371E«00
1+243802T8E00 3,A38385035E.00
1+£3607535E400 3,80A5901TE«00
1.€3103902E.00 3,7H9657L3E«N0D
1:22690571E-00 3,77944730E+00
1+€2358088E.00 3.77594R49E+00
142206074100 3,77780591E.00
1.21761135E.00 3,78400AS9END
legle2sBl3EL00 3,79%291587E400
1ecl028555E400 3,8089233leen0
1+20525563E.00 3,82877419E400
1+19877501E+00 3,85555288E+00
1.49013001E400 3,8927078BE«00
14L7759714E.00 3,98T30n51E«n0
121572846 7E.00 L, 049218T5E400
1441£28252c.90 4,26691008E400
1.01042234E.00 4,879T7A535E+00

=l.79a80000E-n1

u
1+0000U00DE+R]
1+00000000E+01
1+0000UV00E=n]
1+00000000E=01
1+0000U000E*D]
1+00000000E*n]
1+00000000E*DL
1:00000000E+n1
1.00000000E+01
1:00000000E+01
1+00000000E+n1
1+00000000E+n1
1+00000000E+n1
1+00000000E=*D1
1+00000000E+01
1+00000000E+01
1+00000000E+01
1-000G0000E*n1
1+00000000E+01
1+00000000E+01
1+000C0000E*n]

]
1+0908Y052E+01]
1.0296573TE+01
1201632011E+01
1:00829123E+01
1+00403455€6+01
1001886828401
1+000844T1F=01
1400035452€+01
1:00012d04E+01]
1+00002205E+01
2+ 9996BTISE*00
9.99736699E+00
9.9991c12RAE*00
§+99885979E+00
9+99855630E+00
9:59622388E+00
G+99792128E400
G«99B469TBE+0D
1+0008B8499E=n]
1.00334580E+01
1+00T4T613E+p1

u
1+28272130E*01
1+15537020E+0)
1:12272947E+01
1.08722562E+01
1+06001932E+01
1+03955126E+01
1+02508293E+01
1.01530668E+01
1.00902771E+01
1+00514419E+n]
1.00262383E+01
1+00147614E+01
1:00070369E+01
1+000273%3E+01
1:00002145E+01
9.99865818E+00
Q«9988B014E*00
9:99873389E+00
1.00260689E+01
1:00254592E+01
1004922446401

38

TIME IS  3+T1333903gV]1 SFC,
P -

ey e
WP LN~ LE~NT NP WA=

1edBea3243E00

4 BEL14TTIESND

1+405779958400 4,2956399TE+00
1435443109e400 4,35627255E400
1+ 3379509700 4,26790216E400
1+31619048E400 4,14833285E400
1429703912E400 &, nad068s3E400
leg 79916352400 4, 0lb4Ad34EenD
lecBo04211E00 3,952529738E400
1425231210600 3,50583136E+00
legé2l5562E.00 3,86B75258E«00
1.£3361813E400 3,84348886E400
1.22042768E.00 3.A29n2939E+00
1:€2005247E00 3,A242441BE« 0D
1+€1393286E400 3,A2844506E400
1207482949400 3,84138111E+00
1o l99984630E00 3,881A7733E400
1+49043050E.00 3,89991a7TE+00
1+1TH48465E.30 3,5%863n5BE«00
1415348022800 &,0T735R020E+00
1o b0037098c00 %, 29852323E.00
1:V09635962400 4,87778591E+00
s.0311120/F+0]1 SEC,

4 ]
1+31801795E-00 4, 7TRTAaITESDD
1s9983s582c-00 4, S9A9AR36E.00
1:8392]1743E-00 »,70059056E400
1+426450742400 4, 56580R20E400
1+800272742+00 4,50059a91E400
1447743943400 4,418612b3E«n0
13547083100 4,3367R23TE«00
le332681833E.00 4,25335437E400
1+31206383E.00 4,17342a1TE+00
1ec92d1266F400 4,10384p8TE+NO
1+€7531013€E.00 4,06080432E400
142596444000 3,98R89751TE+ND
lecdS569916t 00 3,9495H6456E.00
1+€3318072E00 3,92379473E«00
lec2143804E400 3,91203989E+00
lec0971111E.00 3,91559784E.00
1:19688162E.00 3,939268257€+00
147921614200 3,393403T0E+a0
1445286219400 4,10977371E+0D
1+10467303E-00 4,32741233E+00
1+01000437E.00 4,B7882851E00
633!6590u45’0t SEC.
1+03393203E.00 4,74140525E+00
1+96833293E.00 &, R734n739E+00
1+22079356E.00 %,93051328E+00
1:212083405400 4,8052428TE«00
1-48481239E.00 &,76959740E+00
le#6292460E400 4,7003n01BEND
143951100800 4,63446133E400
1e#1622990E.00 4, 56381334E+00
1+39285892E.00 4, 490864 TAELDD
14369584 17E.00 4,4163927TE«ND
1+384658655E«00 %,34216118E400
1+32410358E.00 4,2T042586E400
1+30237067EUU 4,20612215E+00
1.£8152962E.00 4,14046185E400
1.26152722E.00 4,101lp7278E+00
1:24183718E400 %,0722h368E+00
1:€21£T7B54E.00 4,06799258E400
1+49678711E-00 6,10053475€+00
1+164516861E-90 4,19728228E+00
14413Ty4B9E.U0 4, 391H3282E00
1:01585265L400 4,8973925TE+00

T+54b668]11F*V1 SEC,

-
1+68UB5001E+00 4 ,A2HA1162E400
1-81048890E+00 5.03261331E+00
1+58701485E.00 5.02571158E4+00
1+58U056699E400 4,93273239E.00
1+25492461E400 4,9279678BE+00
1+53670802E+00 &, ATd41245E00
1+31547683E-00 4,r371323TE400
1+49825175E.00 4,784 TI549E+00
1+47232R65E.00 4,73T13060E«00
1+44988239E.00 ,681BT30TE«00
1442682953E.00 “,62362422E400
1440323775400 4,56314218E+00
1:47905414E400 6,501659357E«00
1+45433035E400 6,66130620E400
1.32904T68ELD0 4,38531412E400
1:30264633E.00 4,3391342TE+00
1.27421620E400 %,31269285E400
lecaline2eca00 &,3199a325E400
1+€0108247E400 %,38378331E400
1+l6371362E.00 4,54300273E00
1+U&321629E.00 4,96884191E+00




| geHusssnldnt
- -

; 327335400
;i:::;&asoah‘"”
11‘,33n516-;-30
Jes2001884ET0
Jap0u02083E 0V

Gulaesdbavl
l_,fg;;?‘lh-ﬂ“
'|.=s~3rn:l=‘:=

533637826
318412916400
Jae9006943E <0V
l.n?.di3§!=‘°°
Jas5203875E U0
es291831T7ELD0
1es0a08905E4 90
J»47057363E 00
144255351800
Jad0BvA2TSESUY
Jegba85373E00
1e£0383n0GE LY
1.09982656E 400

Le0B103aTaELUY
Ha0bBT4)SIECVU
Lembe¥59TEL00
Je855130F VU
| +b30UBR2UE TV
1492353098500
J+B0738839E. 00
aa9345682E.00
JaBTRT2145E400
 1a58332203E.00
 e280650293£400
122855589800
50932077640V
T LR EEI
JasbbThe29E400
“4 171580800
125650100
 1.3TT63e27E.00

Jed3498357c.00
1=£T815884E400
| 1e1T462162E400

1409718734k 00
1so8Y88805E 00
lebBaBIIN5ELLY
 1s87298203E.00
1455 755944k400
1043092735400
140350804450 00
1824900088400
1+80933229E. 00
1499534 T10E4 VU
1:28098 398 s U0
143635895084 00
1e3492) 143E- L0
133151 10Tt w00
131198835 .00
I+%8912 160800y
}-til%lb‘nﬁ.nu
Lev320207 16400
1039238] 31E. 00
 leddbn20veE. 00

1sT19a1163E40
' l-noorr;agz.ug
189582593 .40
1BBIEI8YREL L0
872¢7508k 4 00
1s06ed1759€., 00
52237T11£.00
41991528400
:gzagei.nu
32635c.00
i*tninlsazu.nn
Le39151707E .00
14370939046, ¢
14361214 76E. 00
+34362863E. 00
*32348457€,00
189305735
b
*%3562873€.
14385435036 09
1ee8la75g E.00

L lgauhgssgacaua 5eC,

"'31934205
e
14897030756 g

. LeDUm222siF*02 SFC.
~ )

 Iel4€0002¢F+ U2 SEC,
4

1423923830200
lotsr:?snzs-na 5

vl SFC.

o
4.33432373E.00
5, p8974a9TE4 00
5.0 3HT135E400
o, 351 3153499E+00
»,9T651153E400
%, ,9643395FE. 00
-, 92511751800
& RFR3NA03EL0D
W, BEYTNIS0EL0N
w,83fp9 8N
4, R0274358E.a0
4,TR228120E-aN
4. 723728 1E=00
%, AHD29395E.00
4, Bep]3T4ELDD
%, 81762715E«00
& S9¢AA3HEELA0
34,5946 130800
+,h88927]3E400
&, TTAHINIBESDD
5,12122392F«00

v
5,M07533392E«00
+,39571112E+00
4,35014736E400
a,9331879%E400
%, 95658134E400
4,3314358HE.000
%,92894115E+00
&,91631276E+00
4,904 323908400
4 AA994d89Esn0
4, HT395a85E400
4, B5651T82E00
4,R3411503E+00
4, u19T72351E«00
4,8033873TE+00
4,79297a8TE«00
4, T8RN 756E«ND
4,R1777233E400
4,47132962E-00
&,339573501c+00
5,32045091E«n0

v
“,305571%3E.n0
4,90024432E400
4,A7459133E.00
4,88103333E«00
4,B99245158E.00
% ,88323328E+00
&, RI01988TEND
%, Adesd) 10E«0D
4,RR2T2105E+00
4,ATHSHNSBELND
4. 87411331E«nD
4 AAR9IL243E.ND
%,84890378E+00
4, Bh19]1483E.n0
4,9624T540EenNN
4,8T025%08E+00
4,89017291E400
6, 92937548E400
5,99539804E400
3.12181290E+12

“§‘§9izg?t9§-ai

EC.

1
4,733]19137E«nD
4,Al0322)2E.00
4,T96239350E400
4,8lo27a31E«n0
4 H28RNT15E+00
4,92054888E+00
6,83329179E«0N
%,33209375E400
4, B3I6141649E400
S A3TTTASTEND
4,33997246E400
4,B4260153E.00
“,845600213E00
4,R52047135E+00
4,862T1433E400
“,BB13ATIIEL00
&.591204442E400
&,9599n308E.00
5.0381434TE<n0
S,18TT4ANG4END

v
4, 582T7T3n21EenD
&,72604529E400
“.T0364826Een0
4,73532802E400
%,T4431035E400
4,74039708E.00
4.T6363)75E+00
4.T76560179E400
4.77624703E400
4.78241833E00
4, 74965826E400
4, T9T14809E 00
4.80517498E400
4,8180925 7800
4.83511084E400
4.B5011438E4n0
4896443838400
4.04434082E400
5,02798430E400
5.17491430E 400
3,6T055516E400

‘
o984 (64Then]
1=927&021nE+n]
1+92031587En]
1848 2478E*n]
1+80daidlaaE=n]
1+HM39wnAlaE+pl
leBQlualTRESD]
12703517 74E+n]
1+ TelnéagiE+n]
1+96592 39K 1E+g |
1e54bndTiqE+n]
1+Bu3flissFen]
155899903k +0]
1e31289599F«n]
1+80571220E+0]
1e%173LTLTE=D]
143702221RE+N]
1s3c32ee9nEen]
1+E1023435E+n1]
1+23270409€+n]
1«163289499E+91

"
1+99930]146E+01
1+97334320E+01
1«94981531E*nl
1=F£96d583F «0]
1«9097811TE+n]
1+B830T811E401
1+BollTe95E+n]
1+83852424F 0]
1+80746055E+01
17T834257E+01
1+TaTo0195E+01
1-T1315T30E+01
1+84097013E+01
1e64302432E+01
1+80736380E401
1+56906983E+01
1+52707634E+p1
1+88%86816E*n]
1.43825211E+01
1233316692E¢01]
1234292848E+01]

o
1+9840990RL+01
1«F00Fe4aRE+N]
1+9502464RE+01
1+93853820E40]
1+9c118450E+01
1+90238812E40]
1+BeeTBINLE=]
1+Bb896T4TE«p]
1+84851879E+01
1:822787TRE+01
1+ 74990835E+01
1+71527523E+01
1730381 78E+01
1+72355922E+0]
1+59338168E+01]
1+663T9091E+01
1+6344386TE+01
1501291208401
1:564061357E+01
1+52511034E+01
1+68814018E+01

aQ
1s9waT2481E+0]
1+34803882E+01
1:93600T776E01
1+92736612E+01
191589¥T18E+p]
1:50158293E+01
1+84862973E+0)
1+87332681E+01
1+B5T73755E+01
1+B4096194E+0]
1+82332236E+0]
1+80871417E+p]
1+T8315442E+01
1+TB483T41E+n]
1+T4314542E+01
1+ T2063S5T9E+0]
1+5967TBTOE+01
1+6/123404E+91
1+54312973E+01]
1.61133102E+01
1+58779542E+01

u
1+B88887587E+01
1=91229786E=01
1+90383087E+01
1-5013063TE+D1
1.89385555E+01
1+B8553424E+01
1+B7T2eT23E+01
1+B6845842E+01
1+85538972E+01
1:B4251663E+0]
1+B295923RE+01
1+81329111E+p1
1+80011674E+01
1+T8411057E+0]
1+76730363E+01
1.T4366571E401
1+T3UN2469E+0]
1«710639£TE*0]
1+68326075E+01
1+66355191E+01
1+8887375E+01

39

TIME IS 1450¥33352F+02 SFC,
PN 4

]
1+B2256254E+0]
1+85520726E+01
1+B308756TE+0]
1+85516948E+01
1+85286565E40]
1+B5096738E+01
1+84T37125E+01
1+9425T742E+01
1+B36T3361E+01
1+82916308E+01
1+B2061295E+p1
1+81087791E+01
1+80013965E+01]
1+ ToB454T4E+p]
1+ TTSEB499E+0]
1+70237638E+01
1+T4TH3I3LTE+DL
1:73179381E+01
1+ TL56TTI94E+0]
1+59313995€+01
1.58510325E+01

]
1+7T5066114E+01
12TH04ITAEN]
1+ T8600532E+01
1+ 79364802E+01
17935427 1E401
1+79937248E+01
1:80111137€+01
1+80105987E+91
1+80045818E+0n1
1+ T9804808E+0]
1+ T9486682E+01
1:TEISTTHRE+]
1.T8819345E+0]
1« T77323d2E+01
1+76941832E+01
1=T6038839E+p]
1:75025228E401
173064053E401
1.T2T77923E+01
1:T1199644E+01
1:T0TS134pE+01

U]
1+6769016RE+0]
1«T1039841E+01
1+71382843E+01
147254419701
1«T3110763E+01
1+T3881796E+01
1:T4372122E+01
1sTaT78198E+01
1+T5117785E+01
1+75301019€+01
1+ 75408306E+01
1275392824E+01
1+T2279950E+01
1«T2081TH2E*01
1+T74739366E+01
1+7430829SE+01
1+T3T61425E+01
1+7309735%2E+01
1+72503226E+01
1=T1lokbasBE+Q]
1.T1452381E+01

]
1e60428432E%01
1+64011513E+01
1+64596T775E*0]
1.60022696E401
1.b6669654E+01
1+075630286E+01
1+5436BRIRE*01
1+69051159€E+01}
1.69569142E40]
1+TOLE24BT2E+D]
1+T0349656E+01
1+TUBKL93BE+D]
1+71103304E+01
1e712568394E+01
1+71317648E+01
171282500E+01
1+71173974E+01
1+T0479759E+01
1+T0972435E01
1+TU268500E+01
1+T069U9T2E+01

1 v
7 lel0ndassl1E400 4,47932a)2E400
2 1+58452888E.00 &,6202932BE+00
3 146913628700 4,53975.469E+00
% 1+68130299E400 4,63%307T0E«00
5 1.07798023E400 &, 641898T73E.00
6 1.0723TBR4E«V0 4 ,R5597738E+00
7 . l.bbaopadsc.00 4,8TT03186E+n0D
a 1.856509708400 %, 835793582E400
9 1.05000527£.00 4,T0161753E+00
10 1.0416]1640E+00 4,T71287425E400
11 1+53209688E400 %,72565085E400
12 15217855100 4,73R36365E400
13 1-81033131E.00 %, 79274858 3EN0
14 1+59745873E.00 4, 7T007771E+00
15 1.58270221L+00 4,79246735E400
18 1+96589226E00 4,82232018E+00
17 134517070k 00 &,86255413E400
14 1.32052281E+00 4, 9175AS16E4ND
19 1+48463908E400 5,00385251E.00
20 1:43745100E+00 5,14930318E.00
21 1.32273776E.00 5,71086a51E+00
TIME IS 1.63511142g+02 SEC,
PNT 4
i 1:0B090992E+00 4,1793531 1E«00
2 1+66740864E.00 4,4970AT23E«00
3 1+67740010E-00 4,65534545E400
“ 1.06810747E400 4,52034201E.00
5 1+06826TOBE-00 ° &,5204n342E+00
& 1:06477830E400 4,5513094TE«00
T 195871437600 &,57921759E.00
C] 1+.55455348E.00 4,5891723TE+nD
9 leoasi271sE+u0 ,6107095BE+n0
10 1+84190402E400 &, 62T15A45E4N0
11 1+03435385€E.00 4,6458]1582E400
1 1.62595062E400 b, 664])TILGELDN
13 1+01634378E400 4,68444839E400
14 180517794L00 4,70765886E+00
15 1+39208094E.00 4,73570201E400
16 1+27050723E400 «,77054734E400
17 1.55789700E00 4, ALShTTTEE«00
18 1+23472602E-00 4 HT49426B6ELND
19 1+20356598E00 4,9T153275E+00
20 1+54974534E00 5,158093154E00
21 1+33168914E.00 5,73386720E.00
TIME IS 1.To0BA923p+02 SEC,
PNT 4
1 1.05708791E.00 %, ?h8R913I5E400
4 1e54453338E400 4,37065936E+00
3 16589 7684E400 b, 345994 TIELND
4 1.85065596E400 6,40556133E490
-] 1+05337164E+00 4, 409TTSTHESDD
[} 1ab4348051E.00 4,44252008E400
7 1+0469]1 7348400 4,454T5185E400
8 1+044 1 T284E400 4,48438858E400
9 1:53960527E00 4,50994173E+00
10 1+403525615E.00 4,5303473BE400
11 1.52968169E.00 4,55381163E+00
12 1:02294804E.00 4,57T69575TE+00
13 1-081205028E-00 «,502568151E400
1% 1+480561702E00 4,6312n591E+00
15 1+39423358E.00 4, 66851083E400
16 1:28(084597E400 &, 70446R23E400
17 1+36355099E00 4,75%16n58E+00
18 1541579228400 4,B2130239E+00
19 1+21037461E400 4,93159n49E+n0
20 1.45638322E.00 5,13893nT4E«n0
21 1:33434358E.00 5,74134884E400
TIME IS 1.B8686T03F*02 SEC,
PNT s, v
T 1+03578401E00 4,14901078E400
2 1+02797091E00 4,25516734E400
3 1.03824184E400 4,237630586E00
4 1+03138138E400 %,29731412E+n0
-] 1s03577986E.00 &,3005359TE+00
6 1:93235375E400 4,338304T9E+N0
7 1.03183162E+00 4,35842430E400
'] 1.03001255E+00 4,1826T406E400
9 1:62699684E.00 4,40900948E+00
10 1+62403754E400 4, 43]194gB5E.00
13 1:51964504E400 4, 45H44539E400
12 1+81456494E+00 4, 486TT825EN0
13 1-508UB119E-L0 4,51%19750E<00
1% 1.80011408E+00 4, 545T9938E4+00
15 1.59024515E400 4, 5R427745E400
16 1+57800338E400 4,6283T7455E400
17 1+062486653E00 4,58352895E400
18 1+5411749aE400 4,75945a09E00
19 1209563068400 &, AB4S1ITIELNN
20 1451801388200 5,1099RaT6E+00
21 1+33128310E400 5,73322057E400
MAXIMUM VALUES AnJ TIMES a7 EZacH LUCATION
DISTANCE MAX DEPTH  TIME Mak VEL  TIvE
0.00 1.73 138,18 5.00 95.53
40,86 1.70 129.97 5,05 B3.85
8l.72 1.70 136.28 5,03 T9:66
122.57 1.69  lds.es 8,96 B5.95
163,43 1.68 lag,55 4,98 H0s1a
208,29 1.67 les, bs 4,95 92424
245,15 l.86 lsg.de 4,33 94.33
286.01 l.68 150.93 6,32 98.53
326,87 1.65 155.1% s, 30 10062
357.72 l.64 157,22 4,89  l0g.72
408,58 163  1bl.4) 4,88  106.9
Gad . b0 lab3 183,51 4,97 10901
490,30 l.62 167,70 4,898 113.20
531.16 1.61 16%.80 4,85 115430
572.02 1.59 173.99 4,37 119+49
612.87 1.58 176.09 4,88 121+59
853,73 1,56 lbo.25 4.31 125.7A
694.59 1.5 182.34 4,38 12787
735.45 1.51 l¥g.28 5,068 129.97
776431 1,45 178,19 5,18 136425
B17.186 1.33 170,09 574 . 176.09

MAR @
20.00
19.78
19.52
19.37
19.21
19.0a
13.89
18,73
1H.59
ld.aa
.30
LHe 18
18.02
17.89
17.78
L7823
il.51
iT«39
17.29
17.18
1715

Tive
100.62
10062
106491
111«10
11530
119.49
121.59
125.78
129.97
134416
138436
160445
Lba.b8
148.84
153.03
155413
159.32
153451
16770
171.90
176.09



APPENDIX 3

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

A.3.1.

Program UNSTDY

Set
physical constants such

of conduit,

as diameter, length, slope

Set
coefficients for 4
friction futo;mntro- ™
Reynolds nusber.

Set
physical parameters such
as velocity distribution
coefficients.

|

Set
downstream control constants.

Read
inflow hydrograph.

Set
initial conditions from the
inflow hydrograph.

i

Print
inflow hydrographs and
system parameters.

FLOW CHART

Print
distance and time increments.

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

Print
depth, velocity, and
discharge vs, distance
at time zero.

Increment
time

Call BOUND 1
to compute velocity and
depth at inlet

i

Print
depth, velocity and
discharge at inlet

Subroutine BOUNDZ

[Cal1 CIRCLE |

Subroutine CIRCLE Compute
positive characteristics

[mtﬂl m;wt:im d‘p—thl |Su

cond order interpolation
for depth and velocity

Compute
area, wetted perimenter,
hydraulic radius, top width

friction factor

Compute
depth and velocity
b

Newt ph iteration

(ﬂmmim coesr)

Compute
Steady non-uniform flow
{standard stop method )

by
Newton-Raphson iteration

];odaf:lnit ion of subs:ripul

[Retum|

[Call INFLOL]
[Call CIRCLE]

Compute
negative characteristics

to compute velocity and depth

Call COMP |

econd order interpolation
for depth and velocity

Call DCRIT

to calculate critical depth.

Jo i3

Call DNORM
to calculate normal depth.

Calculate

i

Print

all distances
Repeat for all times

Repeat for

depth, velocity and discharge
at one distance.

Call BOUND 2
to compute velocity and
depth at outlet.

i

Is
time greater
than input hydrograpl
time and less than

Compute

Call :llCLEI

maximm depth, velocity, discharge
and their associated times

initial discharge

Input
discharge

Calculate

Interpolation of discharge for

coefficients of the
two partial differential
equations

Ayr Ays By Cpo By By

Call CIRCLE

regular time intervals

Retum

t Subroutine DNORM )

Initial assumed
depth = 0.62 diameter

Compute
positive and negative
characteristics

l Call CIRCLE |

Call DCRIT
to compute gritical depth

I

l second-order interpolation

the difference -
No between depth and e
normal

Initial
depth = 0.

( subroutine DCRIT )
assumed
62 diameter

Ell CIRCLE

Calculate
normal depth

[ depth = critical deptn |

Is

| within
limit

Calculate
itical depth

1s
differ

between depth
critical depth within
the tolerance
limit
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MAIN PROGRAM FOR LUNSTEADY FLOW BY METHOD OF CHARACTERISTICS

PROGRAM UNSTNY

1 CINPUT«NUTPUT« TAPES=[NPUT « TAPE&=OUTPUT)
C=====ATTENUATION ANALYSIS - CIRCULAR CROSS SECTION

C=====M] INITIAIL CONDITIONS

UNS
UNS
UNS
UNS

C=====DETERMINATION OF HYNRNGRAPH AT THE SPFCIFIC POINT WITH TWO CONTROLUNS

C====={ AT UPSTREAM AND DNWNSTHEAM ) HY THE METHOD OF CHARACTERISIICS
C=====FRICTION COEFFICIENT F VARIES WITH REYNOLDS NUMBER
DIMENSTON D500}« ANT(S00)s OMAX (2003 QISH0) s QDT (S00)

DIMENSTON QI(2001+ AMAX(200)

DIMENSTON TDMAX(200)s TQ(200)s TOMAX(P00)«
DIMENSTION VIS00)s VDT (500)« VMAK(Z200)s X(500)

COMMON A+ AR+ACADAF « AL PHA+H4RC RN HETASCOWCOs DO 00T
COMMON DEPTH+DDsDIASDINe OMoMALs UNSDOUT DTy DTOL «D¥ 4 ED
COMMON FoFBaFCaFDsFNUSGR I TTNTTOC [X00 TANCs JoMCoNaNUCDH
COMMON NTsN1sQsNBONTaNT 40 IN4OMAX s P s D0 «RaREY s SOs T TOMAX
COMMON TFTHETAsTINaTP« TOTUMAX s TVMAX 4 Vo VOT A VMAX s WV s WP

COMMON XeXEoXFaXX
Cm====PHYSICAL CONSTANTS OF THE SYSTEM
0T4=2,9262
XF=82],70
5n=0,001

Imemea=COFFFICIENTS FOR COMPUTING F FROM THE REYNOLUS NUMBER

FHU=0.0000141
FR=0.1019394
FC==0,17944
C=====PHYSICAL PARAMETERS
GP=32,175
ALPHA=].00
BFTA=1,00
C=====DNWNSTREAM CONTROL CONSTANTS
cn=0.0
En=1.35
C=====CAMPUTATIONAL PARAMFTERS
N=20
1xn=2
TF=200,
Tin=20.
DTOL=0.00001
CoweeaINFLOW HYNROGRAPH
READ (Ss200) NOCD
READ (S5+210) (TAUT)«Q1(1)sT=1«NaCN)
QR=Q1(1)
ar=0l(?)
TP=TQ(2)
YOoL=(0P=0B)*TP
QRA=QB/0QP
Ni=N+1
DO 10 T=1eNI
DMAX(1)=0,0
VMAX(T)=0.0
10 GMAX (T)=0.0
WRITE (K.220)
WRTTE (642700
WRITE (6+230) OR
WRITE (6.+250) QF
WRITE (beP60) TP
WRITE (6+320) QRA
WRITE (6+240) VDL
WRITE (6+270)
WRITE (642800
NRTTE (6+790) SN
WRITE (6+300) ALPHA
WRITE (6+310) AFTA

UNS

-3 1r 1 2042030
20 WRITE (6+7%40)
Gn TO 190
30 IF (CD) 40.50.60
40 Mr=]
xXx=0.0
DOUT= (OR/CDI®e (1 ,0/F1)
Gn TO &0
50 Me=2
Xx=4.5#0C
DouT=pC
a0 KF=XF=xX
An=N
Dx=xXE/sAN
WRITE (6+750) TN.DC
CommaaCOAMPUTATION OF NT ( TIME THMCREMENT)
On=0P
CaLL DCRIT
DFPTH=DC
CALL CIRCLE
VC=0P/A
DFPTH=N.AP=NTA
CALL CIRCLE

UNS 170
UNS 172
UNS |74
UNS 176
UNS |78
UNS 180
UNS [A2
UNS 184

DTMAX= (DX®2.09RFTA) / (VO# (ALPHASHETA) +SUNTE { ( LALPHA=HE TA) #02) dureyCUNS | 86K

1+ (4. 0®RETASGRENM) ) )
DT=DTMAX®.5
Cn==DT/DX

NT=TF /DT

1TO=T10/07

WRITE (6+360) DXWDT

UNS 188
UNS 190
UNS 192
UNS |94
UNS |96
UNS 198

Com=e=CAMPUTATION OF VELOCITY ANM NFSTH FOR ALL DISTANCES X AT TIMF 0.0 UNS 200

DIN={DOUT *DN) /2.0

DEPTH=NOUT

CALL TINCOND

QIN=0R

T=T0(1)

WRITE (6+370) T

WRITE (6+3A0)

WRITE (6+390)

DO 70 T=1+Nle1X0

WRITE (604000 XOIVaDIT)aVvil)an(])
T0 CONT INUE

1rnc=}

0N 170 J=24NT

T=T+DT

C=====COMPUTATION OF VELOCITY AND DFPTH FOR THF

CALL AOUNDL

IF (ITOC=1TO) 9N4AD90
a0 WRITE (6+370) T

WRITE (64380)

MRITE (643901

MRITE (6+400) X(1)+DNDTLIY«VOTIT) «ODTLIY

90 Ixnc=1
On 120 1=2,N

IMLET AT TIME |

C=====COMPUTATION OF VELOCITY AND DE®RIH AT TIMF T

CALL cnMp

IF (1TOC.EQ.ITOLANDLIXOCLENLIXD) 10D«110

100 IxnC=1

WRITE (6+400) XU1)«PDTOIIaVDTITI0LOTIT)

60 TO 120
110 1x0C=1X0C+1
120  CONTINUE

C--*-?OIFUTITION OF VELOCITY AND DEPTH FOR THE OUTLET AT TIME T
=N1

CALL BOUND?
IF (ITOC=TTO} 14041304140
130 IvnC=

1
WRITE (6+400) X{I)4DOTIINVOTIT)«QNTLT)

G0 To 150
140  1T0C=I1TOC+1
150 Do 160 I=1+N1

Q(n=onTin

UNS 202
UNS 204
UNS 206
UNS 208
LNS 210
UNS 217
NS 214
UNS 216
UNS 218
UNS 220
UNS 222
UNS 224
UNS 228
UNS 228
UNS ‘230
UNS 232
UNS 234
UNS 236
UNS 238
UNS 240
UNS P42
UNS 244
UNS 246
UNS 248
UNS 250
UNS 252
UNS 254
UNS 256
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DErI=DNTIT)

160 ViTi=voT(n)

170 CANT INUE
NPG=N] /50+]1
Do 18D TIT=14+NPG
I1=502111-49
IL=11+49
WRITE (64410)
WRITE (6+420)
Dn 180 T=TIsIL

UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS
UNS

WRITE (64300 !(IIan\!!lIoInﬂﬂ!Illc!ﬂixlllof?ﬂ!&Ilicﬂlhlilltrﬂﬂlluﬂﬁ

1

IF (1.EQ.N1) GO TO 190
180 CONT INUE
190 CaLL EXIT
[ —
200  FoRMAT (I7)
210  FORMAT (BF10.4)
220  FORMAT (1H1+2X+®INFLOW HYOKNGRARH PARAMETERS® /)
230 FORMAT (2X,%0B= oF10.5+2CF5%)
240 FORMAT (2Xs®WAVE VOILUMF ARNVF HASE FLoWw=  eF8,2+8CU FT®)
250  FORMAT (2X,80P= 2F|0.5,20F58)
260  FORMAT (PX.8TP= oF|0.5.925608)
270 FORMAT (/)
280  FNRAMAT (2X.®SYSTEM PAHAMEERSS /)
290  FORMAT (® SO =6F10.5)
300 FORMAT (% ALPHA=®F]0,5)
310 FORMAT (® BETA =eF]0N.5)
320 FORMAT (®* QB/QP==F|0.5)
330 FORMAT (* N =%]5/% [xn =8]%/e [F =oFh.0/% TI0 =oF10.5)
340 FORMAT (® FLOW IS SUPFRCRITICAL®)

s
350  FORMAT (2Xs¥NORMAL DEPTH= #FA.4+®FTO.4X+2CRITICAL DEPTH= #F6,4v8FUNS

1T+ /)
360 FORMAT (2X+#DX=  OFR,5+0F T804 X4 0NT=  SFH, 5 8SEC®y /)
] FORMAT (1HL+5X«SCONDITIONS AT ®+9.39SFCONUSE//)
a0 FORMAT (2%+®DISTANCE® +OX+#DEPTHe o HXSVELOCTTY S
1 TX+=*DI1SCHARGE®)
390 FORMAT (4Xs® (FTI®a]1Xe2(FT)®s l0Xa2 (FPSI®s L 1NsB(CFGI®y/)
400 FORMAT (4(F10.445%))
410 FORMAT (//%1 MAXIMUM VALUES AND TIMES AT EACH LOCATION®//)
420 FORMAT (* DISTANCE MAX DEPTH TIME MAX VEL TIME
1 TIME®)
430 FORMAT (FA.243(4XsFB,242X:F7.7))
END

SUBROUTINE FOR COMPUTING INITIAL CONDITION

SURROUT INE INCOND
DIMENSION D(S00)s DDT(S00)s DMAX(200)s G(500)+ QDTS00
DIMENSION OI(200)s QMAX(200)

DIMENSTON TOMAX(200)s TQ(200)s TOMAX(200) 4 TVMAZ (200}
DIMENSION VI500)s VDT (500)s VMAX(200). X{500)

COMMON A+ AR+ACADsAE s ALPHA+H4BCs RN+ BETACOsCOs L+ DC+DDT
CoMMON DEPTHsDD«DIA+DINS DMy IMAX s DN DDIIT o DT« DTOL s DX+ ED
CoMMON FtFBtFC-FDoFNU-GR-1.110-]10C|llO-IlOC-J-HC.NoNﬂCn
CNMMON NT oML+ QsORONT o1« QTN GMAX QP « D0 Mo HEY sS04 T» TOMAX
COMMON TFy THETASTIO TP TOTUMAX ¢ TVMAX <V g VIIT s VMAX 3 VY ¢ WP
COMMON X s XF s XF o XX

CALL CIRCLF

CONDITTION AT INITIAL POSITION
Vvlﬁﬁf

Max 0

UNS
UNS

UNS
UNS
UNS

UNS 3
UNS 3

UNS
UNS
UNS
UNS
UNS
UNS
UNS

150
160

INTEGRATION OF STFADY FLOW

DO 150 L=1N

Xx=KADX

DFPTH=NIN

CALL CIRCLE

Vv=0R/A

RFEY=VVER/FNU

F=FREQEYSSFC

HF TH=0,5¢THETA
DTHET=4,0/(DIASSTNF (HFTH) )
DAREA=D, 125*DIA®DTA® (1 ,0=COSFITHETA) ) &NTHET
OW=0,59DTASDTHET
We=0,5¢DIA=THETA

DRA= (WPSDAREA=A®DW) / (WPeHP)
DFNG=1,0=(QR*0R/ (GRS (A=87) ) ) SNARFA
DSLO==FHQR4OR® (2, 0*ReACDARFAs (ARS2) BNLA) / (H, 2GRS | (REARE2)882) )
VV=QE/A

VHEVV YW/ (2. 086R)
REY=VVeR/FNU

F=FReREYSaFC

S2=FeyH/ (4, NeR)

SF=151452) /7.0
EF2=DIN+ALPHA®VH
FRATIO=(FF2-EF1+DX® {SO=5F 1)/ (NENG+ (FEZ=EE | ) *DSLOZ (SO=5F ) )
NEWTON=RAPHSON [TERATION
DENM=D IN=FRATID

IF (DCOM) 30420440

WRTTE (642000

Go TO 190

DEOM=ARSF (DCOM)

IF (ABSF(DCOM=DTNI=DPTOLY 1304130450
IF (0D.R2ENTA=DCOM) 6041204120
DIN=DCOM®D.5

IF (0.R2eNIA=DIN) BO+A0+90
DIN=DIN®0.5

NCOUNT=NCOUNT +1

60 TO 70

IF (NCOUNT=20) 10041004110

GO TO 10

WRITE (6+210)

Gn 10 190

DIN=DCOM

Go TO 10

IF (ABSF (DCOM=DN) .LE.DTOL) 1604140
END OF NEWTON-RAPHSON
DIN=DCOM

51=52

EE1=EE?

REDEFINITION OF SUBSCRIPTS
TT=N=L+1

X(TI)=xF=xX

DI =DnIN

ViTI)=yy

QiT11=08

CONT INUE

Gn TO 180

DFPTH=ON

CALL CIRCLE

Vv=QB/A

CONSTANT CONDITIONS

D0 170 J=L«N

I1=N=J+1

X(IT=xF=XX

De11)=DN

VITII=wW

QrI1)=08
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SUNROUTINE FOR COMPUTING DEPTH § VELOCITY AT IND OF TIME TNTERVAL

SURROUT INE COMP CON
C=====COMPUTATION OF VELOCITY AND DEFTH AT THE TIME T+DT BY KNOWING THE COM
[ VELOCITY AND THE DEPTH AT THE TIME T com

OIMENSTON D(500)s NDT(S00) . DMAX(200}s G(S00)+ QDT (500) com

DIMENSTON QI(200)+ AMAX(200) coM

DIMENSTON TOMAX(200) ¢ TA(Z200)s TOMAX(200)s TVMAX(200) coM

DIMENSTON-V(500)s VNT(500) . VMAX(200). X(500) coM

COMMON A+ABsACsAD s AE s ALPHA sH2HC s HD 2 HETASCO4COSDDCSDDT CoM

COMMOM DEPTHsDDsDIA«DINyOMyIMAX +DNsDOUT DT 4DTOL DX +ED com

COMMON F+FBsFCoFDaFNUSGRTo TTOs ITOCS X0 IXOCs JsMCoNsNQCD coM

COMMON NTsN1+Q+0BsQDT«N]sQINOMAX+OP+O0+R«REY+S0«To TOMAX coM

COMMON TFsTHETASTIOTR TGO THMAX s TVMAK < VaVUT s VMAK 4 YV « WP com

COMMON X e XE o XF s XX comM

Op=D(1) coM

Vv=v(1) com

CaLL COEFF com

DEPTH=DI(I) com

CALL CIRCLE com
c POSITIVE CHARACTERISTIC com

CP={2.0%BETA) /(VI(T)® (ALPHASHETA) +SARTF ( { (ALPHA=BETA) ##2) 8y (T)ev(T)COM

1+(4.02A=BFTA®GR/A) )Y ComM
C NFGATIVE CHARACTERISTIC

CM=(2,0%AFTA) /(V(1)® (AL PHA+RETA) = sau?rltlnLPHa_BE!aI!lai'vtI:-vlltcon

1+ (4. 0%A%AFTASGR/AY ) )

UP=CO/CP 00"
UN=CO/CM coM
c 2ND ORDER INTERPOLATION CoM
DR=D(T=1)20.5*UP® (UP=] . ) +D (11 (1 .0=-UPR22}+n(ls])on.S50UPe(UP+]1,) COM
VR=VII=1)20.5%UP® (UP=]1,) +VIT)o(],~UPseR)+V ([+1}20,5%UP% (UP+],) coM
DS=D(T=1)20,5%UN® (IN=1,)+D (1) (1 ,~UNS2) +D(1+1) 20, 55UN® (UN+14) coM
VS=VIT=1) 20 SOUNS (IIN=1.) +V(T) @ (la=UNe22) 4V (141120 ,SEUN® (UN+14) CoM
FrP=ACeCP=-RC com
Feu=ACeCM=RC COM
GeP=AR coM
GCM=AR coM
SCP=AF=CP comM
SCM=AE®CM COM
TCP=FCP#*NR+GCPEVR=SCP#NT /TP coM
TCM=FCM20S+GCMBYS=SCMaNT /01 com
c VELOCITY AND DEPTH AT END DF TIMF INTFRVAL com
VP=(FCPRTCM=FCMOTCP )/ (FCPEGUM=F CHRGCP) com
DP=(TCP2GCN=TCMEGCR) / (FCRAGCM=F CHBLER) coM
IF (DP=0.R?eN1A) 2N+10.10 CoM
10 WRITE (6490) X(T)aT CoM
60 TO 80 comW
20 DFPTH=NP coM
CAlLL CIRCLE CcoM
anT(11=Aeve coM
DnTil)y=NP Com
VnT(I)=VP COM
[+ Max DEPTHs VELOCITY. AND DISCHARGEs AN} THEIR ASSNCIATED TIMES CoM
IF (DDTE1)=DMAX(I)) &Neane3n coM
30 DMAX(T)=DDT (1) coM
TOMAK(T)=T CoM
40 IF (VDT LIV =VMAXIT)) BA«AD5D CoM
50 VMAX(T)=VDT (1) COM
TUMAK(T)=T CoM
60 IF (QDT(I1=0MAX(T)) HOHNTN CoM
T0 QMAX (TH=QPT (1) coM
TOMAX (T)=T CoM
a0 RETURN coM
Comnne COoM
90 FORMAT (® FLOW 15 FULL AT % = &4F71,2.8 T = 84FA,2) coM

END CcoM

SURROUTINE COEFF

COE

C=====COMPUTATION OF ALL COEFFICIENTS OF THE TwO PARTIAL DIFFFRENT1AL Cof.
Co====ENUAT IONS COE
DIMENSION DIS00)s NDTIS00)s DMAXI200)« QIS00)+ QDTIS00) COE
DIMENSTON Q1(200)+ AMAX{200) COE
DIMENSTON TOMAX(200)s TO(200)s [OMAXIZ00)s TVMAX(200) COE
DIMENSTON V(S500)s VOTIS00)« VMAX(200)e A1500) COE
COMMON AsAR+ACsAD+AF « Al PHASHsHE oA+ HETACUCOW D4 DO DOT COE
COMMON DEPTHsDDsDIAsDINs DM+ IMAX s DN DOUT+OT+DTOL 2 DX2ED COE
COMMON FoFRsFCoFDaFNUSGRy I+ ITOs ITOC IXUIXOCs JeMCoNsNQCD COE
COMMON NTsNLsQoOR+ODT«0LaUINsOMAX QP s OUsHaREY «S0s T TOMAX COE
COMMON TR THETASTIO« TR TO«TOMAX s TVMAX s Vo VDT s VMAX s uV o WP COE
COMMON XsXEsXFaXX COE
DFPTH=ND COE
CALL CIRCLE CoE
Al=As(yVen) COE
Di=l.osvv COE
AP=ALPHA®VY/GR COE
B2=BETA/GR COE
REYNOLDS NUMBER COE
REY=VVeR/FNU COE
c FRICTION FACTOR COE
F=FReREY®SFC COE
c ENERGY SLOPE COE
SF=.1258F sWVeVY/ IRSGR) COE
E2=SF=-50 COE
ABR=Aleaz COE
AC=Al=-a2 COE
Ap==A2eD1 COE
AE=Al®E2 COE
BC==B2 COE
8p==82201 COE
RETURN COE
END COFE

SUBROUTINE FOR COMPUTING NORMAL DEPTH

SURROUT INE DNORM DND
DIMENSION NIS500)s PNTI500)s DHMAX(Z00)« Q(500)s QDT (500) DNG
DIMENSTON Q1(200)+ OMAX(200) DNO
DIMENSTON TDMAX(200)s TQ(200)« TOMAX(200)s TVMAX(200) DNO
DIMENSION VIS00)s VDTIS00)s VHMAXI200)s KiS00) ko
COMMON AsARsACYADSAE & PHAWHsHCoHNHETACCOWCOaDIC«DDT DNO
COMMON DEPTHsDDsDTA+DINsDM o IMAX s DN DT+ DT 4DTOL +0X2FD DNO
COMMON FoFBaFCaFDeFNUGHe Lo ITNe1TOC TR0 TXOC JoMCaNaNOCH DNO
COMMON NTsN1+Q+0B+O0T+O1+QTNsOMAXUP D0 sHsREY + S0 7o TUMAX DNO
COMMON TFsTHETA«TIOTPTOs TUMAX s TVMAX Vo VT s VMAX s WV s WP DNO
COMMON XsXEsXFaXX DNO
DEPTH=0.622D1A DND
10 CALL CIRCLE UNO
Vv=00/s4 oNO
c REYNOLDS NUMBER DNO
REY=VVeR/FNU nNo
c FRICTINN FACTOR DO
F=FBeREYSeFC DND
4 NENTON=-RAPHSON DN
DN=DEPTH=({WP=(F® (QQ®®2) ) / (B, oRe50e (Hees)08) ) /((3,0%8) /H=2,0/STNF (DNO
1THETA/2.00) DO

IF (ABSF (DN=DEPTH)=DTOL )} 30+204+20 DN

20 DEPTH=NN DNO
60 T0 10 DN

30 RFTURN DNO
EnD DNO




SUBROUTINE FOR COMPUTING UPSTREAM BOUNDARY CONDITION.

SIRROUT INF BOUINDT

Cowma=COMPUTATINN OF VELOCITY AND DFPTH FOR X=0.0 AT THF TIME T

20

30

40

60

70
90
100

110
120

DIMENSION DI500)s DOTISO0)s DMAXE200) s LISA0) s QDT (S00)
DIMENSION DI1(200)« OMAX(Z200)

DIMENSTON TDMAX(200)s TOL200)s TOMAX(200)s TVMAX(200)
DIMENSTON VIS00)s VATISON) s VMAXI200). 219000

CAMMON AsAR+ACsADWAF « AL PHA B HC o HNWRETASCOCOaN=DCo DD
COMMON NFPTHsDD«DTASDTN« Mo MAX s INTINHT+DTOTAL+UXED
COMMON FoFRsFCaFNsFNUGR T+ 1TOSTTOC EX0s 1X0C s JyMCoNaNQCD
COMMON NT+N1+QQBODTNT Q1IN UMAX s UP sl s K HEY 3 SU T 9 TUMAX
COMMON TFoTHETATIOTP TR TUMAX s TUMAR sV VDT s VMAX s UV 4 WP
COMMON X+ XE s XF s XX

CaLL INFLN1

DFPTH=DI(1)

CALL CIRCLF

NFGATIVE CHARACTERISTIC

B
CH=(2.0PHETA) /(VI1) 9 (ALPHASRETA) =SORTF ( { (Al PHA=HETA)882) 8y (1) ey (1)BOL

l*(4.02A®AETASGR/A) ) )

IF (CHM) 10420430

UN=CO/CM

2NN ORNER INTERPOLATION FOR NFP1H AND VELOCITY

DS=D (1) 20.5%UN® (UN=1.)+U (218 (] ~LINS®2) 401 {1} 20 SFUNS (UN+1.)
VEEV 1) o0 5%UN® (UN=1.) +V(2)2 (] . =UNSS2) 4V [3) 20 SPUNS (UN*].)
GO TO &n

XS=X(1)

Ds=D(1)

vs=v (1)

Gn TO 40

on=0IN

CALL DCRIT

DP=DC

G0 TO a0

on=D(1)

Vu=vily

CALL COEFF

FEM=AC*CM=RC

GCM=AR

SCM=AE®CM
ASMALL=DS=(SCMeCHEDT=(OMOVS) /FCM
BSMALL ==0TN®*GCM/FCM

DP1=D(1)

RN=2.0#DP1/DIA=}.0

DFPTH=DP1

CALL CIRCLE
FDP1=DP1=ASMALL=(RSMALL/A)

10=-RrDea2)))

NEWTON=RAPHSON TTERATION
DP2=DP1=FDP1/FNP]P

IF (ABSFIDP2=DP1)=DTOL) T0.70+60
-0P1=DP2

Go TO SO

END OF NEWTON=-RAPHSON
DP=DP1

1F (DP=0.82%DIA) 100590490
WRITE (641700 X{1)aT
GO TO 160

DEPTH=DP

CALL CIRCLE
Ve=QINsA

onT (1) =DP

vnTil)=ve
anTil1=01n

IF (DDT(1)=DMAX (1)} 12041204110
DMAX(1)=DDT (1)

TOMAX (1) =T

IF (VDT (1)=VMAX (1)) 14051404130
VMAX(1)=VDTI1) i

TUMA

MAX DEPTHs VELOCITYs &ND DISCHARGEs AND THEIR ASSNCIATEDR TIMES

801
801
HO1
801
BO1
BO1
BO1
801
801
BO1
BO1
o1
801
B01
801
B01
B0l
BO1
Bo1
BO1
BO1
o1
BO1
801
801
BO1
801
BO1

FOPIP=]1.0+ (HSMALL/8=82 )8 ( (DJA®(]1.0-COSF (THETA))/2.0)%(1.0/SAQRTF (1.801

20

40
c

50

c
60

T0
a0

c

110
120

100

SUBROUTINE FOR COMPUTING DOWNSTREAM BOUNDARY CONDITION.

SURROUT INF ROUND2 BO2
DIMENSTION DIS00)s POT(SUD) s DMAXIP00)s Q(S00)s QOT(S00) ANz
DIMENSTON QT (200)s OMAX(200) HO2
DIMENSTON TDMAX (2000« TUI200)s TOMARIZO0) s TYMAX(P00) anz
DIMENSTON VIS00)s VDTS00 s VMAR(200) 4 2i%00) An2
COMMON A AR ACH AN AF o Al PHAHBC AN HETACUCOsD#DCHDDT 802
COMMON DEPTHaDD«DIACDINGDMoIIMAX s DN DOUT DT «DTOL+DXED Bo2
COMMON FeFBaFCoFDaFNIGReTo (TOWITOCS TXO» IXOC s JeMCyNsNQCD HO2
COMMON NTsN1sQ+QR+ONT a0l +QIN«OMAX QP 4O« ReREY ¢SO0 To TOMAX Hwn2
COMMON TF+THETASTIO«TP«TRTHMAX s TVMAX o VaVOT s VMAX s UV s WP BO2
CNMMON XeXEsXF o XX AO2
DEPTH=D (N1 Bo2
CaLL CTRCLE 802
POSITIVE CHARACTERISTIC Bn2
CP=(2.08BETA) /(VINI) 2 (ALPHASRBFTA) « SURTF | { IALPHA=HFTA) 862} 8V (N]) oV (BO2
INL)+ (4, 0®A®BETA®GR/B) ) ) Bo2
up=Co/CP Bo2
2ND ORDER INTERPOLATION FOR NEPTH ANO VELOCETY BOZ2
DR=D(N=1120.52UP® (UP=] . ) +N (N} 2 {1, =UP®e2} s (N1} 0. S*UPS (UP+1.) ANz
VR=V (N=1)20.58UP® (UP=1,) V(NI ® (1 .~UPee2) sV (ML) 20 50UPR (1IP+1,) BO2
Dp=D(N1) Bnz
Vv=ViN]) ao2
CaLL COEFF Bnz2
FCP=ACeCP=RC AO2
GCP=AB Bo2
SCP=AEsCP BO2
CSMALL=NR=(SCPSCPeNT=GCP#VH) /FLH 802
DSMALL==GCP/FCP a02
oP1=D(N1Y 802
RN=0DP1#2,0/DIA=1.0 802
DFPTH=NP1 BO2
CALL CIRCLE anz
GO TO (20430)+ MC Bo2

FD=CD®NP1%9ED H02
FD1=CDeED®NP1®® (ED=]1.0) wo2
U=FD/A Boz2
FNP1=DP1~CSMALL~DSMALL #1) 802
THFTA2=THFTA/Z.0 802
DADD=(DIA/2.0)#(1.,0-COSF (THFTA) )2 (1,0/50HTF (1.0-Rnee2)) 802
DUND=( (A®*FD1)=(FDeDADN) ) /(A9 A) an2
Gn TO 40 #o2
U=SORTF (GReA/B) Bo2
FDP1=DP1=CSMALL=DSMALL "L anz
THFTA2=THETA/2.0 802
DUND=(2./DTA)® (1 .0/SARTF (1. 0=KDB42) 18 (1,010} # ((U[A®229(].0~COSF (THROZ
1ETR) ) ) 7 (Bo0®B)=(AS(NTA/2,0)2COSE (THETA2) fHee2) ) BO2
FNP1P=1,0=DSMALL =DIND BOZ2
NFWTON-RAPHSON ITERATION 802
DPP=DP1=FDP1/FDP1P BO2
IF (ABSF(DP2=DP1)=DTOL) 0+h0450 802
DP1=0P2 802
G0 TO 10 H02
END OF NEWTON=RAPHSON Bo2
DEPTH=DP2 802
IF (DEPTH=0.B25DIA) HO7N«T0 Bo2
WRITE (6s1R0) X(T)aT 802
60 TO 170 802
CALL CIRCLE B02
ODT (N1)=DFPTH 802
GN TO (90+100)s MC Bo2
GNTINL)=CNeDEPTHe=EN BO2
VDTINIY=QNTINL) 74 Bo2
Go T0 110
VDT IN1)=SORTF(GR®A/R)
QDT IN1)=VDTI(NL)®A
MAX DEPTHs VELOCITYs AND DISCHARGEs AND THFIR ASSNCIATED TIMES
IF (DDT (N1)=DMAX(N1)) 130s130,120
DMAX (N1)=DDT(N1)

MAX (N1) =]




Sy

.-
¥
SURRDUT INE CIRCLE : il -
OIMENSION D(500)« DNT(S00)« DMAX(200)s Q(SN0) s QOT(S00)
DIMENSION QI(200). OMAX(200)
DIMENSTON TOMAX(200)+ TO(200)s TOMAK(Z00)s TVMAX(200)
DIMENSTON VIS00)s VDT(S500) s VMAX(200)« X(500)
COMMON A+ ABsACYAD S AE ¢ AL PHA S HsRC s HD S HE TACO4 COS D2 DO DT
COMMON DEPTHsDD«DIA«DIN«DMIMAX s N DNIT DT ADTOL s DX ED
COMMON FoFBeFCoFDsFNUGRs Lo ITUsITOC [XUs IXOCydsMCsNaNGCD
COMMON NTsNI+Qe0B+0DT 0T «QINOMAR s OP 310 s HyPEY + 50+ Ty TOMAX
COMMON TFTHETASTIOTRP TOTOMAK s TVMAX sV o VT s VMAK 3 UV « WP
COMMON XsXEwXF XX

DISCHARGES AT TIME
DIMENSTON DISO0) s DDT(S00) . nusacann). ntﬁoot. Q0T (5001
DIMENSTON Q1(200)« DMAX(200)
DIMENSTON TOMAX(200) s TO(200)s TOMAKIZ00) s TVMARLZ00)
DIMENSION V(500)s VOTIS00)s YMAX(200). X(500)
COMMON A+AR+ACAD+AE « ] PHAHoHT s HD s HE TR CUCOS D D0+ DLT
COMMON DEPTH«DDDTA«DINNM IMAX 1IN DOUT 11T« DTOL 2 DX ED
COMMON FoFBsFCoFDsFHUSGR« T4 ITOM1TOC TR0 IXOCs JoMT Mo
COMMON NTsN1sQ+NHONT Ol sQINOMARyUP s GUaHaHEY 4 SDe Ta TUMAX

c TEST Tn TNSURE NEPTH LFSS THAN 0.H2 DIA, CIR 24 4 +TO.T0. + TVMAX S 5 UV WP 24
IF {DEPTH) 10420420 CIR 26 gg::g: :f:;?i;:;:lq TRLTOLTOMAK s TVMAX Vo VDT s VAL s vV o Wi Ty
10 WRITE (6+100) CcIrR 28 Awd INF 28
CaLL ExIT CIR 30 T={AJ=1.018DT INF 30
20 IF (DEPTH=0.822D14) 40+404+730 cIR 32 s INF 32
30 MRITE {6:110) CIR 34 c INTERPOLATION FOR REGULAY TIME INTERVALS INF 34
CALL_EXTY CIR, 36 IF (T.GE.TO(NOEDY) 10420 INF 36
40 IF (DTA/2.0=NEPTH] &0.50+70 CIR 38 10 QIN=QT (NOCD) INF 38
S0 TueTAmd.leiso S 60 TO 50 it i
o c 2 CANDL T, ToTa 0+ an. INF 42
& SRTEARE R AL E e e g: i;':;:?e TQEIO) JANDL T ToTaT0e11) a0 ) i tee
60 THETA=6.2A318=-2 ,08ATANF { (SORTF (DTA®DEPTH=NERTHODERTH) ) / (DEPTH=NTA/CIR 46 60 TO 20 INF 46
12.0)) CIR 48 40 QINSQI(T0)+(01(1Q+1) =0T (1018 (T=TA(IO)/LTOCI0* 1) =THI10)) INF 48
60 TO 90 ci® S0 G0 TO S0 INF 50
70 THFTA=2.0%ATANF ( (SORTF (DTASDERTH=DFPTHEOFPTH) 1/ (DTA/2.0-DEPTH))  CIR S2 S0 RETURN INF 52
IF (THETA) 80490490 CIR 54 il INF 54
B0 THETA=A,2A31A+THETA CIR 56
c ARFA CIR 58
90 A=0,1258 (THETA=SINF (THFTA) ) ® (D 1A% &P} CIR 60
c WETTED PERIMFTER CIR 62
WP=(DIA/2.0)1*THFTA CIR 64
c HYDRAULIC RADIUS CIR 66
R=A/WP CIR 68
c SIRFACE WINTH CIR 70
B=NIA#SINF(THETA/2,0) CIR 72
c HYDRAUL IC DEPTH CIR 74
DM=A/R CIR Te
RETURN ciR 78
ca ci® 80
100 FORMAT (® NEPTH 15 NFGATIVE®) CIR B2
110 FORMAT (® FLOW IS FULL®) CIR B4
END CIR 86
SUBROUTINE FOR COMPUTING CRITICAL DEPTH
SURROUTINF DCRIT DCR 2
DIMENSTON N(S00)s DDT(S00) s DMAX(200)s O(500) s GDT(500) DCR 4
DTMENSTON NI(200)« NMAX(200) DCR &
DIMENSTON TOMAX(200)s TO(200)s TOMAX(200)s TVMAX(200) DCR 8
DIMENSTON VI500)s VOT(S0N) s VMAR(2000s X(500) DCR 10
COMMON A+ARsACsAD+AF s Al PHAsHKCyHN s HE TASCIIaCOsNyDCDOT OCR 12
COMMON DEPTHsDD«DTADTH My MAX 4 DN DOUT o DT 4 BTOL 1 DY 4ED DCR 14
COMMON FoFBaFCaFDaFNU«GRa T4 TTive | TICs [XUS 1XOCs JoMCoNoNUCD 0CR 16
COMMON NTsNI+QeDHODT s« DTN OMAR OF a0 HaRPEY s SO T+ TOMAX DCR 18
COMMON TFaTHETAsTTO0aTO T TOMAX < TVMAK SV o VDT o VMAX 4 YV o WP OCR 20
COMMON X+ XF « XF « XX nce 22
DEPTH=0.A7eN1A DCR 24
10 CALL CIRCLF DCR 26
c NEWTON=RAPHSON DCR 28
DC=NEPTH=(R® (A®83) =ALPHAS { (HP00) 902 ) /GR) /(1,09 ( (HeA)892)=(2,08 (ASSDCR 30
13)*COSF (THETA/2.,0) ) /(SIMF{THETAZ2,011) OCR 232
IF (ARSF (NC=DEPTHI=DTOI | 3020420 DCR 34
20 DFPTH=NEC DCR 36
60 TO 10 DCR 38
30 RETURN pece &40
END DCR &2
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A.3.3. DEFINITION OF VARIABLES

NAME NEFINITION
A AREA OF CIRCILAR SEAMENT cir
AB 2 CuF
AC 2 CnE
AD 2 CuE
AE 2 CnF
aJ tn INF
ALPHA VFL DISTRIAUTION FACTOR=ENF=GY NS,
AN NUMBER OF DISTANCE THTFHVALS 1INS
ASMALL (?) HOL
Al t2) COE
A2 (21 COE
B FRFE SURFACE WIDTH cie
BC (21 COF
RD 2 COF
RETA VEL DISTRIBRUTION FACTOR=MOMENTUM UNS
BSMALL (2) Hol
B2 (2] COE
co ONTLET DISCHARGF COEFFTCIENT UNS
cM NEGATIVE CHARACTERTSTIC DIRECTION BO1
co MINUS DT/DX UNS
cP POSITIVE CHARACTERISTIC WIRECTION Com
CSMALL () HOZ
D DFPTH OF FLOW AT TIME T INC
DADD DFRIVATIVE OF AREA WITH NEPTH HO2
DAREA DERIVATIVE OF AREA WITH NERTH NC
nc CRITICAL NEPTH new
DCOM  COMPUTED DEPTH INC
Db DEPTH HOL
DDT  DEPTH OF FLOW AT TIME TenT HOL
DENG  (2) INE
DEPTH DFPTH 0OF FLOW WOl
wie
UNS
INC
oce
DIA DTAMETER OF PIPF UNS
DIN INITIAL VALUE OF DEPTH INC
UNS
DM HYDRAULIC DEPTH ciw
DMAX MaxIMUM DEPTH UNS
DN NNPRMAL DEPTH Db
DOUT DEPTH DT NUTLET NS
oP DFPTH RO1
OP1  INITIAL VALUF OF DFATH BT
bp2 COMPUTFD VALUE 0F DFPTH Ol
DR INTERPOLATED VALUE NF DEPTH HOZ
DRA t2) i INC
Ds INTERPOLATED VALUF nF DERTH HNl
DSLO DERIVATIVE OF ENERGY SLOPE WITH DRINC
DSHALL (2) Au2
DT INCREMENT OF TIME uMs
DTHET DERIVATIVE OF THETA WITH NDEPTH INC
DYMAX TIME OF MAXIMUM DFPTH UNS

DTOL MaXIMUM ERROR IN DFPTH CALCILATIONUNS
DubD 2y au2
oW 21 INC
Dx INCREMENT OF DI1STANCE NG
D1 2 ' COE
ED DUTLET DISCHARGE FXPONENT UNS
EE1 ENERGY AT KNOWN DEPTH INC
EE2  ENERGY AT UNKNOWN DEPTH INC
E2 CoE

2 .
F ‘DARCY=-WETSAACH RESISTAMCE COEFF

TNC
CoE

Com
Ll

INC

INC
802
Bz

L
HZ
UNS
INC
DCR

INC

HO1
UNS
B0l
HOl
HOZ
cnm

BNl

Ho2

Inc

L]
£ 1]

156

na
s

1]
he
Ing
166
6

122

132

10
1ng
1n2
L
56

52

a0

STATEMENT NUMRERLS)

INC

CoM
Com

anl
Boe
oND
InC

Bo2

CoM
Bo2

Com

180

28
98

116
108

204
24

136

136

£%

60

UNS 284

COE 28
CoOM 36
com 92
DND 46

INC 144

CoM 106

BO2 102

FNU KTMEMATIC VISCOSITY NS
FRAT10(2) Tt
GCM (F-4] hir)
GCP 2y HO2
GR ACCFLERATTION OF GRAVITY Ling
HFTH (2 NG
1 th NS
11 (n NS
1L LINE PRINTING INDEX NS
10 (1 INF
170 TIME INTERVAL SETWFFN DUTRUTS NS
ITOC TIMEs OUTPUT INTERVAL COUMTER UNS
1x0 DISTANCE TNTFRVAL HETWFEN OUTPUTS UNS
TX0C DTSTANCE« OUTPUT INTERVAL COUMTE® 1INS
J ) INE
L (n INe
MC BACKWATER PROFILE CODF us
N NUMBER OF X=INTERVALS 1INS
NCOUNTITFRATION COUNTFR INE
NPG  DUTPUT PAGF CONTRN| NS
NGCD  NUMBER OF TNPUT HYNROGEAPH w0 INTS UWS
NT NUMBER OF TIME INTFRVALS LINS
N1 NIMBER OF X=INTEGRATION LOCATIONS UNS
] DISCHARGE AT TIME T 1INS
aR BASE DISCHARGE UNS
QDT DISCHARGE AT TIME T+DT HOY
a1 INPUT HYNRNGRAPH DISCHARGE 1INS
QIN * INITIAL DISCHARGE NS
QMAX  MAXIMUM DISCHARGE AT TIME T NS
oP PFAK HYDRNGRAPH DISCHARGE UNS
oQ DISCHARGE s
ORA  PFAK Tn BASE DISCHARGE WATI10 NS
R HYDRAULIC RADIUS Cix
RD DFEPTH TO RADIUS RATIO Aol
REY REYNOLDS NUMBER INE
REY COE
SCM 2 CT
sCp (2) H2
SF FRICTION SLOPE (AVERAGE) INC
50 INVERT SLOPE LINS
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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".
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