


FINAL REPORT FOR THE PROJECT 

"UNSTEADY FREE-SURFACE FLOW IN A STORM DRAIN" 

The following four hydrology papers, taken as a whole, 
represent the final report•# for . the project "Unsteady Free­
Surface Flow in a Stonn Drain". The history of the project 
is described in detail in the Introduction of (Part 1) Hydrology 
Paper No. 43. The original assignment of the project sponsored 
by the Federal Highway Administration, fonnerly called the 
Bureau of Public Roads, is given in Appendix 1 of the same 
paper. Paper No. 43 also presents the basic material produced 
from the project and contains summarized versions of the other 
three hydrology papers. 

Part II, Hydrology Paper No. 44, is related mainly to the 
experimental research facilities, the instrumentation used in 
carrying out the experiments, and the typical experimental results. 

Part II, Hydrology Paper No. 45, gives results of the analysis 
of geometric and hydraulic parameters, which in turn define the· 
various coefficients in the partial differential equations of 
gradually varied free-surface unsteady flow. 

Part IV, Hydrology Paper No. 46, is mainly concerned with 
various aspects of finite difference numerical integration schemes 
in solving either the two partial differential equations or the 
equivalent four characteristic ordinary differential equations of 
gradually varied free-surface unsteady flow. 

Apart from this report, all pertinent original data in the 
form of output microfilms, decks of computer cards, and similar 
original data have been deposited with the Office of Research of 
the Federal Highway Administration. 

December 1970 

rif-i•~ 
V. Yevjevich 

Fort Collins, Colorado 
cl.Ji~ 
A.H. Barnes 



FLOOD ROUTING THROUGH STORM DRAINS 

by 

V. Yevjevich and A.H. Barnes 

Hydrology and Water Resources Program 
Department of Civil Engineering 

Colorado State University 

PART I (Hydrology Paper No. 43) 

SOLUTION OF PROBLEMS OF UNSTEADY 
FREE SURFACE FLOW IN STORM DRAINS 

Introduction 
General Procedures of Investigation 
Theoretical Considerations 
Physical Waves, Experimental Works and Results 
Computation of Waves by Analytical Methods 
Comparison of Results of Computed and Observed Waves in Subcritical Flow 
Simplified Methods of Flood Routing 
Analysis of Errors in the Solution of Problems 
Conclusions, Limitations and Recommendations 

PART II (Hydrology Paper No. 44) 

PHYSICAL FACILITIES AND EXPERIMENTS 

Introduction 
Experimental Storm Drain System 
Instrumentation and Its Calibration 
Data Recording System 
Experimental Test Conditions and Typical Results 
Experimental Errors 
Evaluation of Experimental Facilities 

PART III (Hydrology Paper No. 45) 

EVALUATION OF GEOMETRIC AND HYDRAULIC PARAMETERS 

Introduction 
Geometric Relations for the Circular Experimental Conduit 
Hydraulic Resistance of the Experimental Conduit 
Energy Losses at .Junction Boxes 
Velocity Distribution Coefficients 
Boundary Conditions of Experimental Conduit 
Initial Conditions for Experiments and Numerical Integrations 
Conclusions and Recommendations 



PART IV (Hydrology Paper No. 46) -
NUMERICAL COMPUTER METHODS OF SOLUTION 

Introduction 
Integration of Partial Differential Equations by Finite Differences 
Integration of Characteristic Differential Equations by Finite Differences 
Comparison of Three Finite Difference Schemes of Numerical Integration 
Conclusions and Recommendations 



FLOOD ROUTING THROUGH STORM DRAINS 

Part I 

SOLUTION OF PROBLEMS OF UNSTEADY 

FREE SURF ACE FLOW IN STORM DRAINS 

by 

V. YEVJEVICH and A.H. BARNES 

November 1970 

HYDROLOGY PAPERS 

COLORADO STATE UNIVERSITY 

Fort Collins, Colorado 

43 



Several departments at Colorado State University have substantial research 
and graduate programs oriented to hydrology. These Hydrology Papers are 
intended to communicate in a fast way the current results of this research 
to the specialists interested in these activities. The papers will supply 
most of the background research data and results. Shorter versions will 
usually be published in the appropriate scientific and professional journals, 
or presented at national or international scientific and professional m~etings 
and published in the proceedings of these meetings. 

The investigations leading to this paper on unsteady free-surface flow in 
a long storm drain were supported by the U.S. Bureau of Public Roads, 
Federal Highway Administration during 1960-1970 and by the Public Health 
Service during 1962-1964. The research was conducted in the Hydrology and 
Water Resources Program of Civil Engineering Department at Colorado State 
University, Fort Collins, Colorado, U.S.A. 

The opinions, findings, and conclusions expressed in this publication are 
those of the authors and not necessarily those of the Federal Highway 
Administration or the Public Health Service. 

Dr. Arthur T. Corey, Professor, Agricultural Engineering Department 

Dr. Robert E. Dils, Professor, College of Forestry and Natural Resources 

Dr. Vujica Yevjevich, Professor, Civil Engineering Department 



November 1970 

FLOOD ROUTING THROUGH STORM DRAINS 

Part I 

SOLUTlON OF PROBLEMS OF UNSTEADY 
FREE SURFACE FLOW IN STORM DRAINS 

by 

V. Yevjevich and A.H. Barnes 

HYDROLOGY PAPERS 
COLORADO STATE UNIVERSITY 

FORT COLLINS, COLORADO 80521 

No. 43 



ACKNOWLEDGMENTS 

The writers of this paper gratefully acknowledge the support and cooperation of the U. S. 

Of Public Roads, Federal Highway Administration, in the research on flood movements through Bureau 

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 1962-1964. 

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 Highw~y 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 pro­

duced on the project have been particularly helpful. 

Mr. George Smith, Associate Professor of Civil Engineering at Colorado State University, 

has worked closely with the writers in the design, construction, testing, and operation of the 

physical research facilities during most of this project. Several graduate students, either 

through their thesis research or through direct work, contributed to the project. The theses and 

reports are listed in the bibliography of this paper under "Internal References". Dr. Shih-Tun 

Su, Post Doctoral Fellow, Civil Engineering Department, Colorado State University, using existing 

data, assisted writers in finishing this paper. 

iii 



TABLE OF CONTENTS 

Chapter 

Acknowledgments 

Abstract. 

1 INTRODUCTION 

1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
1.10 
1.11 

Review of Methods for Routing Floods Through Storm Drains. 
Objectives of Investigation ..... 
General Initial Conditions Assumed for the Analysis. 
General Physical Constraints in This Study 
Various Potential Applications ..... . 
General Approach for Investigations ... . 
Various Aspects of Investigation .... . 
Justification of Investigations in This Study. 
Practical Relevance of Investigations. 
Brief Historical Review of the Project 
Organization of This Paper . 

2 GENERAL PROCEDURES OF INVESTIGATION. 

3 

2.1 Specific Aims ..... 
2.2 Experimental Phase . . 
2.3 Numerical Integration. 
2.4 Comparison of Physical and Analytical Waves. 
2.5 Relation of this Study to Other Problems of Storm Drainage 

THEORETICAL CONSIDERATIONS .. 

3.1 Derivation of the Two Partial Differential Equations for 
Unsteady Free-Surface Flow in Conduits . 

3.2 Discussion of Basic Assumptions Used in Derivation 
of the Two Partial Differential Equations. 

3.3 Derivation of Characteristic Equations 

4 PHYSICAL WAVES, EXPERIMENTAL WORK AND RESULTS. 

4.1 Experimental Facilities ...... . 
4.2 Results of Steady Flow Measurements. 
4.3 Physical Waves ..... . 

5 COMPUTATION OF WAVES BY ANALYTICAL METHODS 

5.1 Basic Equations ... . ..... . 
5.2 Methods of Solution ....... . 
5.3 Initial and Boundary Conditions .. 
5.4 Comparison of Three Finite-Difference Schemes of Numerical Integration 

6 COMPARISON OF RESULTS OF COMPUTED AND OBSERVED WAVES IN SUBCRITICAL FLOW 

7 

6.1 Methods of Comparison ...... . 
6.2 Methods of Qualitative Comparison. 
6.3 Results of Qualitative Comparisons 
6.4 Quantitative Comparison of Results by Depth-Versus-Time Relations. 
6.5 Quantitative Comparison of Results by Depth-Versus-Distance Relations. 
6.6 General Comparison of Results by Wave-Peak-Depth Versus Distance and Time. 

SIMPLIFIED METHODS OF FLOOD ROUTING ... 

7.1 General Definitions and Descriptions of Simplified Methods 
7.2 Flood Routing Based on Simplified Partial Differential Equations 
7.3 Basic Properties of Simplified Methods 
7.4 Muskingum Simplified Method ... . 
7.5 Time-Lag Routing Simplified Method 
7.6 Non-Dimensionality Approach .... 

iv 



~ 
8 

9 

References 

Appendix 1 

Appendix 2 

Appendix 3 

Appendix 4 

Appendix 5 

TABLE OF CONTENTS - (Continued) 

ANALYSIS OF ERRORS IN THE SOLUTION OF PROBLEMS. 

8.1 Errors in Geometric Parameters. 
8.2 Errors in Hydraulic Parameters. 
8.3 Errors in Computations ..... 
8.4 Errors in Experimental Observations 
8.5 Total Errors ........ ... . 

CONCLUSIONS, LIMITATIONS AND RECOMMENDATIONS. 

9.1 Conclusions .. . ......... . 
9.2 Limitations in the Developed Results. 
9.3 Recommendations for Future Research 

V 

58 

58 
60 
65 
66 
68 

69 

69 
69 
70 

71 

72 

74 

80 

101 

104 



3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

4.1 

4.2 

LIST OF FIGURES AND TABLES 

Definition diagram for derivation of continuity and momentum 
equations of unsteady free-surface flow in an open-channel 

Forces acting on the incremental volume of the channel 

Geometric elements of ' a channel with free surface flow 

Forces acting on an incremental slice in free-surface flow ·in a channel 

Net of characteristic curves C+ and C in (x, t)-plane. . 

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

General scheme of the experimental conduit with water supply and removal. 

A view from upstream of the circular storm conduit on the hillside 

.. 

. . 

.. 
of the outdoor laboratory at Colorado State University Engineering Research Center .•• , 

4.3 

4.4 

4.5 

A view from downstream of circular storm conduit and the inclined 
rails . . . . . . . . . . . 

Scheme of the general data recording system 

Relationship of the Darcy-Weisbach friction factor f to Reynolds number Re 

4.6 The junction box used in the model study .. 

4.7 Velocity distribution coefficients as related to the Reynolds number 

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

4.9 Location of the critical depth of a circular cross section free outfall 

4.10 A recorded inflow discharge hydrograph to the main conduit 

4.11 A recorded inflow discharge hydrograph from a lateral conduit 

5.1 Definition graph for the finite-difference scheme .. 

5.2 Network of specified intervals for the solution of characteristic equations 

5.3 Rectangular grid for the solution by the system of specified intervals, 
6t and 6x: subcritical flow (upper graph), critical flow (center 
graph), and supercritical flow (lower graph) . .......... . 

5.4 Hypothetical inflow hydrograph of a Pearson Type III function, Eq. 5.32, 
with the selected parameters: Q1J = 6.21 cfs, Q0 = 8.00 cfs, tp = 
100.00 sec., and tq = 150.0 sec . . . . . ..... 

5.5 

6.1 

6.2 

6.3 

6.4 

6.5 

Comparison of diffusing scheme (Di), Lax-Wendroff scheme (At ), and the specified 
intervals scheme of method of characteristics (C) in reproducing the steady 
initial conditions along the conduit, at the distance x = 796.7 ft ..... 

Type of comparison of computed and observed waves for a qualitative comparison 
of visual inspection with depth versus time for given positions . .... . 

Type of comparison of computed and observed waves for qualitative comparison 
by visual inspection, with depth versus distance for given times ... 

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

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

Quantitative comparison of five parameters measuring differences between the 
computed and observed wave-depth hydrographs. The ca·se of no corrections 

. ... 

. ... 

for shifts in time of observed hydrographs .. . ............ . . ... 

vi 



~ 
6.6 

7,1 

7,2 

7,3 

7,4 

7,5 

7.6 

7.7 

7.8 

7.9 

7.10 

8.1 

8.2 

8.3 

LIST OF FIGURES AND TABLES - (Continued) 

Quantitative comparison of five parameters measuring differences 
between the computed and observed wave-depth hydrographs. The 
case of corrections made for the shifts in time of observed hydrographs 

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 ...... . 

Maximum depth versus distance for Run No. 200 of Table 7 .1. 

Attenuation of wave peak for a theoretical hydrograph in subcritical flow 

Maximum depth vs. distance for Run No. 97 of Table 7 .6. 

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

Maximum depth vs. distance for Run No. 99 of Table 7.6. 

Maximum depth vs. distance for Run No. 100 of Table 7.6 

Maximum depth vs. distance for Run No. 45 of Table 7.7. 

Maximum depth vs. distance for Run No. 18 of Table 7.7. 

Attenuation of wave peak for theoretical hydrograph in supercritical flow 

Relative errors in parameters of circular cross section 
versus relative error in depth .... 

Definition sketch for the relation of circular and elliptical cross sections. 

Percent difference in area versus eccentricity and depth ... 

38 

51 

53 

54 

54 

54 

54 

55 

55 

55 

57 

58 

59 

59 

8.4 Hypothetical inflow hydrograph of the Pearson Type III function, 

8.5 

8.6 

6. l 

6.2 

6,3 

6,4 

6.s 

6,6 

6,7 

6.s 

Eq. 5.32, with the selected parameters: Qb = 6.21 cfs, ~ = 8.00 cfs, 
tp = 100.00 sec, and tg = 150.0 sec. . . . . . . .......... 62 

Effect of changes in friction factor, f, at various positions along 
the channel: (1) f = 0.010, (2) f = 0.012, (3) f = 0.014, and (4) f = f(Re). 

Effect of ~x on hydrographs at various positions 
ft, (2) ~x = 20.45 ft, (3) ~x = 10.23 ft, and (4) 
of conduit x = 50.0 ft (upper graph), x 410.0 
ft (lower graph . . . . . . . . . . . . . . . . . 

along the conduit: (1) ~x = 40.91 
~x = 5.12 ft, at three locations 
ft (center graph), and x = 771.7 

Q1;1<lntitative comparison by five parameters of computed and observed waves at 
given three conduit positions, with no corrections for shifts in observed waves 

Q1;1<Lntitative comparison by five parameters of computed and observed waves at 

62 

65 

33 

given six conduit positions, with no corrections for shifts in observed waves 34 

Q1;1<lntitative comparison by five parameters of computed and observed waves at 
given three conduit positions, with corrections of observed peak depths shifted in time ... 36 

Q1;1<lntitative comparison by five parameters of computed and observed waves at 
given six conduit positions, with corrections of observed peak depths shifted in time 37 

Qualitative comparison of computed and observed depth-versus-distance wave profiles 39 

Qualitative comparison of computed and observed depth-versus-distance wave profiles 40 

Qualitative comparison of computed and observed depth-versus-distance wave profiles 41 

Qualitative comparison of computed and observed depth-versus-distance wave profiles 42 

vii 



LIST OF FIGURES AND TABLES - (Continued) 

Tables 

6.9 Summary of data on CSU experimental waves . 

6.10 Summary of data on Wallingford experimental waves 

6.11 Comparison of data for wave-peak versus distance and time for CSU experimental data 

6.12 Comparison of data for wave-peak versus distance and time for Wallingford 
experimental data ... 

7.1 Conditions of different runs in the subcritical regime. 

7.2 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

7.9 

Effect of absolute values of Q1, and Qo in sub critical flow 
for t 50 sec., t = 100 sec. p g 

Effect of relative values of Q1, and ~ in subcri ti cal flow 
for t 50 sec., t 100 sec. p g 

Effect of absolute value of tg in subcritical flow for Q1, = 
10 cfs, Qo = 10 cfs. 

Effect of diameter in subcritical flow for Qb = 10 cfs, ~ = 
10 cfs, tp = 50 sec., tg = 100 sec ... 
Conditions of Runs 97, 98, 99, and 100. 

Conditions of different runs in the supercritical regime. 

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

0 
= 10 c?s 

Effect of the absolute value of tg in supercritical flow 
for Qb = 25 cfs, Q

0 
= 10 cfs. . 

7.10 Effect of the absolute values of Q1, and ~ in supercritical flow 

7 .11 

for tp = 50 sec., and tg = 100 sec . . . . . . 

Effect of absolute and relative values of 
supercritical flow for t = 50 sec, t p g ~o 

and Q0 
sec. 

in 

7.12 Effect of diameter in supercritical flow for Qb = 40 cfs, Q0 = 
20 cfs, t = 50 sec and t = 100 sec p g 

8.1 

8.2 

8.3 

8.4 

8.5 

8.6 

8.7 

8.8 

Geometry of the experimental conduit .. 

Theoretical effect of bottom irregularity on water surface profiles 

Slope deviations of the experimental conduit. 

Percentages of peak depth to conduit diameter at various positions, 
along the conduit and various values of f ...... . 

x, 

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. . . . . . . . . . . . . . ......... . 

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

Differences in the occurrence of peak depths, computed from f as the function of 
Reynolds number and for each of three constant values of f in percent of the 
inflow hydrograph ri s ing time . . . . . .... 

Differences in peak depths, in percent of conduit diameter computed for various 
values of a and a, and for a = 1.00 and a = 1.00 ..... . 

viii 



~ 
s.9 

8.10 

8.11 

8.12 

LIST OF FIGURES AND TABLES - (Continued) 

Differences in times of peak depths in percent of conduit diameter 
for various values of a and a and for a= 1.00 and a= 1.00 

Difference in Yp computed from various sizes of 6x 
(in percent of cbnduit diameter D) ... 

Difference in Tp computed from various sizes of 6x 
(in percent of tp) ...... . 

Estimate of instrumentation errors 

ix 

64 

66 

66 

67 



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 free­

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 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. 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 experi­

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. 

X 



FLOOD ROUTING THROUGH STORM DRAINS 

Part I 

SOLUTION OF PROBLEMS OF UNSTEADY 

FREE SURFACE FLOW IN STORM DRAINS 

by 

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

Chapter 1 

INTRODUCTION 

Review of Methods for Routing Floods Through 1.1 
Storm Drains 

The predominant methods used in the design of 
storm drains employ the steady free-s1:1rface flow 

proach at the selected flood peak discharge. The 
:~sign flood peak of a given probability of e~ceedenc~ 
is computed by a hydrologi~ procedure for ~ g~ven dram 
section between two water inlets. The drain is de­
signed in such a way that the design flood discharge 
passes through it as the free-surface flow at the 
largest drain flow capacity. The flood peak discharge 
is usually determined by the hydrologic rational 
aethod of flood estimations. Simple computations for 
a free-surface steady and uniform flow through a storm 
drain determine the basic geometric dimensions of a 
drain between its two inlet points. For a circular 
drain its diameter is the basic dimension for the 
given invert slope. 

Because floods are mainly free-surface waves moving 
through storm drains, the steady-flow design approach 
does not take into account several factors. First, 
storm drains have storage capacities which attenuate 
the floods. Second, unsteady flows through various 
drain sections mutually interact; furthermore, an 
extensive grid of storm drains with small slopes, 
located in urban and combined urban-highway drainage 
sys~ems, significantly affects storm flood attenuation 
during a local heavy storm of limited areal coverage. 
Third, drain conduits during storm floods have non­
negligible dynamic effects in flood wave modifications 
as t~ey progress along the drain. They may, under 
particular conditions, pass to bores (surges). 

b The use of approximate flood routing methods 
das~d on the simplified unsteady flow approach of storm 

rain des· 
eth ign currently practiced, are the Chicago 

•tte~d and others. They take into account the 
ne 1 uating storage effect; however, they usually 
aaf ~ct the dynamic effects. In other words, they 
50111: ~ treat the kinematic aspects of a wave. Because 
oiv lood waves may amplify and pass to bores under 
• en condi t · h d based ions, the simple flood routing met o s 
ion on the storage equation, even with some correc­

•spes , can not reproduce and take into account various 
of v~t~ of dynamic effects, especially the celerities 

rious parts of waves as the wave evolves, movement 

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: 

the 
A. Steady-flow approach of storm drain design, 

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 

~ 
u~?f esso:::r--?in--C:::h,-a_r_g_e_o_f_H_y_d_r_o_l_o_g_y_a_n_d_W_a_t_e_r_R_e_s_o_u_r_c_e_s-=P:-r-o_g_r_am_,~Dept . of Ci vi 1 Engine er ing, Co 1 or ado State 

••As lVersity . 

sociate Professor of Civil Engineering, Colorado State University. 



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 
tfie 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 

2 

changes occur only at junction boxes. Points at 
slopes change are equivalent to junction boxes Wi 
out inflows. However, the slope of the long ci 
conduit is kept constant for a set of experiments 
computations in this study. 

9. The slopes may vary in both subcritical 
supercritical flows, reaching three to five percea 

10. The alignment of the storm drain is strat 
even though small deflection may occur at junctioa 
boxes in the field; the head loss due to deflecti 
included in the general singular loss of the j1mc 
boxes. 

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

12. The outflow at the end of the storm drain 
generally free, or although some controlled end c 
tion for wave movements without inflows are also 1 
The outflow stage-discharge relation (rating curve 
family of rating curves) is assumed as known. 

13. The Darcy-Weisbach £-factor for steady s 
conditions is used to define the flow resistance, 

1.5 Various Potential Applications 

The free-surface unsteady water movement th 
pipes, tunnels, various types of storm drains and 
other conduits, either of circular or any others 
is appl.icable to many problems. Some of these are 

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

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

3. The problem of using tunnels and conduiU 
storage under conditions of unsteady free-surface 
flow. 

4. The problem of handling the passage of fl 
floods of small water courses through diversion t 
or conduits. 

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

1.6 General Approach for Investigations 

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

l: Analysis of the hydrodynamic aspects of the 
problem is pursued with a minimum of basic assUIDPt 
and neglected factors. 

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

3. Simplifications matching the acc~racy 0 ~tl 
available data, with the precision of their 7esu 
are introduced when their evaluation is possible, 

Development of equations. Basic hydrodyn-!! 
equations are derived in this text, although t~e i 
derivations repeat many classical studies. ThlSut 
done for two reasons, to relate them to the co7 
tion of unsteady free-surface flow in a storm r 



t these analytical expressions t o specific 
and to ad~Ptics of storm drains. Mathematical ex­
chara~teri~hat describe unsteady free-surface flow 
pression: on a set of assumptions which means a differ­
are base n mathematically computed surface waves and 

betwee · h d f ence_ waves is unavoidable. All met o s or com-
phy~ical teady free-surface fl ow are only approxi ­
puting un!o the •extent an approximation agrees with 
aation~, is a basic question to answer f or each method. 
real f_owlittle value in discussing merits of a method 
fhere isdetermining its degree of approximat ion. 
ithout 

5 lection of method for solving equations. Select-
. eethod for computing unsteady free-surface flow 
ing 
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1dmdepend on an economically justified degree of 
shou h · k d . t . . imation and on t e ris an uncertain i _es in-
approxd Two q' uestions should be answered in principle, 
volve · · · f h h d wh ·s the degree of approximation or eac met o , 

adt ~at degree of approximation is justified? To 
an w d f t· t d f investigate metho s or ~ompu ing_uns ea y ree-sur-
face flow in a storm ~rain, two different approaches 

be pursued. Applied research may be started by 
•Yng a simple method giving an approximation of low 
=~uracy. Then the method is improved by adding the 
previously neglected fa~tors, so ~s to proceed from . 
lower-degree approximation to a higher-degree approxi­
ution . This approach was widely used by many pre­
vious investigators. Another approach is using the 
ll()St complete hydrodynamic equations as the closest 
■athematical approximation of the physics of the un­
steady free-surface flow. Any computation of unsteady 
flow by these equations is assumed to be the highest­
order approximation attainable at the present status 
of applied mathematics in fluid mechanics. Then neg­
lecting some factors and simplifying the initial and 
boundary conditions, and quantities which describe 
these conditions, the lower-order approximations are 
derived. As the accuracy of computations decreases 
by an increase of simplification and neglect of factors, 
the practical optimization problem is in determining 
the order of approximation as the compromise between 
the accuracy and the economy of data procurement and 
computations. 

. Methodology used. The methodology followed in 
this second approach is: 

1. Regardless of which mathematical expressions 
are used to describe unsteady free-'surface flow, sev­
?al assumptions are always made. They introduce the 
lr~t departure between the real flow and the theo­

rtical flow, described analytically. Effects of 
ese assumptions are rarely discussed by investigators. 

u 1:· The two partial differential equations, 
s e ad Y called the De Saint-Venant equations of un-

d a th free-surface flow, as the continuity equation 
ene ~ momentum equation, are presented in their most 

facer;l fo:m. The physics of the unsteady free-sur­
quant·tow 15 stressed, clearly showing variables and 
ha e 1 f~es that are significant parts of equations and 

e ects on flow patterns. 

le !· These general equations are adapted for suit­
dtain. omputations of flood movement along a long storm 

~ene!~r Initial and boundary conditions are discussed 
they 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 fl ood 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 analyt ical 
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 anal yzed with regard to errors in 
basic data, erxors 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 solutions 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 
replac~d 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 
[l]*, 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 

• The numbe _________________________________________________ _ 
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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 
differences 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 
routing 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 
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random factors in storm drain design. Uncertat 
result from various errors in determining desi n 
of given probabilities, errors inherent in thelrt 
mation of hydraulic fact?rs of storm drain, in 91 

of me~h?ds used for routing floods ~hrough stora 
and sim~la: sources _of errors. Basic risk plus 
uncertainties comprise the concept of total risk 
is used in practice. While the basic risk can not 
changed except by various flood control works 
tainties may be decreased by a better prediction 
design storm floods, by a better knowledge of hy 
properties of storm drains, and by more reliable 
ods of routing floods through storm drains. 

The justification of investigations undert 
this study are mainly two-fold, a decrease in 1111 
ainties in hydraulic properties of storm drains 
a development of flood routing methods for sto~ 
which would enable a better optimization between 
and risk, provided these methods of flood routina 
through storm drains are more reliable than the 
sently used methods. 

Combined urban-highway drainage 
drainage problems studied separately 
and separately for highway drainage, in urban 
with important highways crossing them, are usual! 
economical. The optimum solution of cost and ris 
in a combined urban-highway storm drainage syst•. 
Reliable flood routing methods can contribute to 
planning of these integrated storm drainage sys 
As many large metropolitan areas lie in low slope 
rains, the slopes of interconnected storm drains 
small over large distances. An integrated stom 
age system requires flood routing methods that ca 
solve problems of storm flood water moving throup 
grid of interconnected storm drains. 

Pollution control and storm drainage. The po 
tion control of rivers, lakes, estuaries, and seu 
creasingly puts constraints on the quality of d 
water from urban and highway areas. The general 
ency at present is to separate the storm drainage 
tem from the sewage drainage system. This new 
ment on the quality of urban and highway sto:na 
age water affects the various concepts in planninl 
their surface water drainage. Reliable flood rout 
methods through storm drains and storage systems 
posed by flood control, would undoubtedly contrib 
to more economical and less uncertainties-taking 
utions of storm drainage systems as it concerns 
water quality. 

1.9 Practical Relevance of Investigations 

Several aspects of these investigations are of 
practical relevance. It is expected that results 
this study would increase the confidence of design 
in using mathematical equations in the form of the 
partial differential equations of unsteady free-s 
flow, or their equivalent characteristics differef n 
equations, in comparison with the present use O s 
fied equations, mainly either of simple sto:age 1 or only of kinematic wave equations. Practical rer 
vance of investigation is in showing the degrees 0 

limits of accuracy inherent to any analytical~ 
of solving flood routing problems. Relevance 0 • 

study is seen also in its basic direction of us1n: 
exclusively the inexpensive finite differences in 
gration method made possible by fast digital cth 
As in any other systematic research approach, e 
product is the detection of various problems nee 
more study and better solutions by pointing outf 
needs and potentials for new research results 0 

tical relevance. 



B 
·ef Historical Review of the Project 

J,10 !E----
. tigations of unsteady free surface flow 

These inv~s have been initiated by the original 
torm drain · · 1 d "Un t d in a 5 . f research proJect ent1t e s ea y 

description °. a Storm Drain", outlined by Mr. Carl 
Flow in · . h surface that time Chief, Hydraulic Researc 

f. !z7ard •u~~- Bureau of Public Roads, and.presently 
oiv1sion, Office of Development, Federal Highway 
Director• t. on u s Department of Transportation. 
..... •nistra i • . . . h' 
- 1 • tion is given as Appendix 1 to t is paper. 
'Ibis descrip 

f·rst-year investigation was limited to gen-
Th~ a~alytical studies as the basis for an advan­

eral an earch program in subsequent years. As a se-
ced res report also entitled "Unsteady Free Surface 
quenc~, Satorm Drain" by V. Yevjevich, Professor of 
flow in d S Un' · Civil Engineering, Colora o tate . 1vers1ty, as a 

1 analytical study, was submitted to the 
p~er~ureau of Public Roads, Hydraulic Research 
U:: • n 1·n June 1961. This report outlined problems 
D1\11s10 . · 1 h · d. i d tail set-up basic mathematica tee niques, 1s-
n :d th~ initial and boundary conditions, and select­

:s:he general approach to be followed in the next 
phases of the research program. The ~hove study 
led to the decision to build an experimental 
physical research facility on a hillside in the Outdoor 
Laboratory of the Engineering Research Center at Colo­
rado State University, Fort Collins, Colorado, as 
described in Part II, Hydrology Paper No. 44, of this 
sequence of hydrology papers. 

Since beginning, five M.S. and one Ph.D. thesis 
have been written from this project. Several progress 
reports with investigation results have been submitted 
to the U.S. Bureau of Public Roads. 

The sequence of these four hydrology papers, in­
cluding this one ~s the first paper, is a comprehensive 
description of research activities and of final results. 
These four papers are all entitled "Flood Routing 
Through Storm Drains", and the four parts are: Part 
I, Solution of Problems of Unsteady Free Surface Flow 
in St~rm Drains; Part II, Physical Facilities and 
Experiments; Part III Evaluation of Hydraulic and 
Geometric Parameters; 

1

and Part IV Numerical Computer 
Meth d ' r· 0 s of Solution . These four papers represent the 
in~l report and the termination of the research 

proJect. 

The · fl . review of literature on unsteady free surface 
ino;9~~ channels has been undertaken by V. Yevjevich 
That -~O under a U.S. Geological Survey project. 
"Bibl :eview was later published under the title 
Ind Uiography and Discussion of Flood-Routing Methods 
Surve~s~eady Flow in Channels", as U.S. Geological 
ing Off ·ater Sup~ly Paper 1690, U.S. Government Print­
period ic~, Wa~hington 1964. During the ensuing 

an during the project lif~ the newest liter-
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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 me.thods 
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 unders tand 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. 

6 

(1) The experimental phase of the project 
sisted of studying, measuring and observing certc~ 
aspects of flood waves and conduit. The bounda; 
roughness of the experimental conduit was studied 
under conditions of free-surface steady flow with 
objective of determining whether the conduit may be 
considered as hydraulically smooth, and if so how 
the Darcy-Weisbach friction factor is related•eith 
to the Reynolds number, or to the depth of flow. 
phase of study is briefly described in Chapter 4 0 
this paper and in detail in Chapter 3 of Hydrology 
Paper No. 45. Results were then used as input data 
for numerical integration of flow equations by a 
digital computer. 

(2) The relationship among 
discharges of two joining storm and the wa 
levels at junction boxes of the storm drains was 
studied. This experimental research considered on 
a given junction box with two different inlet posi­
tions of the lateral drains. This phase is briefly 
described in Chapter 4 of this paper and in detail 
in Chapter 4 of Hydrology Paper No. 45. Results 
summarized in head loss equations were then used as 
input data for the numerical integration of flow 
equations. 

(3) The relationship between the depths of 
surface flow and the discharge at the conduit outlet 
as downstream boundary conditions was studied. Flow 
rating curves were considered in the steady flow for 
different conduit conditions, such as the free outfl 
or the controlled outflow, to be used as the downst 
boundary condition for the numerical integration of 
the flow equations . This phase is briefly described 
in Chapter 5 of this paper, and in detail in Chapter 
6 of Hydrology Paper No. 45 . 

(4) Velocity distributions in the experimental 
conduit flowing partly full were measured to dete 
as accurately as feasible the velocity distribution 
coefficients, a and a , for their use as input da 
into the numerical integration of flow equations. 
This phase of the study is briefly described in 
Chapter 4 of this paper and in detail in Chapter 5 of 
Hydrology Paper No. 45. 

(5) Flow phenomena were observed and followed 
to assess the degree of development of particular 
problems of physical waves, such as secondary waves, 
third dimensional oscillations, and similar. An al 
analytical reproduction of flow phenomena is es:enti 
for the comparison of physical waves and analytical 
waves numerically integrated by using a digital coa­
puter. These secondary phenomena are not usua~ly 
taken into account in the one-dimensional partial 
differential equations of unsteady flow. 

(6) The waves · were studied at several slope;~, 
For reasons of cost, only the smooth boundary con 
and one diameter were used, so the slope was a 
variable, while the conduit diameter and its roughll 
were kept as constants. 

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



. along it. The experimental procedure 
u,iet points ately record the inflow hydro graphs by 

to accur d. h f . 11as . te devices, or the isc arge as a unction 
,ppr~pria Then the movement and development of_ flood 
of tJ.1ne. the storm conduit and at the conduit 
aves along also accurately recorded. The recorded 

outlet we~eographs were used as input data for the 
inflow hr rd numerical integration of flow equations. 

Puterize . h com d d hydrograph at any point along t e storm 
The_rec~;v:d as a basis for comparing it with the 
drain s h determined for the same points by the 
bydro~ai integration of flow equations. 
n\llllerica 

Certain flow phenomena involving free-surface 

dy flow were not studied, such as the amplifi-
1111stea · h 1 f 1 th . of flood waves inc anne so steeps opes, e 
cauon h . . f . instability of flow when t e pipe 1s lowing nearly 
f 11 the passage from supercritical to subcri ti cal 
f~ 'through the hydraulic jump, the instability of 

ow · of hydraulic J·ump in unsteady flow, and the position 
similar problems. 

z. 3 Numerical Integration 

The reason for developing methods of integrating 
unsteady flow equations by numerical finite-difference 
schemes on a digital computer was to investigate the 
feasibility of using the two partial differential 
equations of gradually varied free-surface unsteady 
flow as the basic mathematical equations for routing 
floods through storm drains. Or rather, the hypothesis 
was tested that drains best can be designed by the 
wisteady flow approach instead of the steady flow 
approach. However, in this study both the dynamic 
and the kinematic aspects of free-surface wave move­
ments through storm drains were taken into account, 
instead of just the kinematic aspects of some 
simplified unsteady-flow approaches, as is sometimes 
the case. 

The influence of certain parameters in the two 
partial differential equations were investigated by 
the numerical integration of these equations for 
given inflow hydrographs and storm drain character­
istics. The advantages of using computerized numerical 
integration 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 
e~erimental hydraulic studies were carried out 
simultaneously . The results obtained by the experi-
mental work d . . p were use 1n developing proper computer 
c~ograms to simulate numerically physical waves as 

osely as practically feasible under given conditions. 

grat. Two approaches are used for the numerical in -
lne }?n of the two partial differential equations. 
SthemlrS t appro~ch uses finite-difference explicit 
equat7s as applied to the two partial differential 
of in ions of uns teady flow, with the study of effects 
lengt~rement s, or finite differences of time and 
approa ~n th~ numerical integrations. The second 
nllllleric 

1
°f integration applies the finite-difference 

tharac~a . st~emes of integration to the four 
rived feri s t ic ordinary differential equations, de­
Computa~om the two parti~l differential equations. 
observed ions f:om this method are compared with the 

experimental or physical waves. 
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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 · 
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. 
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Flood routing methods, generally used at 
start with any given flood hydrograph at a giv! 
along the conduit and determine, dividing the hn 
graph by a unit time 6t in many parts, the t 
formed hydrograph at a distance position x down 
stream or even upstream from this initial posit'• 
Since some design storms are often assl.Dlled as ~04 
hydrographs, sometimes they may be well approx· e­
by analytical expressions. Though the analytical 
integration of the two partial differential equat 
of unsteady flow are not the subject of this Study 
a potential practical, storm drain flood routing 
method may be developed on the basis of routing n 
parameters (say the three parameters of an analyt 
equation for the flood hydrographs) along a Iona 
prismatic conduit, instead of routing the 6t-el 
of the hydrographs. Although this method is not 
studied, it is briefly discussed in this paper in 
Chapter 7. If it is shown by future research to 
practically feasible, it may be used for rapid coa­
putations in preliminary design, or it may be a wa 
of determining initial dimensions with more accura 
flood routing methods to follow. The determinati 
the feasibility of such a method to storm drain 
putations, however, is outside the scope of this 
study. 

It is expected that future studies will likeli 
produce a set of approximate design methods for 
puting unsteady flow in storm drains. Only throup 
the comparison of either waves observed in hydraul 
experiments and/or waves observed in nature can the 
necessary conditions and the accuracy of each new 
existing design method be evaluated for its applic­
ability. For this comparison to be valid the most 
accurate available numerical computation based on 
digital computers and the unsteady-flow approach to 
design of storm drains must be used. 



Chapter 3 

THEORETICAL CONSIDERATIONS 

•vation of the Two Partial Differential 
3 1 Derl . · E uations for Unsteady Free-Surface Flow in 
~ 't f.£!1dui s 

Derivation of con~inuity equation (law ?f conser­
-0f mass) At time t the cross-section area 

vation - · fl h · · -- teady free-surface ow at t e section x is 
of uns . h · d A, l-2 in Fig. 3.1. At t e same !~me t an the 

+ •x the area is A+ ~x t.x, with t.x section x " o 

111 incremental. lengt(h
1 
•• The mass of water between 

these two sections s ice 1-2-3-4-1 in Fig. 3.1) is 

••x + .!. p ~ (t.x) 2 . By neglecting the second-order 
P~ 2 ax 
differential term for t.x + dx, the mass is pAt.x . 
Assuming that the lateral outflow or inflow is q, 
discharge per unit length of conduit, with q posi­
tive for inflow and negative for outflow, the change 
of mass with time is 

:t (pMx) = pA d ~~x) + pt,x :~ = pqt.x (3.1) 

for an incompressible fluid with p as a constant 
water density. 

In considering the velocity v, of an individual 
particle moving between the two cross sections for the 
time interval t.t, then t.x = vt.t. Integrating Eq. 
3.1 over a cross section A, by using t.x = vt.t, the 
following integrals are obtained in passing from the 
particle velocity v, to the average cross section 
velocity V, 

v! ff vdA = 1 , and ¼ J f 
A A 

av 
ax dA 

av 
ax (3. 2) 

Fig, 3,1, 

q 

I H 111 HI I 

✓Energy line 

~St 
3 ......... 

Water - ....... 
Surface 

~ 
X ---- Xt-Llx ---r---

D~finition diagram for derivation of con­
tinuity and momentum equations of unsteady 
free-surface flow in an open channel. 
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The derivative d(t.x)/dt for a moving individual 
particle, for t.x only a function of t, and t,t + O, 
is 

(v av - vt.t d (t.x) _ + ax t.x)t.t av lim ax t.x. dt -
t,t+O t.t (3. 3) 

The derivative dA/dt is 

dA aA aA dx aA · aA 
dt at + ax dt at +v ax (3.4) 

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

aA aA ~ + ( aA) ax= ay ax ax y 

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 

or 

A av + 
ax 

V aA 
ax 

a (VA) aA 
ax + at - q 

aA 
+ -at 

0 

- q 0 · (3.5) 

(3.6) 

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 

~ + aA _ q O 
a.x at (3.7) 

with the discharge Q = VA, and A and Q now being 
dependent variables. Becaus aA/a t = Bay/at, 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 

A~ + 
ax 

VB~ + B ~ - q 
ax at 0 (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 



F (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 x + 6x 
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 

1 
a= --

AV3 
ff v

3 
dA ,and a 

A 

l ff v2 dA • 
AV

2 
A 

(3.10) 

Coefficients a and a 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 f, of 
gravity force along the bottom, taking the positive 
sign with the direction of flow as shown by Fig. 3.2, 
is pgMx sin f . Friction force, Ff' with the 

head loss 6Hf along the conduit bottom, is Ff 

-pgASF6x, with lim 6Hf/6x = dHf/dx = Sf for 

6x ➔ 0 being the friction slope at x . 

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: 

and 

aF 
___£_ = 
ax 

F 
p 

/ pg(y-n) B dn 
o n 

J pg~ B dn + 

0 
ax n 

y aB 
f pg(y-n) axn dn • 
0 
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because y and B 
independent of it. 

depend on 
Since 

X while n is 

y 
f B dn 
o n 

y aB 
A, and 6x b pg(y-n)ai?- dn = (F

1 
+ F

2
) 

with F
1

, F
2

, and F3 pressure 

3.4, then 

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

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

6F 
p 

ay 
-pgA ax 6x cos f 

Fig. 3.3 Geometric elements of a channel with free 
surface flow. 

The derivative of Eq. 3.9 is, without the consi-or 
deration of the momentum of the total lateral inflow 
outflow, 

d(mv) av av 2 am am 
~ = mv ax + m at + v ax + v at (3.11) 

•A and an incre· The mass m of an incremental area u 
•A• pv • • •t. Becaus• mental distance 6x is m = pu uX = =u 

av mv -ax 

av 
mat 

2 
M_!_~ 6x 

P 2 ax 

av 
pM at 6x 



F = oFp p _____ F - - ~x 

---------· p ax 

Fig. 3.4 Forces acting on an incremental slice in 
free-surface flow in a channel. 

~ = pllA a~~x) 0, as /:,x is independent 

of x, and 

,m llA a(llx) 0, = •t P at as t, x is independent of t 

which gives 

v am 2 
pllA .!_~ llx at 2 ax 

Eq. 3.11 now becomes 

, 

d(mv) 
= pllMx [ .!_ a(}) + av ] (3.12) ~ 2 ax at 

Integrating Eq. 3.12 over the area A, the second 
term inside the brackets of Eq . 3.12 should be multi­
plied by 8 of Eq. 3.10, because the term is a 
fun t · 2 
bra~k ion of v , and the first term inside the 

ets of Eq. 3.12 should be multiplied by a of 

ThEq . 3·10 , because the term is a function of v3 
erefore E · the • q. 3.12 has two terms integrated over 

and 

area A in replacing t,A by dA, 

½ {f P ~ ~
2
) llxdA 

av 
SpMx at 

apMx a (V 2) 
-2- 7ix 

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

pff qllxvdA 

A 

pff qv2lltdA 

A 

SpqllxV 

because this term is a function of v2, and S 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, 
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apMx 
-2-

pgAtix sin w - pgAtixSf - pgAtix ¾f cos w (3 .13) 

For the approximations sin w ~ tan w = S
0 

with S
0 

the bottom slope, and cos w : 1 for small slopes, 
Eq. 3.13 changes to 

(a~:) 
~ 

+ gA 

The slope 

+ t av + 
g at 

0 

of Fig. 3.1 

line gradiant is 

~ - s ax o 

is s - az/ax. 
0 

aH a 
( y + v2) e z + ~ ax ax 2g 

The general form of the momentum equation 

aH 
B av ~ e 

sf 0 ax + at + + g gA 

Designating the terms in Eq. 3.16 by 

(3.14) 

The energy 

(3.15) 

is then 

(3.16) 

s 
e 

a He ax , the slope of the total energy line, 

s 
a 

s av g at, the local acceleration slope, and 

s 
q 

Sg~q , the slope due to lateral inflow or 

outflow, Eq. 3.16 becomes 

s 
q 0 

Multiplying Eq. 3.17 by llx, with 

llHa so llx • llHf = sf llx, and 

then 

llH 
q 

llH 
e 

llH 
q 

0 

( 3 .17) 

(3.18) 



or the sum of all slopes or of all head changes along 
6x - length is zero. Equation 3.14 is sometimes given 
in the form 

av av + 
ax 

a av + 
at 

2l. g ax s )- LY.9.. 
f A (3.19) 

Names and physical meanings of -different terms in 
the two partial differential equations. The four 
terms in Eq. 3.5 when multiplied by 6x6t 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 
6x 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 
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the rate-of-change of bottom slope with distan 
when expressed in analytical form, generally e~ 
the joint use of the two equations. Some assn 
and simplifications for cross-section, and fo~ 
position, are necessary to facilitate combined 
lytical treatment of Eqs. 3.5 and 3.14. 

To use jointly Eqs. 3.5 and 3.14, the generai 
area function in the form A(y,x'.t) should be av 
able, where the variable t designates the chan 
the contour position with time for a movable crop 
section boundary. Assuming that the conduit con11 

are fixed, and in some movable alluvial beds this 
assum~tion is only approximately satisfied, the 
function becomes A(y,x) . There are two general 
cases to deal with when the relation of area to 
is considered for the geometry of the conduit: 

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

_arccosine function of the depth, and for a given 
.y the area is independent of x. 

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

The joint use of Eq. 3.5 and 3.14 cannot be 
accomplished unless the relation of A and y is 
defined along the conduit. A storm drain is ass!M 
to be prismatic conduit between the two successive 
manholes or junction boxes, so that A(y) is valid 
for that reach, or the area is independent of x 
for a given y. In this case 

aA aA 2L Bb'.. at ay at at 

and 

aA aA 2l. B 2l. 
ax ay ax ax 

with 

B(y) aA/ ay 

Introducing the expressions of 
into Eq. 3.5, it becomes 

A av 2l. 1 2l. __..L 0 VB ax + + v ax at VB 



both Eqs. 3.23 and 3.14, which describe 
so that nowllY varied free-surface unsteady flow, are 

gradua f the . d'mensionless orm. 
11ven in 1 

ust be assumed also that the function of q 
It min advance, which in a . ~eneral form ~s given 

is known t) The variable t 1s necessary if there 
as q (y '\an~es in time (slowly opening gates, or 
are anY c d slow breaches of levees, in the case of 
valves, anr conduits). The term with q can be 
hannels o . . 1 h c d for storm drains in genera , except wen 

negle~te long lateral spillway outflows, or also 
theY av~inuous lateral inflows along the drain. 
so■e con 

Discussion of Basic Assumptions Used in Derivation 
3· 2 ~ the Two Partial Differential Equations 

Assumptions in the derivation of differential 
tions. The general approach in deriving . Eqs. 

~ and 3.14 starts with the gradually varied un-
~ ady free-surface water movement. This implies 

~h:t the partial derivatives, av/ax, av/at, ay/ax, 
and ay/at represe~t relativ~ly small changes, i~ 
order that this basic assumption of gradually varied 
flow can be justified. It can be stated that the 
,■biguities arise mainly from the subjective inter­
pretations by various investigators of the term 
"gradually varied." As far as the writers know, none 
of a myriad of investigations of unsteady free-surface 
flow since De Saint-Vernant's time, in this last 
hundred years, has attempted to quantify the term 
"gradually varied unsteady flow". 

Nevertheless, the basic assumptions underlying 
the development and the application of Eqs. 3.23 
and 3.14 are: 

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

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

(3) Flow patterns in vertical planes parallel 
to the longitudinal axis of the channel are the same. 
This assumption in the case of curvilinear channels 
~eans that the vertical surfaces parallel to the long­
itudinal axis have the same flow pattern. The influ­
ence of the channel sides and their curvatures on flow 
patterns can be neglected. This assumption is equi­
v~l~nt to stating that the flow is two-dimensional, 
wit third dimens i on effects negligible. 

un (4) Velocity distribution along a vertical in 
in

st
~ady flow is the same as the velocity distribution 

tha~ e~dy flow _for the same water depth. It means 
8 . t e Velocity distribution coefficients et and 
cha~n Eq. 3.14 are constants for given values of dis­
not fefldepth, and velocity, or the unsteady flow does 
tion ~ uence these coefficients. Since this assump­
time ae~en~s on the rate-of-change of velocities with 
a grad" di stance, it is justified only in the case of 

Ually varied flow. 

same~!) hFric~ion resistance in unsteady flow is the 
as5UJnpt·t e_fr~ction resistance in steady flow. This 
velocit~on i~ Justified only if the rate-of-change of 

ies With respect 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 ~-· 

Effects of these assumptions. There are no data 
in the literature that show the numerical individual 
effects of the above asswnptions 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= a= 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. 

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 distr i ­
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 

A av 
1 ax + 8 av 

1 at 
+ C b'._ 

1 ax + 01 b'.. 
at + El 0 • 

and 
(3 . 24) 

A av 
2 ax + av 82 at + C b'._ 

2 ax + b'.. 02 at + E2 0 • 

(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 

A av b'.. + .!. b'.. _g__ 0 VB ax + 
ax V at VB 

(3.26) 

and 

o.V av 8 av b'.. + sf - s + ~=0-ax 
+ at + 

g g ax 0 gA 
(3. 27) 

In this case 

Al 
A 

Bl 0, c1 1, 01 
1 

El - !L 
VB . v· VB 

_A2 
o.V 

82 = ~ C 1, 02 o, and 
g g • 2 

E2 s - s + ~ f 0 gA 

Since E
1 

and E
2 

are not zero, Eq . 3 . 26 and 3.27 
are nonhomogeneous nor are they reducible. Furthermore, 
the roles of dependent and independent variables are 
not interchangeable. In other words, the hodograp~ 
transformation of the (x,t)-plane into the (V,y)­
plane is not applicable. The solution of Eqs. 3.26 
and 3.2 7 gives the two functions V(x,t) and y(x,t) . 

is not satisfied. This last assumption_ is true be­
cause from Eqs. 3.24 through 3.27, the inequality 
for Eq. 3.28 is 

A linear addition of Eqs. 3.24 and 3.25, with 
Al and A2 the linear multipliers, respectively, 
gives 

For the (x,t)-plane, assume a curve is given as 
t(x). Then dt/dx is the tangent or the direction 
this curve with V(x,t) and y(x,t) the solutions of 
Eqs. 3 . 24 and 3.25, or Eqs. 3 .26 and 3.27. For this 
case, the total differentials are 

dV 

and 

dy 

If Al and 
condition 

av dx 
ax 

+ av dt 
at 

= ay dx 
ax 

+ ay dt 
at 

A2 are selected to 

A1Cl+A2 C2 

Al Dl +A2D2 

Eq. 3.30 can be written as 

satisfy the 

The derivatives of V and y in Eq. 3.30 are 
combined in Eq. 3.34 so that the derivatives are in 
the same direction, dt/dx. This direction is called 
the characteristic direction and the corresponding 
curves in the (x,t)-plane are called the character­
istic curves . 

Equation 3.33 gives the ratio 

Al A2dt-Bix 

- ½ = A
1
dx-B

1
dx 

C2dt-D2dx 

C1dt-D1dx 

as 

(3.35) 

Because the waves are gradually varied free-surface which can also be expressed as 
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 a(dt) 2 - 2b dx dt + c(dx) 2 = O 
these equations, are continuous and possess as many 
continuous derivatives as may be required. It is also with a= A1c2 - A2c1, 2b = A1o2 - A2D1 assumed that the condition 

and 
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. n 3,36 has two distinct roots for hyper­
Equat~~l differential equations giving b2 - ac > 

1. partl 1 h ff " · t,o 1c d·ng the case when al t ree coe 1.c1.ents 
o, eiccl~ 1 c) vanish. Also a I O is satisfied in 
(a,b, a\ and 3. 27 because a = A1 c2-AzC 1 = A/VB-aV/ g, 
E-<15· 3.2 . 

or v = /gA/aB, or for V = C, or when the 
except fl dty is equal to the celerity of a small 
water ~e ~e in quiescent water with hydraulic depth, 
distur an A/B 
D, equal to · 

Designating the slope of the characteristic 

curves by 

Eq. 3. 36 becomes 

a(2 - 2b( + c 

dt 
dx 

0 

(3. 37) 

(3.38) 

llhich has two different real solutions, E;+ and E; 

(when ( + "f ( _ ) , or 

(+ = (~~L , and s (3.39) 

Because a, b, and c are functions of V, Y, x, 
and t, so are the slopes of the characteristic 
curves or (dt/dx)+ = E; +(V,y,x,t) and (dt/dx) 

( (V,y,x,t). The two parts of Eq. 3.39 are two 
separate ordinary differential equations of the first 
order. They define two one-parameter families of 
characteristic curves, usually called just "character­
istics", such as C and C curves in the (x, t)­
plane belonging to the solutions V (x,t) and y(x,t). 
These two families represent a curvilinear coordinate 
net and are shown in Fig. 3. 5. 

Fig. 3.S. 
Net of characteristic curves 

in (x,t)-plane. 

X 

C and C 
+ 
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Derivation of four characteristic ordinary 
differential equations . The four equations, 3.26, 
3. 27, 3.31, and 3.32, with four unknowns, av/ax, 
av/ at, ay/ax, and ay/at , can be written into a 
single matrix equation: 

Al Bl Cl Dl 
av 

-El ax 

A2 82 c2 Dz 
av 

-E2 at 

~ 
(3.40) 

dx dt 0 0 ax dV 

0 0 dx dt ay dy at 

Solving Eq. 3.40, the four derivatives are 
determined to be 

av Lil av ll2 
~= 

ll3 
and:~= 

ll4 
(3.41) ax= 6 ' at= 6 ' ax 6 6 

with 

Al Bl Cl Dl 

A2 B2 c2 Dz 
LI (3.42) 

dx dt 0 0 

0 0 dx dt 

and ll
1

, ll
2

, ll
3

, and ll4 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 LI I 0. When the 
directions E; and E; are such that the determinant 
LI is zero th;re 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 LI 
vanishes along directions s+ and E; then deter­
minants ll

1
, ll

2
, ll 3 and 64 must also vanish; 

therefore, av;ax = 0/0, av/a t = 0/0, ay/ax = 0/0 
and ay/a t = 0/0. Expanding Eq. 3.42 with LI = 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 = A1D2-A2D1 + 
B
1

c2-B2c
1

. Equation 3.38 then gives 

(:~L E; + 
b + "V b2 -ac 

a 
(3.43) 

and 

( ~~) - E; 
b -~ 

a 
(3.44) 



If Eqs. 3.43 and 3.44 are two real solutions, Eqs. 
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 6 
vanishes, and because the determinants 6J, 6 2, 63, 
and 64 must vanish when 6 vanishes, tfie case of 
64 = 0 with the determinant expanded gives, for 
example, 

(3.45) 

Substituting either (dt/dx) = ~+ or (dt/dx) = ~ 
of Eqs. 3.43 and 3.44, respettively, into Eq. 3:45, 
two ordinary differential equations in V and y 
along the characteristic curves ~ and ~ 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 6

1
, 62, 

and 63 are made equal to zero. Using the 
coefficients of Eqs. 3.24 and 3.25 as given by Eqs. 
3.26 and 3.27, and putting 2b = A1D2-A2D

1 
+ B

1
c2 -

B2c1 in Eqs. 3.43 and 3.44, the cfiaracteristic 
directions or slopes of these two latter equations 
become 

28 

V (a+8) 

and 

28 

V (a+S) 

v2 + 4A8g 
B 

v2 + 4A8g 
B 

(3.46) 

(3.47) 

The two ordinary differential equations for V 
and y alon&"-the characteristics curves ~ and ~ 
are obtained from Eq. 3.47 by replacing dtidx with­
~ and ~, respectively, and introducing the 
cbefficients from Eqs . 3.26 and 3.27. The equation 
becomes 

[ (~ _ av) ~ + ~] dy + A8 dV A 
(So -sf + (VBg) -+ VB VB g + g dx dx 

~) ~ - ~ 0 and (3.48) + A + gVB 

[ (~ _ aV) + ½] dy + AS dV A 
(So-sf+ ~ (VBg) -+ VB VB g dx dx 

+ ~) ~ - ~= 0 (3.49) gA gVB 

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= 6 = 1, and 
·buted lateral inflow or outflow per 
Eqs. 3.46 through 3.49 become 

V + lgA/B 

V - lgA/B 

[ 
A V 1 ] dy A dV A 

(VB - gH+ + g ·dx + gVB dx + VB 

and 

[ 
A V 1] dy A dV A 

(VB - g) ~- + g dx + gVB dx + VB 

The term ✓gA/B = C in Eqs. 3.50 through 3.53 is 
celerity of a small disturbance in quiescent water 
with a cross section area A and width B. 

Equation 3.26 and 3.27 are hyperbolic. 
they are quasi-linear hyperbolic partial different 
equations of gradually varied free-surface unst 
flow with two dependent and two independent variab 

These two sets of four equations, 3.46 thro 
3.49 and particularly 3.50 through 3.53, will be 
predominantly in the numerical integration by the 
method of characteristics shown in Chapter 3, Part 
Hydrology Paper No. 46. 

General properties. The coefficients of Eqs, 
3.26 and 3. 27 contain, beside the variables V and 
quantities A, B, q, a, 8, Sf and S

0
, and a c 

g . The Darcy-Weisbach formula for resistance los 

is Sf =(f/4R)(V2/2g), with f the Darcy-Weisbach 

friction factor, and R the hydraulic radius. 111• 
coefficient f, in general, is a function of the 
Reynolds number, but for pipes of a given roughness 
f is a constant . In this case A, B, R, f, a, a, 
q are generally functions of y and x only. The 
quantities A, B, R, f, a , 8 , q, and S do not ....., 
contain derivatives of y and V, but Rre functi­
of V, y, x and t. 

The main feature of this treatment of charact.r­
istic curves is the replacement of the original sy; 
of the two partial differential equations, 3.26: 
3.27, by the characteristic system of the four~ 
differential equations, Eqs. 3.46 through 3.49 in 
general case, and Eqs. 3.50 through 3.53 in the 
particular case. Every solution of the original 
system satisfies this characteristic system. The 
converse is also true; every solution of t~e ~har ~ 
istic system in Eqs. 3.46 through 3.49 sat1:f1:

5th 
original system in Eqs. 3.26 and 3.27, provide_ h 
the determinant, 6, of Eq. 3.42 does not vanis • 

If the differential equations 3. 26 and 3. 27 

are linear, then~ and ~ are known functions 
x and t, . so that Eqs . 3.46 and 3.47 are not E 5 
coupled with Eqs. 3.48 and 3.49. In this case q 



47 determine two families of characteristic 
3.46 and r and C > which are independent of the 
curves, + -

. A linearization of Eqs. 3.26 and 3.27 
5o}ution, ch a departure from real flow phenomena 
introdu~es s~e will not be pursued further. 
that thlS ca 

If E = E
2 

= 0, and if A1, ... ,D2 depend on 
1 d . . only which woul be a gross approx1mat1on 

V • nd iiow co~di tions, the situation is similar in 
of rea~ differential equations are reducible, the 
that t e f; and f; are known functions of V and 
5}o:;:: Eqs. 3.48 and 3.49 are independent of x and 
Y The same case occurs when E1 and E~· do not 
!~ish but depend on V and Y only. T 1s last 
case is applicable to dEq~. ~. 26 :ind t3: 27 unddtehr the 

nd'tion that the con u1t 1s pr1sma ic an e 
:tt~m slope, S, is constant, because all coeffi­
cients A1, ... ,E~ may be consider~d ~s depende~t 

1 on y and y. The characteristic curves in 
ohn y (V y)-plane, designated as r + and r are the 
te ' · · C d C . iaages of the characteristic curves + an in 
the (x,t)-plane, and are independent of the special 

501ution of V (x, t) and y (x, t) . However, the~e 
assumptions made to convert Eqs. 3.26 and_3.2? into 
reducible equations are already an approximation of 
real free-surface unsteady flow. 

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

The boundary conditions are of a major importance 
in any integration using hyperbolic differential 
equations. A curve, with all values of V and y in 
the (x,t)-plane must be known. In the most general 
case, and for a free-surface unsteady flow in conduits, 
either a velocity hydrograph, V(t), or a discharge 
hydrograph, Q(t), ~s known for a given x-value. 
In the first case, the boundary conditions are given 
along a constant distance line in the (x, t)-plane 
for~hich all values of Q(t) are known. The 
i~1t1~l conditions are given along a constant time 
hne in the (x,t)-plane with the corresponding values 
~f V and y known. As soon as the initial line is 
nown, a solution of V(x,t), y(x,t) of Eqs. 3.26 

~d 3. 27 must be found which approximates the initial 
ine and which takes on the prescribed values of V 

and y. 

3 49 
Using the characteristic form (Eqs. 3. 46 through 

d:ff, or ~qs. 3.50 through 3.53) of the partial 
;

0
b;rent1al equations, 3.26 and 3.27, the integration 

fo ~m can_be treated as the corresponding problem 
r t e ordinary differential equations. 

The · •nd integration process shows that the values V 
va1u/ at the point P (x, t) depend on the initial 
Ind 5 along the line t = O between the points (o,~1) 

he v (~,x2) as indicated in Fig. 3.6. In other words, 
on t/ ues V and y at point P (x, t) depend only 
or e Values V and y in the segment x

1 
to x

2 c:u~~ t~e Values V and y between the characteristic 
c. th - through x2 and the characteristic curve 
t O chrough x1 • The interval x1 to x

2 
and the 

h aracter. t . 
t rou h . is ic curves, C+ and C_, passing 
do _g point P(x t) in Fig. 3.6, determine the 
p 1n of d ' (X,t) ependence. The values V and y 
he dom ~e affected by the values V and y 

Values ~in of dependence and are not affected 
utside. 

at 
inside 

by the 
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On the other hand, if a point R(x,o) 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 
irifluence. 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 (av/ax, av/at, ay/ax, ay/at) 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 y, 
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. 

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

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 O 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 Fig. 4.2. A view from upstream of the circular st 

conduit on the hillside of the outdoor 
laboratory at Colorado State University 
Engineering Research Center. 

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. 

Three square junction boxes for lateral inflows 
were installed along the storm conduit, thus dividing 
the conduit into four straight sections each about 
200 ft long. Flow from a 12-in lateral pipe entered 
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. 

Supply P,~ to 
laboratory (P1l 

IQCI O 100 200 !f!0 429 epo11 
SCA L E 

Fig. 4.1. General scheme of the experimental conduit 
with water supply and removal. 
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Fig. 4.3. A view from downstream of circular stoJ:9 
conduit and the inclined rails. 

Instrumentation. Three sizes of sharp-edged 
circular orifice plates, based on the different 
orifice-to-pipe diameter ratios, were designed, t• 
calibrated, and used to measure the main inflow raeded 
into the storm conduit. The three sizes were ne 
to accurately measure small, medium and large dis­
charges through the conduit. The ratios of t~e (D 
diameter of orifice (d) to the diameter of pipe 
were 0.35, 0.50, and 0.70, with area ratios of 
approximately 1/8, 1/4 and 1/2, respectively. ~e 
calibration equations, Q = CamA /2gH obtained or 
three orifice meters under steady flow conditions

0 for m = d/D = 0.35, Q1 = 2.102 IH, with Ca= 
0

• 
for m = d/D = 0.50, Qz = 4.439 IH, with Ca~ ; 
and for m = d/D = 0.70, q3 = 9.783 1H with d 
0.705. Int ese equations Cd is the discharge ti­
coefficient, H is the differential head across£ 
orifice in feet, A is the cross section area O ill 
conduit in square feet, and Q is the dischargech 
cubic feet per second. Results indicat~ that e:nt 
the three discharge coefficients, Cd 1s cons~ to 
for the Reynolds number within the range 2xlO 



6 considerati~ns were also given to the problem 
10 : . calibration equations under unsteady flow 

of o~i~ic: but no significant deviation was found. 
condition d tails see Hydrology Paper No. 44, Chapter 
(for 111ore e 
3, Pages 19-20). 

~ll propeller current meters with electric 
5 manufactured by Ott, were selected to 

counters;he flow velocity distributions in the storm 
11tas~e The current meters were first carefully 
condt~· ated by making several runs by a tow car at a 
reca 1

: speed over a given distance, and then by 
const

~ng the tow cars at different speed covering 
opera ~perational range. Good agreement was obtained 
their ' b t · 1 d th f . h d between the recah ra ion va ues an . ose urnis e 
b the manufacturer. (For more details see Hydrology 
/.per No. 44, Chapter 3, Pages 20-26). 

Pressure transducers were used to measure water 
levels and pressure differences in various measure­
aents. The calibration of pressure transducers was 
considered from these standpoints: (a) that the out­
put voltage be zero for zero pressure input; (b) that 
the output voltage be a linear function of the 
i■pressed pressure differential; (c) that the output 
voltage did not change with time and if it does, it 
■ust be systematically checked, and (d) that the 
proportionality constant between the input and output 
be known before the observed data is interpreted. 
These conditions were checked for all transducers 
used , and with sufficient care in ins tallation and 
adequate warm-up time, all transducers met the 
necessary conditions. (For further details see 
Hydrology Paper No . 44, Chapter 3, pages 26-27). 

Data recording system . The outdoor circular 
storm conduit is located about 1, 500-ft from the 
Colorado State University Engineering Research 
buildings . Data taken from the storm conduit were 
transformed into electric voltage signals by the 
pressure transducers and were then transmitted by 
ind~vidual shielded cables to an indoor analog-to­
digital converter. The digitized information was 
pwiche~ onto cards or paper tape, for later computer 
analysis. Figure 4. 4 shows the general scheme of 
h: data recording system. (For more details see 

Hy rology Paper No. 44, Chapter 4, pages 28-29). 

Onhce 

Fig. 4.4 . 
Scheme of the general data recording system. 

4,2 R 
~s of Steady Flow Measurements 

!!l._drauJ;,. ~n- , -~- -- _ 
_ 0 the~- An experimental approach 
1nvesti mination of conduit boundary roughness was 
lllld the g::ed. The Darcy-Weisbach friction factor (f) 
~PUted f rresponding Reynolds number (Re) were 

rom measured depths and discharges. Figure 
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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 

.!_ = a log10 /_ (Re If) + b, 
/f 

( 4 .1) 

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 s tudy 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 
c8mputations (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 

f = c(R )d 
e 

(4. 2) 

in which c 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 Re it can be shown that for a limited 
range of Re 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. 

A 

60",-
SECTION A - A 

ELEVATION 

Fig. 4.6. 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 

or 

p 

p = yQE 

y2 
yQ(z + y + -) 2g 

(4.3) 

(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 el-evation of the channel bottom above the 
zero datum, y is 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 r 
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 

(Pr - 0.77) (~ + 0.55) -0.482 (4.5) 

for the upper inlet. 

Power losses for the lower inlet were analyzed in 
terms of the ratio 0 of lateral inflow discharge to the 
main conduit discharge, Qr• and the ratio of the 
upstream depth to the conduit diameter, Dr. The 
power loss ratio from this procedure is 
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-2.78 + 1.71 D 

~ + 3.122-0.1~7 Dr+ 0. 77 , 

for the lower inlet. (For additional details of 
study of junction box head losses see Hydrology 
No. 44, Chapter 2, Pages 6-13, and Hydrology Pa 
No. 45, Chapter 4, Pages 16-20) . 

Cross-sectional velocity distributions, To 
mine experimentally the velocity distribution 
cients, a and e, measurements of the distri 
of conduit cross-sectional velocities were cond 
Time-average point velocities were measured by 
Ott current meters. A special procedure was deve 
for measuring velocities and for computing the ve 
distribution coefficients, as described in Hydro! 
Paper No. 45, Chapter 5. 

It was expected that the velocity distribut 
coefficients .would differ with changes in those 
parameters that determine the velocity profiles. 
parameters that primarily affect the velocity pro 
are the geometry of the cross section, the prope 
of the fluid, the condition of the boundary surf 
(roughness), and the mean velocity. All of these 
variables are encompassed in the Reynolds number 
(VR/v) and the Darcy-Weisbach friction factor ( 

Because the Darcy-Weisbach friction factor ii 
related to the Reynolds number, one would expect 
able to predict a and S coefficients to the 
tion factor f. Since the range of the Darcy-Wei 
friction factor is small for the series of data ia 
study, and because the Reynolds number fluctuates 
in a limited range, the spread of computed a arul 
coefficients is apparently due to other causes. 

Figure 4.7 displays the relation of a 
with the Reynolds number. These results indicate 
increase of the velocity distribution coefficients 
with a decrease of Reynolds number. The apparent 
scatter of points around a smooth curve may be as 
to be a result of observational and computational 
errors. 

--~ 
I 

\ 
\ 

'J 

Fig. 4.7. Velocity distribution coefficients as 
related to the Reynolds number. 

The effect of depth on the velocity d~str~bute 
coefficients is presented in Fig. 4.8. This fig 



es slightly increasing values of both a and 
l,Jldicadtepth decreases. This is expected ·because 
o as . from the mean v~loci ty becomes greater and 
ct,Yi•t~on_ factor becomes effectively larger as the 
die friction s At a depth of half the conduit 

th decrease · 1 f · deP h a _ coefficient has a va ue o approxi-
cliaaeter ~leand the a - coefficient has a value 
•telY 1;imately 1.03. At greater depths, a reduces 
of appro . tely 1. 007 and a to approximately 1. 022. 
to appro~im~ess than half the conduit diameter, both 
For d~p~ sts tend to increase. Data were not available 
..-ff1cien h f d. ,..... th less than one-fourt o a iameter. 
for dep s 
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Fig. 4.8. Velocity distribution coefficients as 
related to the depth of flbw in a circular 
cross section. 

Th~ results of this study are applicable to 
hydr~ulically smooth circular cross sections flowing 
partially full and having Reynolds numbers in the 
range 0.4 x 105 to 3.00 x 105. For smaller Reynolds 
nuabers the observed velocity distribution coefficients 
are greater but display a greater disp~rsion about a 
saooth curv F 1 t d e. or arger Reynolds numbers the values 
r:~at~oward invariance with lesser dispersion. The 
both ~on bet~een a and a has been demonstrated 

heoretically and experimentally and can be 
;1r~ssed: (a-1)/(8-1) = 2.3 to 3.0. The value of 
r;p 15 representative of the experimental results. A 

resentativ 1 f • tonditi . e va ue o a for the experimental 
for th ons is _l.03 and a representative value of a 
tionai \ exp~nmental conditions is 1. 01. (For addi­
toeffi . etails of the study of velocity distribution 
P&ges ~~~~~) . see Hydrology Paper No. 45, Chapter 5, 

. Control! d d . s1111.1iat'"'"' e an free outfall. The mathematical 
controi~o~ of the downstream boundary condition for the 
erainale outflow required the calibration of a 

tion wa (end) restriction. Any geometric configura-
1 _ 5 ;~cep~able if it satisfied certain criteria: 

be expre e d~scharge as a function of depth could 
Ind n ssed simply, such as Q = m~ in which m 
is the d:re h constants experimentally determined and y 

2. ~ of flow upstream of the restrictions. 
e restriction was not so great as to cause 
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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 

Q = 4.84 yl. 35 
(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 storm co 
and the 12-in diameter gate-valves on the later 
pipelines. The ini tial and maximum discharges •l 
established for a given experiment, and the vai:ere 
operated at constant speed within this range, ~ 
lateral inflow discharges varied as the openings:, 
the main valve. The discharge hydrographs were 
measured and recorded by pressure transducers con 
across the orifices which were installed a short n 
distance downstream of the valves. Figures 4,10 
4.11 show the experimentally observed inflow dis 
hydrographs of the main storm conduit and the lat 
flow, respectively. 
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Fig. 4.10. A recorded inflow discharge 
the main conduit. 
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Fig. 4.11. A recorded inflow discharge hydrograph 
from a lateral conduit. 

Wave propagation. After the generation of infl 
hydrographs, the subsequent wave depths were measured 
at several stations downstream as the flood-wave pro· 
pagated along the conduit. Waves were.measured at 
distances of 50.00 ft, 410.00 ft, and 771.70 ft froa 
the entrance during experiments conducted the s~r 
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 durilll 
experiments conducted the summer of 1966. Flood wave., 
depths were measured by pressure transducers connect 
between the conduit invert and a set of manometers. 

The measured quantities were plotted as (1) dep$ 
versus time relations, (2) depth versus distance red 
lations, and (3) wave peak depth versus distance 811

1 time relations. These experimentally measured ~hy~lY 
waves were used to compare and check the analytica 
computed mathematical waves. Complete results of 
measured inflow hydrographs and physical waves 
presented in Appendices 3, 4, and 5. Analysis 
comparison between physical waves and computed 
is given in Chapter 6 of this paper. 



Chapter 5 

COMPUTATION OF WAVES BY ANALYTICAL METHODS 

. hapter describes briefly a few finite­
This c chemes used for the numerical solution of 

differenc~a!i -linear hyperbolic partial differential 
the t~o q f gradually varied free-surface unsteady 

uauons o h b. . d . eq A description oft e su Ject is presente in 
f 1011 ·d tail in Hydrology Paper No. 46. 
10re e 

1 Ba"';s.!.i:::.c~E:.:qi.:ua:.c.-t_i_on_s_ s . ..;_... 
The two basic partial differential equations of 

ad lly varied free-surface unsteady flow are 
If _uad 1·n Chapter 3, and given as Eqs. 3.23 and 3.19. 
den ve . . • · d · · 1 To reiterate, the continuity equation in 1mens1on ess 

form is 

A av ~ + 1 ~---3. (5.1) VB ax + ax V at - VB ' 

and the momentum equation in dimensionless form is 

.Y.9.. 
Ag (5. 2) 

in which 

A = the cross section area, 
B the mean cross section velocity as a dependent 

variable, 
y the water depth in the conduit as a dependent 

variable, 
x the length along the conduit as an independent 

variable, 
t the time as an independent variable, 
8 the free surface width, 
a the energy velocity distribution coefficient, 
a the momentum velocity distribution coefficient, 
g the gravitational acceleration, 
So the slope of the channel invert, 
Sf the energy gradient, and 
q the distributed lateral inflow (or outflow) as 

discharge per unit length of the conduit. 

The energy gradient, measuring the energy head 
lo~s along the conduit, is expressed by the Darcy­
eisbach equation in the form 

fV2 
s =­f 8gR (5. 3) 

~n ~hich f is the Darcy-Weisbach friction factor, 
15 the hydraulic radius of a partially full 

conduit, with R = A/P, and P is the wetted 
perimeter . 

The f · · for th n .ct1on factor is expressed 
ReYn 

1 
e hydraulically smooth boundary 

Vise~ ~s number, Re = VR/v , with v 
Slty of the water . 

in this study 
as a function of 

the kinematic 

appro!{:t~ons 5 .1 and 5. 2 generally give the closest 
channel ations of the actual flood movement through 
flow . ; and conduits for the one-dimensional unsteady 
eqUa{i~ the basic conditions for applying the two 
i1tportans are approximately satisfied. The most 
the no"~ condition is that of gradual variability of 

0 hydrograph; this condition is nearly always 
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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 refe~s to the dis­
tance (space) location, and the superscript refers to 
the time location, as shown in Fig. 5.1. 

Time 

j +I 

i- I it I 

Distance Position x 

Fig. 5.1. Definition graph for the finite-difference 
scheme. 

Thus, the depth at distance location i and at time 

j is Yi, and the four partial derivatives of Eqs. 

5.1 and 5.2 may be approximated by 

(5. 4) 

j j 
av _ Vi+l-Vi 
ax - j j 

xi+l-xi 

(5.5) 
av_ 

V~+l_V~ 
1 1 

at - t~+l_t~ 
1 1 

(5. 6) 

j j 

~ = Yi+l-yi 
ax j j 

xi+l-xi 
and 

j+l j 

~= Yi -yi 
at t~+l_t~ 

(5. 7) 

1 1 



The unknown quantities in these expressions are 
generally the values at the incremental time locations 
. j+l j+l 
J+l. Thus Vi and yi are the unknown values 

for the time j+l, 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+l, 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 

in which 

Expressing 

then 

!.I U. 1 

u? 1 

u? 1 

!.IU. 
1 

u? + 1 u? 1 1 

as an average, 

j 
Ui+l + j 

ui-1 
2 

(5. 8) 

(5. 9) 

(5.10) 

(5. 11) 

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

j + uj 
u? + 1 Ui+l i-1 

(~~)i 
1 2 

!.It 

2U?+l j j 
1 - Ui+l - ui-1 

(5.12) 2!.lt 

Similarly, th'e. partial derivative with respect 
to the distance x is approximated by 
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(:~t = ( ~~t 
in which 

j u? u~ - u? ] ( ~~t 1 [Ui+l - 1 1 1-1 
2 !.Ix + 

!.Ix 

so that 

tf~t 1 
cui.1 uL1) 2!.lx 

It is to be noted that Eq. 5.12 is an 
au/at . at the position i, j+l/2; -and 
approximation for the position i, j. 

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

The expressions aA - B ~at and aA = B ~ at - ax ax 
relate A, B, and y. 
continuity reduces to 

~ = A av v ~ 
at - B ax - ax 

The intended application of the 
the use of second-order partial 

and -

The momentum equation, 5.2, rewritten here in 
the form 

av - ~ v av - _g_ ~ - .[ cs - So) at - - 8 ax 8 ax 8 f 

gives 

a2v (l a2v .[ ix_ 
axat - V--8 ax2 8 ax2 

Hence, Eq. 5.17 becomes 

a2 
(~ + AV a2v g A V2) it. ~= 1) ---+ Cas + 

at2 8 B ax2 ax2 



. 5 l9 then gives 
Equauon · 

a a2v .&. ~ a V ~ - 13 axat 
(5. 22) 

Eqs. s.18 and 5.20 into Eq. 5.22 yields 
subs ti toting 

2 
(~ + 1) .[ V 2..2'.. 
" 13 ax2 

(5. 23) 

Again designating U as the symbol for any 
· bl V or y, the first and second dependent v~r1a _ e 

partial der1vat1ves with respect to x are approxi-

aated by 
j j 

au _ ui+l - ui-1 
ax - 2t,x 

(5. 24) 

and 
(5.25) 

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

+ l)(~)j (V~ v~ - 2V~ + v~ 1) 
B i 1 1+1 1 1-

(5. 26) 

and 

v?•l=Vj- 2-!_ j j j j j 
1 i 2136x [aVi (Vi+l-Vi_l)+g(yi+l-yi-1)+2g6x(Sf-So)] 

(5. 27) 

b h The previous equations are based on the neglect of .::! the products of the first-order partial derivatives 
the the derivatives of Sf. For those cases in which 
llllds;h~rodu~ts ~f the first-order partial derivatives 
diff derivatives of Sf cannot be disregarded, 

erence eq t · aay b d . ua ions analogous to Eqs. 5. 26 and 5. 27 
e er1ved. 

~Cified · · charact . . intervals scheme of the method of 
~-. The two partial differential equations 
S.1 and 

5 
ly vaned free-surface unsteady flow, Eqs. 

charact : 2, _when transformed give the four ordinary 
aent iser~st1c~ differential equations. Their develop-
s ,. 1 

5 own 1n Chapter 3. The equations with a = 
equationand q = 0 (Eqs. 3.50 to 3.53), are the initial 

s. To reiterate, they are 

1 (5.28) 
V + ✓gA/B 
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1 (5.29) 
V - ✓gA/B 

I; + ,!_ (~ + ~ dV + A_ (S -S )/; = 
+ g 5 dx gVB dx VB o f + 

0,(5.30) 

and 

~(A V) 1 ( ~ A dV A ) _ ~VB - g I;_+ gj dx + gVB dx + VB (So-Sf I;_ - O, (5 . 3l) 

with the symbols the same as those defined for Eqs. 
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. 

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 
6x and 6t in the x and t coordinates, res­
pectively. In this case, V and y at points M., 
A., B. , ... ,N. are known. The values of V and J 

J J J 
y at the time position j+l, and particularly at 
points M. 

1
, A. 1 , B. 

1
, ... ,N. 1, can be computed 

J+ J+ J+ J+ 
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 
in this study because x and t at points Mj+l' 

are exactly known, so only the Aj+l' Bj+l''"'Nj+l 
values of V and y 
mined. 

at these points must be deter-

I 

t+l:.t 
Mit-1 Ai•I 81+1 CJ+i Dj+J t.', 

j 

Mj Aj Bi Ci DJ f 
l:.t 

I 

>-l:.x- -l:.x-

Fig. 5.2. Network of specified intervals for the 
solution of characteristic equations. 

Ro.v j 

Nj+I 

Ro.v 

Nj 

X 

In this method, V and y at point P on the 
(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 using two assumptions: 

(a) 6t 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 

+I 



(b) the slope of the straight line PR at point 
p is equal to the positive characteristic direction at 
the position C, C~+) , and the slope of the straight 
line PS at point P is equal to the negative 
characteristic direction at the position C, (~_). 

tJ.x tJ.x 

p 
f+M 

!+ tJ.t Iv< v'gA/8 I 
X 

A R C s B 

tJ.x tJ.x 

f+t.t 
p 

C L M IV= ✓gA/B I 
X 

A R c,s B 

tJ.x tJ.x 
p 

t+.t. t 

(+ Mlv> ✓gA /B I 
X 

AR s C B 

Fig. 5.3. Rectangular grid for the solution by the 
system of specified intervals, 6t and 
6x: subcritical flow (upper graph), 
critical flow (center graph), and super­
critical flow (lower graph) . 

5.3 Initial and Boundary Conditions 

Solution of the two partial differential equations 
Eqs. 5.1 and 5.2, requires an initial condition and 
two independent boundary conditions . 

Initial conditions. The necessary initial condi­
tions for unsteady free-surface flow are that all 
velocities and depths of water along the channel must 
be known at a given time. In thi s study, it was 
assumed that the discharge was constant throughout the 
reach at the initial time. Thus, the problem can be 
treated as steady non-uniform flow. Velocities and 
depths along the channel were then determined by 
computations of cpnventional backwater or drawdown 
surface profiles, aepending on the downstream control 
conditions. This procedure used the standard step 
method. 
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Boundary conditions. One of the two boun 
conditions is the discharge-time relation exist· 
the inlet cross section of the channel under st1 

This relation can be either expressed in a mathudy 
form, or given as discrete points of discharge:­
selected intervals of time. 

The other boundary condition imposed on the 
blem is that of a discharge-versus-depth relation 
the downstream end, characterized either by a con 
structure or by the critical depth at a free outfa 
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 c 
tion must be expressed at the inlet end. This 
function may take the form of a discharge-versus. 
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 characteris 
directions both have a positive slope and thus th 
is no influence of the downstream conditions on the 
upstream conditions. 

The foll ·owing discussion presents a detailed 
analysis of these boundary conditions. Arbitrary 
flow hydrographs were investigated to test and v 
the computer program and also to provide results 
evaluating the significance of variations in the 
hydraulic parameters. 

The boundary condition at the upstream inlet i 
given by an inflow hydrograph, Q(t), 
tion on the shape of the hydrograph. A hypothetic 
hydrograph, with a Pearson Type III distribution 
four parameters, was selected for evaluating the 
effect of variations in the parameter, shown by Fi&, 
5. 4. Thus, the inflow Q at time t designated by 
Q(t) may be described by 

-(t-t )/(t -t) t/(t -t) 
Q(t) = Qb + Q

0
e P g P (t/tp) g P 

in which Q is the constant base flow, Q
0 

is the 
difference Between the base flow and the peak flow, 
tp is the time from the beginning of storm runoff 
peak discharge, and tg is the time from the begi 
of the storm runoff to the center of mass of storm 
runoff, G. One hydrograph with arbitrary values of 
Qb, Q0 , tp, · and tg was used in this portion of 
the study. The shape along with these arbitrary 
values of parameters are shown in Fig. 5.4. 

The boundary conditions at the downstream_outlet19 are generally given by a stage-discharge relationr"id 
this portion of the study a free outfall at thee 
of the conduit was assumed. For the free outfall 1 

critical flow at the downstream end exists, with 

V 

-y,f 
in which A is the cross section area and B 
top width of the downstream boundary. 

(S, 

It was also assumed that critical depth occu:;: 
a distance of 4.5 times the critical depth from t 



2.00 

fig, S.4. 
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Hypothetical inflow hydrograph of a Pearson 
Type III function, Eq. 5.32, with the 
selected parameters: ~ = 6.21 cfs, ~ 
8.00 cfs, tp = 100.00 sec., and tq = 
150.0 sec. 

end. This assumption was also applied to the unsteady 
case, with critical depth computed from the base dis­
charge, Qb. Therefore, the total distance xi, from 
the inlet to the downstream boundary is determined by 

(5 . 34) 

in which xF is the total length of the conduit and 
Ye is the critical depth for discharge Qb. 

For the case wherein the downstream end of the 
channel is restricted, it is necessary to know the 
relationship between the discharge and the corresponding 
depth. This relationship can generally be expressed as: 

(5.35) 

in which "m" and "m" are constants. These constants 
aay be estimated from previous experience or computed 
from measured discharges and depths. In this study, 
these constants were experimentally determined for 
specific outlet geometry. 

S.4 Comparison of Three Finite-Difference Schemes of 
Numerical Integration 

f Criteria for comparison of schemes, Comparison 
0 ~he three finite-difference schemes, diffusing, Lax­
.:;/off, and the specified intervals scheme of the 
and od of characteristics, for numerical integration 
th computer solution and the eventual selection of 
one ~0st . desirable for particular application depend 
hes~:plic7tY, stability, accuracy, flexibility, and 

sulting computer time. 

The simpl · · f · · d to both icity o a particular scheme 1s relate 
algor·t~he algebraic description of its numerical 
Si1pi~r· and the computer programming involved. 
si•plic7ed ~lgebra, however, does not necessarily infer 
of a so~~Y. in ~he computer algorithm. The stability 
a real 110~ infers that the process will coverge to 
case 

0
/

0 ut7on, This criterion is sat~sfied in the 
esh si solving the De Saint-Venant equations if the 

Part of z~h ht/ 6x ratio is less than dt/dx, for any 
solution e (x, t)-plane used in the integration 
infers t~ · The accuracy of a method in this study 

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

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 6t/6x 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 26x. 
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 6x 
may be reduced, but this increases the computer time 
by the square of the number n of distance intervals, 
6x. 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 6x and 6t intervals, without 
a significant increase in computer time. An indication 
of this accuracy is demonstrated in Fig. S.S. 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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Comparison of diffusing scheme (Di), Lax~ 
Wendroff scheme (Ai ), 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. 
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The linear interpolation of this scheme 
determination of the interpolation interval in 
-accommodate flow conditions in both subcritica1 
supercritical regime. The accuracy of this sch 
demonstrated in Fig. 5.5; it is good when comp 
the diffusing and Lax-Wendroff schemes. It is 
that this finite-difference scheme of the methOd 
characteristics produces a rapidly convergent 1114 
stable value, which is comparable to the same p 
of the Lax-Wendroff scheme. 

The non-linear interpolation in 
intervals scheme of the method of characteristics 
for dependent variables along distances for a giy 
time is an improvement over the linear interpolat 
However, linear interpolation is used in produci 
results (C) of Fig. 5.5 for this method of ch 
istics . 

Based on the previous comparisons and on the 
results shown in Fig. 5.5, it was decided to use 
specified intervals scheme of the method of char 
i stics on subsequent computations of analytical 



Chapter 6 

COMPARISON OF RESULTS OF COMPUTED 

AND OBSERVED WAVES IN SUBCRITICAL FLOW 

6
_
1 

~hods of Comparison 

The computed depths and the observed depths of 
d hydrographs moving along a storm drain for the 

flOO physical conditions of the conduit and the same 
saae d " A ' 1 may be compare in numerous ways. visua 
r•veection of the plotted data as the first comparison 
nspsented in Appendices 3, 4, and 5, provides a 

pre . Q t · t · . ualitative comparison . uan ita ive comparisons may :e made in various ways depending on the comparison 
quantities that are considered important. The basic 
quantities compared in this study are the depth of 
flow as a function of time at fixed locations, and the 
depth of flow as a function of distance at fixed 
instants of time. The computed waves have the same 
initial and boundary conditions as the observed waves. 
The computed waves are obtained by numerical integra­
tion of the analytical equations of the specified 
intervals scheme of the method of characteristics, 
described briefly in Chapter 5 of this paper and in 
detail in Hydrology Paper No. 46. The observed waves 
are those physically produced in the 822-ft long con­
duit. Comparisons in this chapter refer only to the 
waves in the subcri ti cal flow regime. 

~ 
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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~d~scharge 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 ~ecisi~n. 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. 

Tlli: · !IXCNJS 

_,_ ·-

.,...., ·-
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Fig. 6,1, 
T~pe of comparison of computed and observed waves for a qualitative comparison by visual inspection 
with depth versus time for given positions. 
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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 general c 
of computed and observed flood waves. Both th 
puted and observed waves are subject to error e 
general comparison then integrates the effect!· f 
sources of errors. Chapter 8 of this paper p 0 

. d ' . f res a systematic 1scuss1on o errors, and effects f 
some of the simplifications in the coefficient 0 

the two partial differential equations of grad:~f 
varied free-surface unsteady flow. Y 

6.2 Methods of Qualitative Comparison 

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

First, waves in the form of depth hydrographs 
encountered at different points along the conduit,' 
compared. Plots showing the computed and observed 
depths of waves at given locations, as a function 
time, are shown as the first graph of each run in 
Appendix 3. The graphs in Appendix 3 consist of 
plots at each position that depth measurements were 
taken, as well as a plot showing the inflow hydro 
as discharge versus time. The solid curves are the 
computed depths and the plus sign, +, indicates 
observed depth (discrete points delineate the obs 
depth hydrographs). 
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TIME • 40. 16 SECONDS 60.24 SECONDS TIME : 1 00. 07 SECOtlDS 

- C011PUT£0 C011PUT£0 COl1P VT[~ 
+ 08S£RV£0 ... + 08S£RV£0 ... + 08S£R'I[~ ... .., .., .., .., .., .., ... ... ... 

,c ,c ,c ... ... ... 
A. A. A. .., .., .., 
a 0 a 

♦ .., .., .., 
> > > -c -c -c :z :z :I: 

0. • 0. .0 • 
.; OISTlNC£ r11011 INL£T - r££T C> .; OISTlNC[ rROl1 INL£T - rt£T 

C> ... 
,. ,. ,. 

TIME: : 120. 15 SECONDS TIME : 

- COl1PVT£0 - COl1PUT[0 ... + 08S[RV£0 ... + OBSERVED ... .., .., .., .., .., .., ... ... ... 
,c ,c ,c ... ... ... 

A. ... A. .., .., .., 
a a C, 

♦ 
♦ ... ... ♦ ... 

> > > ♦ 
-c -c -c 
:z :z :z 

.0 • o. . o. 
.; DISTANCE rROl1 INLET - rtET C> .; DISTlNCE rROl1 INLET - rEET 

C> 
.; 

C> ... ... 

Fig. 6.2. Type of comparison of computed and observed waves for qualitative comparison 
of depth versus distance for given times. 

30 



a.o 

P.J J r IJ·EEP. 9 R\Jl IU·ff:R 9 

• COl'f'\/T£O 
• COl'PVTEO 

0 08stRV£O 0 08stRV£O 

~ 
I:! 

I 

I ~ 
~ '·" 

~ 
~ 

lo! ~ 

' ~ 
J 

~ 
8 

,. • ~ ~ 
~ 

i i • ;. ! ! £ i • ! i i i ;: ii i 

DISTN'-CE F'R01 l~ltT - m:r Tl~E - SECC1·JDS 

fig. 6.3. Type of comparison of computed and observed wave peak depths as functions of distance or time, 
for a qualitative comparison by visual inspection. 

Appendix 3 gives the results only of those runs 
of computed and observed waves that were conducted at 
the two conduit slopes, the nominal slope of 0.05 per­
cent (0.0005) which actually varied after adjust-
aent from S0 = 0. 00048 (0. 048 percent) to S0 = 
0.000550 (0.055 percent), and the nominal slope of 0.1 
percent (0.0010), which became S0 = 0.000990 (0.0990 
percent), after practical adjustment. For economy of 
reproduction, results of other slopes are not presented 
ln this Appendix because it is considered that a small 
n011inal slope {0.0S percent), and the double of this 
~~l nominal slope (O .1 percent) are sufficient to 
lll<hcate the results of comparison for the subcri ti cal 
regime. 

Second, qualitative comparisons are made for the 
computed and observed waves at an instant of time. 
~e de~th is plotted versus distance, which is also 

own in Appendix 3. In this case, either three or 
ix ~ifferent times were chosen to represent the waves 

: 
1
~1fferent positions along the conduit. Again, the 

0
. id curves represent computed values while observed 

rints are indicated by 0 However, depths versus 
1stai;ce are plotted from a horizontal line, rather 

lpPan rom the slope s
0

• Therefore, some depths 
~:; ~o ha~e negative slopes, which results from the 
slop in which the depths are plotted. The negative 
for es ~f the waves, plotted as function of distance 

a given time, should not exceed the bottom slope. 

Appendi 3 · distance x . gives the same results of ·depth versus 
observed for given instants of time of computed and 
• those w~ves, . for the same runs and the same slopes 
Of the given in the comparison of depths versus time 
lntrodu~~mputed and observed waves at given positions. 
eq,lain t~ry remarks at the beginning of Appendix 3 
SUlts of A ese r~ns, and there presentation. The re­
l'Uns: (l) Phendix 3 refer to three particular sets of 

wen the main conduit is used only with an 

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, S0 • Be­
cause the attenuation rate of peak depth is greater than 
the slope, S

0
, 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 
slo&s 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 tak-en 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, S0 , 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 computed b 
flow depth. 

Second, the constant time shift between the 
puted and observed depth hydrographs may be th 
result of an error in determining the time bet! 
wave passing the flow measuring orifice meter.::­
x = 0 position of the conduit. Besides, coord 
_the observed time at x = 0 and the computation 
time at the same position may result in a syst 
time shift. This constant shift can also be co 
for the sake of comparison. 

Both the depth and time constants shifts of 
various runs, with the inflow at the main conduit 
entrance only, were not corrected in presenting 
data in Appendices 3 and 4 in order to obtain v 
qualitative and quantitative comparisons. They 
present experimental, systematic errors, and are 
as such in comparison. However, these systematic 
errors or shifts are mainly in the observed waves 
observational errors. 

For the systematic shifts at depth hydro 
in case the inflows are both at the main conduit 
entrance and at one lateral inlet only, or at all 
three lateral inlets, an additional shift results 
the error in estimating the heat losses at the j 
boxes. Because the differences of head loss at j 
boxes between the computed and observed waves ac 
in the case of three lateral inlets, and because 
they are superposed to the systematic shifts of 
base flow depth and the time, the systematic er 
difference should be either larger at the upstrelaj 
part of the conduit and smaller at the downstreaa 
part, or the opposite, depending on whether the 
systematic errors in the estimates of head losses 
of the same or opposite sign as the base flow de 
and time shifts. 

Similarly, for the shifts in depth hydrogr 
given positions, the shifts both in depth and tiM 
are identifiable for the wave profiles as the dep 
versus distance representation for various times. 
Appendix 3 clearly demonstrates these various shi 
However, it is not easy to determine which of the 
shifts predominates and should be taken into ace 
The difficulty of determining the shifts is compo 
by the way of plotting depths versus distance, sin 
they are plotted from the horizontal line rather 
from the corresponding slope line (S

0
). 

Similar ·systematic shifts are shown for the 
parison of peak depths versus distance or peak dep 
versus time between the computed and observed ~aves 
(Appendix 4), as it was shown for the two previous 
qualitative comparison by visual inspection. How 
these shifts for peak depths seem to be relatively 
smaller, on the average, than for the total depth 
hydrographs or total wave profiles along the ~ond~ 
This should be expected since the constant shift -
the base flow depth and in time should have the 1 
relative effect on the maximum depths, and therefoie 
on the peak depths. 

The hypothesis that the systematic transver5• 
oscillations of the wave in the free-surface con· 
duit flow, or that standing wave phenomenon has 
occurred along the conduit, thus producing the s{ 
tic depth shifts, must be assigned a smaller pros 
than the unaccounted shifts in the voltage ~f P~ 
transducers. No significant transverse oscillat 
were observed, however. 



. pect i on of graphs presented in Appendices 
Visualdin:o the following general conclusions : 

3 ,nd 4 tea ks . into account the systematic depth 
(l) Ta 1ng h "ft in observed waves, t e agreement 

and time s~ico;puted waves, which are obtained by 
i,etween th ified intervals scheme of the method 
usini the sp~ctics and the observed free-surface 
of charac~e~i:re r;corded in the 822 ft long conduit, 
waves, wh~~l good. This good agreement is surprising 
iS reason . uy s sources of systematic and random errors 
d to vario d ue h computed and the observe waves. 
in bo~~)t ;he attenuation ?f flood peaks al?ng the . 

. 1·n time which is the most practical design 
onduit or ' d d b d c f the comparison of compute an o serve 

aspect 0
150 

shows a very good agreement provided the 
waves, :ic shifts are taken into account or corrected. 
5ystema f . . (3) Because of effects o systematic errors in 
the experiments, i~ is likely that the~e er;ors, ?n d 
the average, are either of the same or . er o magni tu e 
or of the larger magnitude, than the differen~e be­
tween the analytical wav~s (w~ves acc~rately i~te­
,rated from the two part(ial differe~tiahl equatdi?ns) 
and the physical . waves true waves in t e con uit 
without systematic and random errors) . Th~refore,, 
the above comparisons can not detect the differences 
between the analytical waves and the physical waves, 
which result from basic assumptions in the derivation 
of the continuity and momentum partial differential 
equations of gradually varied free-surface unsteady 
flow. 

(4) In general, the waves computed by the 
integration procedure in this study, using the most 
c011plete partial differential equations, should be 
considered sufficiently accurate for all practical 
purposes of storm drain design. 

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 tc 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 

<1 
!' "[:~:"]' 

with A the area of depth hydrograph; and 

(6 .1) 

(5) A dimensionless parameter defined as the ratio 

R 
<1 
_..E. 
t 

C 

(6.2) 

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; tc is an indication of 

Table 6.1. 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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Fig. 6.4. 

Depth Hydrograph 
Area = f ydt 

Centroid of the 
Depth Hydrograph 

= ftdA Jtydt 

f dA Jydt 

y
0 

, Base Flow Depth 

Definitions of basic magnitudes 
of the wave-depth hydrograph. 
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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 
,yaiietr~- th hydrograph lies under the ascending limb, 
of the . ep t indcates a similar condition under 
• pasi u vedingc limb. All but two of the computed t 
h descen . c 

t e re positive, as shown in Tables 6.1 and 6.2. 
values w:ard deviation of the depth hydrograph about 
nie sta;; 0 is a measure of the dispersion of 
the pea ~foJ' about the peak, and the closeness of 
the wave uted O to the observed op indicates how 
the comhp comput~d depth hydrograph matches the observed 
veil t e · • 1 1 h · R th hydrograph. Simi ar y, t e ratio measures 
dep loseness of the computed and observed hydrographs. 
the c 

These same five comparisons were also made with 
the observed peak depths shifted in time, so that the 
b erved time, tc, from the wave peak to the wave 

~e~troid was the same as for the computed value of 
t This was done because the first and second moment 
c~~parisons are dependent upon the position of observed 
peak and because the fluctuations of observed depth 
i,ere' such that most waves had several points that 
could have been specified as the wave peaks. Thus, 
the time to centroid of the observed and computed 
11aves were made coincident. 

In general, the time shifts necessary to equate 
the t values for computed and observed depth hydro­
graphs c were less than 5 seconds. Th-, comparison of 
five parameters for the corrected times of peaks of 
observed waves are given in Tables 6.3 and 6.4. The 
shifts listed in Tables 6.3 and 6.4 are positive for a 
shift toward the time origin and ne.gative for a shift 
away from the time origin. 

Computed and observed values for all five para­
iieters are plotted for no shift in Fig. 6 . S and for 
shifted peaks in Fig. 6. 6. It should be noted that the 
points in these figures are not independent. That is, 
there are either three or six related points for each 
run which all make up a related group within the points 
of these figures. 

s . Th~ depth hydrograph areas are not affected by the 
hifts. in peaks and so both of these comparisons are 

approximately the same. The only differences result 
fro the Condition that points were not plotted in 
Fig· 6 · 6 for any of the parameters if any one of them 
~dnegative. Thus, whenever a shift in a peak elimin­

a e the negative value in the parameters of compari­:°~• b that comparison will appear in the plots of Fig. 
· ut not in the plots of Fig. 6.5. 

Compar· that . 150ns of the hydrograph areas are consistent, 
cent is, nearly all the values fall within the ±20 per­
llnshi:;:~r-~urves, as shown by Figs. 6.5 and 6.6. The 
scatt ~irst moments, however, show considerable 
.30 er, With nearly SO points falling outside the 

percent er . . observ d ror curves. The effect of shifting the 
outsid: P~aks results in reducing this number of 
he +20 points to only four, most points moved within 

J>uted a ~ercent error-curves. The plots of the com-
ave hy~ observed times from peaks to centroids of 

Shifted r~graphs show almost a random scatter for no 
shifted ~. served peak times, and no error for the 
he standlmes , by definition. The comparisons show 

l>eaks to ~rd deviations of wave hydrographs about 
error-env e, for most data, within the ±2 0 percent 
·10 Perce elopes for the unshifted points, and within 
Peaks. S ~t. error-envelopes for the shifted observed 

-2 are 
5 
imilarly, comparisons of the ratios of Eq. 

Percent e~:ttered but they are generally within ±30 
1n t20 pe or-curves for the unshifted peaks, and with­

rcent error-curves for the shifted peaks. 
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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 runs 
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 thi~ 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 
positions, with corrections of observed peak depths shifted in time. 

TOTAL ARCA or WAVC rtRST PIO~T or TIP![ rROPI P[AK TO STANDARD DCV IA T "" or 
roRPI AIOVC IAS[ ARCA AIOVT PCAK ttffTROID or WAVC r~ WAVC roRPI AIOVT P[AIC .,,. SMlrT <rT•S[CI <rT•st:C21 lst:tl <st:CI 

u:. <SCCI OIS[IIV£0 COPIPVTCD 01S£RV£0 COl"IPVT[0 OISCRV£0 tOPIPVT£0 OISCRV£0 COl'.PVTCD 
82A'ISI 9. 15 2,69 2,91 21.56 2,,90 10.59 10,54 22, 75 !'O, 0 I 
82A'ISI 2.,7 I, 76 1.99 11.21 U.99 I0,96 10.97 9,99 21,66 
82ARSI -20.,2 -.02 ,6' -.11 5.90 9,20 9. 19 5,91 15.06 

82AQS2 '·'° 26.,7 2•.96 00.51 ,51,,5 11,59 11.59 91,55 '9.0I 
12A0S2 1,25 21,'1 II, 76 592. 01 511.91 27,65 27,66 ,0,90 •6. 01 
12AOS2 ., ... 11.56 15,9' 512, II '99.75 '1,'6 91.'6 ,2.0I U,19 

llA05' •2,91 99,92 '6.17 800,17 1,6.52 20,97 20,96 ,5,1, 51,22 
82A05' ,.6' ,1.65 21,71 191, r2 116. 75 21,97 21,91 ,1.29 ,1.,5 
12A05' .,.12 21.1, 2,.,2 156.91 7'9,22 90,U ,o.u u,9, U. 75 

19AOS1 16.91 1,65 9.,2 ,2.52 67,90 19,66 19.66 21 .99 9',25 
19AOSI 7,71 '·" 1,U 15,,2 19.7' 10. 7' 10.1, 12,17 "· o, 
19AOSI .,,p, -.'6 • II 1.,9 -.u .,.9' -9.9' 5.9' ,.16 

19AOS2 •I .,2 15.6• 15.95 95.911 '6. o, 2.26 2.26 19.,1 20. 7' 
89&0S2 •I0,50 15,96 19.91 151, 19 "'·" I 0.19 10,19 26,91 21,91 
19AOS2 9.56 15.62 "· 01 29•. II 902,71 21,60 21.60 ,0,69 91.71 

15AOS9 9.15 '9,2' 96.•5 619.61 756. 71 20, 75 20,76 '9, lt 52,71 
119&05' 2.,1 21.,1 51.2, 1,9.,1 115.10 26,11 26,12 '9.02 50.17 
15Aos, ·5.70 25. 71 21.27 559.75 615.97 21, 77 21.77 95,,1 99,61 

C2AOS2 •1,15 '9.95 55.16 912. 71 691,57 19.67 19.67 '9,71 '9,72 
C2A0S2 •5, 71 '5,25 21,'9 1099. 19 1'5.67 29, 50 29.50 •6.91 "·" C2A0S2 6,79 95.11 2,,51 1212,62 U6.II ''·" 9'.55 "·" ,1.91 

C2A05' •12,29 67,15 ,&.61 711. 15 ,11.5, 10,41 10.,1 u.2, '9.17 
C2AOS9 •U.51 5'.09 '8.59 1150.69 120.66 21.27 21.27 ,9_5, '9.15 
C2A05' ,,.66 50,7• '5,91 "77.61 10,1.96 29, 12 29. 12 •5.91 '9.02 

CSAOSI 1.09 1.77 11. 17 95,97 Ill .90 10.9, 10.95 25,29 91.'9 . 
C5AOSI .,.,& 1. 16 7.6, 100.10 106.11 ''·" 19,91 2,,97 26,56 
C9AOSI 1.29 ,.19 6.51 "·" 119.'1 "·" 11,'5 22,99 26.•5 

C9AOS2 .IS 2',U 26.99 991,61 Ul.2' 16. 71 16. 72 ,.,,2 '1.19 
C9AOS2 , ... . 15.11 21,06 '61. 75 '79,90 22.71 U,71 "·" '9.11 
t9AOS2 6.41 11,,0 19.61 527.90 ffl. 72 21,15 21.15 ,1.,6 99.67 

t5AOH .,.n "-67 99,61 521.92 965, 09 ,.u 9.22 '2.29 55.5' 
C5A05' 1.6' 29.15 ,Z.59 556,10 611,61 11,6' 11,65 ,,,1, 9•.15 
tSAIH 1.51 52.56 ,,.n 1,9,06 ,,,.,, 25.19 25,19 97.5' 97,69 

02AASI 1,.,, 21,17 '2,95 66,.22 l'61,11 ,,.12 '1.15 75.25 61 .,1 
02411$1 21.,1 25,97 '5.lt 1215.6' 1675.H ,&,II ,&.11 91.77 69, II 
02,..51 .5,,s '2,N 26,15 1121.12 1211.H ,&,5' ,&.5' 60." 62, 17 

02AOSI -1.11 u.1, '5.17 1106.•2 125,U Z,,55 2',5' "·" 52.12 
02AOSI ··" 27.'9 29." 1196.•t 1191.SI '7.71 '1. 7t ss.,& 51,9!' 
DZAISI 21.11 u.,1 ZS.59 "''·" Nl.7' "·61 "·62 55.11 56,11 

DZAts, •I.H It.II 77.91 17'l.9' ''"·" ''·" ''·" "·'' 50,61 
DZAISI ·•·" .... .... ..... ,. '"'·" 29.51 H,51 ,,.,, 12.,, 
024111 21.,a N,tl 11.,, Ult.N 2121.11 91,H •. ff lt.26 II, 71 

09&0S1 •2,71 1,.,, 17.SS 110.n 206.99 11.10 11. 79 ".52 92.91 
09AOSI -.66 II .52 "• OI 119.19 229.15 15.90 IS.19 27.'9 29,U 
05&0S1 1,21 I0.6' 11,17 U0,71 2,6.•9 20.76 21,76 26.91 29.9' 

09US2 .,.11 "·" 51.U ll'6,27 1U6.95 21,0I 21.07 so. 12 51.51 
~~.!.052 •6,09 ,2.12 "·" 1261.5' 1502.56 ,o.oo 50.0I "·" 5,.,5 
09.\052 6,16 

"· 19 
,5. 11 1295. 77 ""·65 ,1.,6 ,1.,6 ,5.11 "·" 

09.\0S, -.11 67.17 1,.6' I 06'.'9 1171,52 15.61 15.61 U.5' ,6.16 
09.\1$, .,,,. 12,21 69,SI iu9,,. l'89.76 2,.,, 2',., •5.56 ,1.20 
0"-IS' '·" 14,H SI.ti "'·" 1,,.,. 12,17 12,17 ,,,21 97.96 
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IIATt~ 

OIS[R",[D 
2. 16) 
.96, 
,6'9 

2,0IO 
, .,79 
1.,,2 

2.2,5 
1,667 
1,457 

I.OH 
I• 19' 

-1.000 

1.612 
2.,96 
I ,'11 

2,0IO 2. 
1,641 I. 
I ,629 1. 

2.527 
1,572 
I ,'15 

,.220 
2,047 
I ,577 

2,911 
,. 715 
1.251 ,. 
2,299 
I ,A6' 
1.291 

9.502 
I. 777 
,.u2 

2,'6, 
.121 

1,291 

2,27' 
1,,11 
1.29' 

2,527 
t.664 
t.'21 
2;656 
, • 719 
1,296 

2,571 
1.78' 
I ,,5, 

2.1,0 
I ,9U 
2,6'9 



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. AlltA or WAY[" rr•sr ,..c,n or fff'lt fQfll ,u« TO STAUDAID otYl.&TIOfl OI' TOTAL W& 0, WAY( riu ,· PIOfC'NT or TIP£ FIIWI ,CMt TO ITMIDAlD otVUTHIU Of 
rQftl! '"II USC •. ....,, ""' ctl<TtOID W 11411 rOOII 114,C ,_ 4IOVT ""' HTJO rO'tl! '"Yl 14S< ,IIIU&IOVT,CAlt CCN'flOlD f:/f Wl'tt FOltt Wl,Y[ F'ottt'I &IO'JT PUI. UTI':. .... '"'" rrT•SCI rrr-1tcz1 ,.c, CS[(I .... INlrT <rT•IECI CrT•ltCZI rlttl lsttl 

"'· fl[( J otSCIIYCO COIP\/Ttf otSCIIYCf COIP\/Ttf ots[ltYCD COIP\/TtD otSCIIYCD COIP\ITD OISCl'/CD co"'•fttll NO. flttl otSCOYCD COIP\ITED OISCltVCD COl9VTCD OIS(OY[D COPPUTto OISClll:VCD COO,,VTED OIS[J tCD C. ':.l"P';T[a 
I ' •T. H ,,_ .. ,._,, ,11. 12 '"·" ,,.,. ,,.,. St.ff ,, .. , l.m ,., 11 I ,, 4. Tl It.IS U .1l 121,.2, 1111.$.1 ,, .. , ,,.11 , .. ,, "·" ' '·'" ,.,2~ 
I ' •11,N 56.6' ,,.n Stl . 74 111.2, 16. 12 tf. ll ,z.o 57.57 l.651 2.,,, ,, -.,. 11.21 75.'9 1'17,Y 12,e. 15 16,H ''·" 46,19 ,s.,, 2, 71S 2.~n 
I ' 

.,. ,. Sl.ll lt. 11 e,.11 SH.II ll.U ll.11 " ·'1 '9.1 2 I, 112 ,., .. " '·" 11,H 6' , 97 USl,22 1'12,T6 , ... , 11,62 ,s.s, '5 . i 1 2 , U7 2,.&'ll 
I ' •11,7' ,,.2f Zl . 1' 651.&2 ...... z, ... z, .• , "·'' 51,21 I ,916 

f ·"' " JI . II 6' , 17 66.61 122t. 61 1211.n 19. 16 19. 16 "·" "·" Z. 269 2. s2 , 
I ' .z.,., If.ZS Zf. TS ,11.z1 .,.,. ,. zs.z, ZS.ZI ,._,. ,,.,. I•"' I , 601 " S.t7 61.11 IS . IS us2.n '"'·'' z,. ,. z, ... " ·'' '6. IS 1.194 1.9~5 
I ' '·"' "·" Z1.'4 TN.,, TIS.ff 26, It 26.tt Sf. ZI "·" l.'97 1,417 If ·" ... ,z n . u U54 , IS 14'4.61 zz • ., u.u ,, .oo 42 . 59 t . t21 l,191 

• •1.11 "·" '5.16 tsl,lt trz.z, 16,97 11.,1 '6.54 41 , 21 z. o,z 2,Ul '"" . . ,s 71. ,, 1l. '4 956.S, 111.SI 12 . 1, 12.,, " -~6 u.a~ S.6ll s.nz • ·•··· "·" SI.IZ 1111, tt 1121,ft u.,1 u.,1 SI.SI 50 , 61 2 . 21i z.z., '"" '·" 66.H 67,U IZ'4.6Z IZS6.H "·" 11.,s '5. 'S6 ,~. i'S 2 . 47' 2.,1, • •f. 11 ,i.z, .•. ,. 12,e.u 1 UI , 7' JC,61 z•.N ,, ... ... ,, I.Ht Z.llt '"'' z.,s 71, 72 6Z.61 
''"· 71 

117', II "· 1, ' W. 7' "·" "-~ 2. 592 2.n, • -1.'1 ,z ... U,21 111•.H 11u.e Z,.5' Z,.5' "·" ,1. a Z.191 z.111 , .. ,, -,. 71 "·" 61.Sl 1126,H IIH, 77 19.U 'I .IZ "·" '5. 66 Z. 256 z.2,z 
• .. ., St.t7 ,z.n Nl.6Z n2,.t1 Sl.tZ ,._., "·" Sl.5' I ,Sil 1, 666 '"'' ·Z.lt Sl . 61 51.99 1172.ts 1564.ts 2J.1, 2,.1, u . s, ,s., , 1.927 1,9-SI • .61 "·'' ,z.z, 12'2.21 1176,IS Z1.IS ZT.IS "·" ,s.1, t . 57' t,62S '"'' •,ST 55.tt 57.,. 1179,21 izzt . 61 21.0 ZI .S. st.Z9 ,a.s2 1.IS6 ,.,~• 

.,_., ,, ... "•SI HS.H ....... 1t.n "· 72 "·" SI.U z. ,u z.,,. .. ,.,, ... ,, ..... ·SIS.Tl .,n.,o ''•" -,.,1 60.61 60 . 16 .,,.,~t •IS,H5 

·" ,1.u '9.11 ISU,11 ISTZ.71 l1.S1 ZT.st "·" Sl.09 1.162 1.n, ., .. , "·" ..... ,s.sz ,z. n ·" ·" 6J. SZ 60.67 ,s,.2:, 149. 115 
.z ... ,z.11 ,s.u 

"''· 71 "''·" "·" "·" SZ.69 SZ.'1 1,611 I ,671 Z.H ..... TS , 91 zn.62 zo.zz S.5' '·" "·" &a.,, 16, '75 1-: . on 

·" "· 77 
,z.11 1112,H 1'9'. 7f Sl.SI JZ.SI 5'. U SZ.7' l.66Z 1,622 ·•·" 17,SI "·'' ,,,.n ,1,.11 ,.,, s.n 57. 71 61 . U 11.469 11.9'7 

f.'1 "·" "·" 1111,H im ... "·" 95,91 ,1.H 5'.0I l , '6C 1, 476 z,.,z "·" 71.U 
'"· 72 

,,._,, 7,CI 7.'1 S9.ZS ~7.27 7.996 7,726 
•IS.II "·" "·" ""·" 1516, IS 56.ZI H.ZI ,O.IZ ".JS I ,SIC 1.,11 '·" ... ,. 61.Z, zn.s, 211.,1 , .• 1 ,.,1 s, . .. SI, 72 12. -:St "·''' 
.,.,z tz.,., ..... ""·" '"'·'' ZS.ll z,.,z ss.z, "·'2 2.2,, 2., .. , ... zz.n 2, . .. Stt ,16 .,, • 71 Z,.H ZS. ti n . :2 ss.n 1,662 2. ~51 
-s.zs "·" 57. 17 ITTt,IJ 1679.ts Z,.SI Zt.SI "·" 5'.'6 I.ISi t.H7 •• 7t z, • ., ZI .st f7Z.SI HO.H SI.ts ,, ·" s~.H s,. ,. 1. 602 I. 725 
•1.ZI ,s.z, "·" ''"·" ITSf,77 Sl.N SZ.9' SS.55 "·" 1,610 I .697 ·" ,,.,. ,,.12 llt,61' HZ.SO 5'. IZ "· ,, 50.S4 s, .• , 1,4';"5 1.51, ., ... "·" "·" ISIS. 7f 112,.11 "'·'' "·" st.II H.SS I.SH 1,611 ., .. 16,S2 17, ,, S'll.6Z 601.to 5'.U ... zz SI. TS 52,SI 1, 512 l.'51 

.n ,,.u "·" '"'·" ,, ... ,, u.,z 56.Q sz.,. s..n '·'" 1. 502 z.u 11, 1, 15, 71 " : ,ZI H7,SI ,1.,2 ,;_,, '7.60 52, 79 1, 272 1. , 1 ~ 
27, 71 '2,11 "·'' '"'·" IIZ6.SI ..... "·" ,,.sz sz.n 1,S9I t,'51 11.IJ "·" U.fZ '1z.:, '"·'' 5', I! SC.16 "·'' 46,27 I ,SQO I ,'55 

'"" •11.Z, H.•I 71 , IJ '"·" HI.Tl .... , ... U,56 ,1.21 ,. ,.,. '·'" • z '·" Tl.ZS 11.ll Z6H.fl 2711.H "·" "·" 75.19 77." 1,9';'7 z.121 
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'"" ., ... sz.z, ..... 117.ZI tfz.n "·" "·" ,,.12 S7, TS 2.,u z.zzz ' z •• 71 St.1f ... ,, z,u.n Z,7'.H '9.16 ... ,1 16.ZZ I0.99 '·"' 1.6'7 

'"" ..... , •• 71 sz.u '"·" 976.14 11.,, ''·" ''·" S7,S7 z.zss z. uz ' z ., ... SZ.S7 ... ,1 JMJ.71 ZHl . 56 "·'' Sl.'7 11. 11 lt.95 t ,S4S l,6DC 

'"" 
.,_,. '1.!M ,,_,., m.1z '"·" IZ.ff IZ.5' 5'.11 SI·" I, 111 Z.S'6 • z .,. " '1.IZ sz.,z Utz.fl zsu.z, ... u ... u ,,.2, "'·" t .S<&6 t.SSI 

'"" 17, 71 SI.II S'T,S7 151.ll sz•. st "·'' "·" 5'.ff "·" 2."r z.,,. ' z ._,. ,s.1z n.,, 1TH. 'IS 1151.U "·" st.6Z 6'.ZI "·" 1.656 l,6U 

"' ..._, II .,_,., ... '1 "·" ""·" ,zs,.,1 "·" ..... 7',17 TS. 7J 2,176 2,100 ' -1.11 12, Tl 12,16 ..... ,,.1z '·" , ... ZT.56 2,.,, 1. 11, s. n, 
" .z.1, "'·" 15.SZ ,m.H ""·'' ... ,1 "·'' "·" 11.1' ! , TU I, 7'7 ' 1.62 .... ..... 11.'1 ..... ,.,z I. IZ ,.sz ZI.U l,U9 z.,u 
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Table 6.5. Qualitative comparison of computed and observed depth-versus-distance wave profiles. 

• Dll'l'[R[NCCS IN rttT BCThUN OlstllVCD AND COPl'VTCD POINTS • • Dll'l'[IICNC[S IN l'[[T l[ThUN OlstltVCD AND COl'PVT[D ,01NTS • 

,oslTIONS AVCR"tnlA ,os1rr0Ns AV[RAG[ /0 I A 
IMI TIii: 2 5 ' ' 6 AVERAGE RATIO RUN TIii: 2 5 ' ' 6 AVCRAG[ RlTIO 

12AR$1 50. 15 •• 1006 -.0,59 •,0691 ,0718 .02,52 C2A0S2 50,21 , 0606 •,2269 •,2050 , :6~2 ,05610 
82ARS1 60,26 •• 0866 •, o,65 •,0651 ,0655 .022,, C2A0S2 60.0I -.2n, ,2655 · •,2015 ,257' , 08115 
82ARS1 90,40 •,1102 •• 0467 •,0514 ,059, ,02151 C2A0S2 90,29 •, 1719 •,269' •, 1982 ,2155 • 07565 
82ARS1 120.1, •, Ol56 •• "01 •,0'17 .0560 .01915 C2A0S2 120, 16 •, 165' •, 1127 •, 1588 ,1'56 ,04977 
12ARS1 150.26 •,0872 •, 040, •,0581 ,0619 ,02116 C2AOS2 150,05 ·,2214 •• 1652 .. ,so, , 1716 .05866 
12ARS1 110,40 ·,086' •• 0569 ·,0'82 ,0658 ,02182 C2A0S2 1eo.2, -.229, •, 1615 •, 10'6 , 1651 , 056'1 

C2A0S2 210, 11 •,2419 •• 1726 •, 1117 .175, ,05995 
124052 50. 12 ,0165 •• 0772 •• 0589 .01,2 , 02555 C2A0S2 2,0.,2 •,2522 •• 1605 •• 1567 , 1851 , 06257 
82A0S2 60.25 ·, 1212 •,0676 •• 046' ,078' , 02678 C2AOS2 271, 19 •,2596 •,1799 •• 1'59 • 19'5 ,066~5 
12,0s2 90.01 •,0151 •• 0109 •• 056' .01,, ,02540 
12A052 120.1' •, 0654 •• 0596 ,2052 , 10" • 055" C2A0S5 so. 11 ,0965 •• 1961 •• 1705 • 15,2 ,05271 
8240S2 150,26 -.061, •,0561 •, 0579 ,0518 , 01770 C2A0S5 60,22 •,2985 ,1142 •, 1656 , 1928 , 06588 
1240S2 110.05 •• 0721 •• 0527 ·,02" ,0455 .01'80 c2,0s5 90. 00 •,2229 -.2 .. 0 •• 1657 .2089 .07157 
12,0s2 210,15 •• 1761 •• 0570 •• 0215 .os,o ,018'6 C2A0S5 120, 11 •,251' •• 0"1 •, 1704 , 1620 , 05556 
1240S2 2,0.21 •,0751 .... ,1 •,05'1 ,0512 .017'8 c2,o~, 150,22 •,2767 •• 1165 •• 0985 , 1658 , 05599 
12AOS2 270.04 •,1696 •,0500 •• 1577 .0524 ,01792 C2A055 190 , 01 •,2975 •• 1709 ·, 0716 , 1125 , 06250 

C2A0S5 21 o. 12 •,52" .. , ... •, 0996 ,20'1 , 06976 
12AOSS ,0,27 ,02'9 ·,1519 -.0511 ,0'75 ,0162• C2A0S5 2,0.25 •• , .. 2 •• 1955 •• 1'71 ,2285 , 07807 
12Aos5 60,20 •• 106' •,0591 •,UIO .on, .02,,, C2AOS5 270,01 •,5'96 ·,2509 •• 1665 ,2'90 .08509 
12A0S5 90, ,, •,1050 •• 0955 •,0515 ,0152 ,028'~ 

"' 12AOS5 121,05 -.111, •-0"' ,2612 ,129' , 0"20 C5A0S1 50,09 •,0015 .0,16 .065' , 0598 , 01559 
<o 12AOU 110,55 •• 1956 •• 1111 •,0559 ,0559 , 01909 CSA0S1 60. 17 ,1795 ,0667 , 1755 ,0758 • 02525 

12AOS5 lt0,26 •• 0959 •,0251 •,0200 .0470 ,01606 C5AOS1 90,26 ·"" ,0512 , 0650 ,0669 , 02285 
12AOSS 210. II •,IUI •,UIO •,0151 ,055' ,0182' C5AOS1 120.54 ,Ol21 ,0705 ,0576 .065' ,02165 
12AOS, 2 .. ,,, •,10,0 .,.,,, •,1571 ,0571 ,01955 C5AOSI 150. 01 , 0711 .0779 ,0711 ,0759 .02595 
12AOSS 210.0, •,19" •,"1S •• ISSO ,0562 ,01922 C5A0S1 190, 16 ,07'9 ... 07 ,0625 ,059' , 02050 

ISAOSI ,.,,, ,1197 ,0205 ,0097 ,0166 , 00561 CSA0S2 so.20 .0121 ,07'4 ,0562 ,0475 ,01625 
ISAOSI 60,SO ,0221 ,0420 ,1241 ,0296 , 01112 C5AOS2 60 , 07 ,1171 ·,0115 ,059' ,0519 , 01775 
15AOSI H,OI ,OZII .m1 .ms .0212 , 00724 CSAOS2 90,27 , 1156 ,0099 . os,, ,0515 ,01755 

CSAOS2 120,1' ,0906 ,0191 ,1115 ,0659 ,02115 
ISAOS2 so.,, ,1111 ,01tt ,0161 ,0156 .005;1 CSA052 150,01 .0161 ,0569 ,0675 ,0654 ,02161 
ISAOS2 60,26 •,1207 ·'"' ,OttS ,0746 ,0250 CSAOS2 110,22 ,1122 ,OSSO ,0617 ,0615 , 02095 
15&0S2 ,0,22 ,1172 ,0072 ,0200 .01'1 ,00506 C5A0S2 210, 09 ,17,r ,1542 ,1719 ,059' , 02050 l5AOSZ 120, II ·"" ,1277 ,12,. ,0199 , 00611 CSAOS2 240,29 ,1152 ,1472 ,072!1 ,0685 ,0255' 
15AOSZ 111,IS ,115' ,UIZ ,1211 ,0259 ,OOl16 
ISAOSZ IIO,Ot ,1111 ,0265 ,0299 , 0206 ,00705 CSAOSS 50,15 •,ti 16 , 0567 ,0070 ,0251 , 00851 
ISAOS2 211,0I ,1127 ,"26 .12e, ,0240 ,00122 CSAOS5 60,11 •,1527 .0 .. 2 ,0251 ,0,36 .o 11'1 
15AOSZ 241,tt ,IISZ .u1, ,IZ9' ,12., .ous2 CSAOSS 90.IS ,1170 •• 0529 ,1257 .0219 ,00749 

CSAOSS 120.20 ,0216 ,0116 ·"" , 0220 ,00755 
ISAOSS '°·" ,ISS7 ,1171 ,1122 , 1210 , 00716 C5AOSS 151,2!1 ,1159 , 11'1 ,1157 .0112 ,005" 
ISAOSS 61.,z •,1250 ,16'6 ,1211 ,0561 ,01257 cSAos, 111,29 •,1116 .0051 ,IOII .00'9 ,00167 
15AOSS tt,52 ,1411 •,1167 .1,n ,0217 ,00741 cSAos, 211,12 ,UIS ,HIO ,01'7 ,0054 ,00116 
ISAOSS IZ0,11 ,UZI ,1171 .1m .orsa , 005'9 CSAOH Z0,17 ,llt7 •,IOl!I ,1179 ,IOH • 00504 
ISAOSS 150,H ,1257 ,127' ..... ,0IIO , G061' 
ISAOSS IIO,U ·"" .m2 ,lllt ,Olf-6 ,08566 D2ARSI "·" •,1716 -.201, •• 1152 ., .. , , 06'27 
15AOSS Zlt,21 ,1221 ,1116 ,IZM ,0227 , 00776 D2ARSI ... t7 •,O!IU •,4679 •• 1159 ,25'7 .01021 
ISAOSS 2,1.21 ,1254 ,1217 .12,1 ,125' ,00165 DZARSI ,0,25 •,IOl7 •,165' •• 1165 ,1521 ,05222 
IJo\OSS 271,27 ,1217 ,IZSI ,1271 .1u, ,t0197 D2ARSI 120.ss •,1156 •,1652 •,1797 .1'55 ,0'904 

D2ARS1 ISi.ti •,1612 •,16'2 •• 1765 , 1029 .0'517 
DZAIISI 111,16 •,12" •,1941 •,109 ,05'5 , 01127 
D2ARSI 211.z4 ·"" ., 1174 •,IZH ,0459 ,01567 
DZAIISI 20,SI ,IIN . ·.1142 •,1!116 ,0617 , 02110 
DWII 271,17 ,IZN •,IZSS ·,HIZ ,IOI ,11512 



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

• 01rrt1ttNCES IN raT IETIUN OISEllvtD AND COl'PI/Tn POINTS • • 01rr[ll[NC[S IN ,U:T IETIUN 08S[RVED AND ca..vTED POINTS • 

POSITIONS ,vcu,c101A POSITIONS AVCRA,£/D IA M TIii: 2 ' ' • ' AV[RAC[ RATIO Ill.II TIii: 2 ' ' 5 6 AVCRAC[ RATIO 

D2AOSI ,0.2, •.1161 -.1119 •.1729 .1!172 .05'i2 ' 20.15 ,0'91 ·.0204 • 0626 •, 0277 •,048' •, 16SI , G6l 9 .02114 D2AOS1 60, 12 ·.OIU •-2"1 -.1771 , 14S6 .C'906 ' ,0.29 •, 0127 ,055' ,0929 ·.0192 •,071, •.1777 ,0714 .024n D2AOSI 90,0I ·• 056S •• !IOI •, 1715 , IS82 • 04724 

' 60, 12 •,028' ·,OHS , IS7!1 ,042!1 •• 0574 •, 14P7 .ou, , 02881 D2AOSI 120.24 ·,UH •, 1771 •, 1909 , 1524 .05211 5 I0,27 •• 0270 •• 1669 •• 055' •• 1580 , li'4 ·, 1575 , 1250 • 04204 D2AOSI 150. IJ •, 0657 ·,0951 •• , 005 .Ol7S , 0298' 5 I 00, IO •, 0261 ·• II OI ,0450 •• 0576 ·, 1561 •, 1287 .~875 .02no D2AOSI 110. 02 •,Oll2 •• I040 •• 090, .0911 .0,151 

' 120.2, , 0152 •, 0657 , 0547 •, 0522 ·,2067 •• 17,S ,09'5 , '5222 02AOSI 210.25 •,0191 •• 1051 •• 0646 ,0865 ,02957 5 U0,07 •,0209 •,0591 ,0,65 •,0102 •,0,12 •,1121 .054!1 ,01861 02AOS1 240,14 •• 0997 •• 11!17 •, 0770 .on5 ,05551 5 160 ,22 •,0107 •,0561 •,OOH •, 0225 •• 06,7 •,102 ,0'8!1 ,01657 D2AOS1 270, OS •, 1072 •,1161 •,1715 .1001 ·°'"' ' IIO,U •,0225 •• 049, •, 0657 •. 0171 •• 0550 •, 1715 ,0749 .02561 
5 200, 19 ·• OSS6 •• 1151 •• 0545 •, 1467 •,0740 •,1110 , I 005 • 0'4'4 02,os, ,0,26 •• 1'11 •, 1271 •,1146 , 1261 • 0'55' ' 220,12 .;, .. 9 •• II 09 •,UU •,1212 •,OI09 •• 1947 .1001 ,0,446 D2AOSS 60,21 •, 1011 .,,!IOI •• 12,0 ,2249 .07616 5 241,17 •• 02,1 •,0955 •• 129' •• 1264 •• 074!1 •,1140 ,OUT .OSQ52 02AOSS 90.17 ·• OOSI •,2IOI •, 1217 , 1116 .0581!1 

02AOSS 120.12 •• 0916 •, 1171 •, 1655 .1'97 .05117 ' 20,27 ,1172 •,U91 ,0000 •,0775 •, IO!l7 ·,2005 ,0755 , 0250!1 02AOSS 1!10.07 •,07'9 •,OOH •• 121!1 .0561 ,Ol257 ' 0,2' ,1592 ,0052 •,Ol5Z -.ouo •, 012, •,2555 ,0769 , 02621 DZAOSS 110,02 •, 1067 •• 1 II 1 •,0529 ,OIS6 ,0285!1 ' 60,ZO •,1056 ,0719 .1211 ..... , •• II 56 •,2226 , 1151 , 05,57 02AOSS 210.21 •, 1405 ...... • 1142 ,OIII ,02772 ' 11.16 •,066!1 •,1200 •,0,07 •• 0920 •• I 09!1 •,2115 , I 0!10 • 05590 02,os, 240.25 •, 1!150 •,1061 •, 0,22 , 1011 • 0'455 ' 10,12 .. "" •,t5Z, ,1566 •,21'5 •,1UI •• 0921 ,10'5 , 055'8 D2AOS5 271. 19 •• 1710 •• 1157 •• 9'9' • 1114 , 0'807 

' 120,H •• 0117 ..... ... 96 •,1061 •,26111 •, 1752 , I 020 ,05,11 

' U0,05 •,0260 ,0061 ,0202 •,°'16 •, 2600 •,208' ,0957 , 05202 0SAOS1 Jt,26 •,0196 ,06" ,0504 ,0'85 ,OIS16 ' 160,11 •• 0060 •,01 It ,0022 •,0461 •• 0695 •,168' ,O!IOI ,01755 DSAOS1 60,19 •,0142 ,1'71 ,0575 ,0529 • 01124 ' 111,21 •,OIU ,1172 ,0191 •,1127 •,1917 •• 1752 ,0527 , 01100 .,:. DSAOS1 90,12 ,0,99 •,006' ,,066 , 1176 .0011 ' 200.2, •.0261 ,0026 ,1220 •,0590 •, 0959 -.1u1 .0615 .02102 0 DSAOSI 121,05 ,0555 .1517 •,1272 ,0'41 , 015SI ' 221,21 •• 0522 •,UTZ ,1259 •,020 •• 0909 •, 1579 ,0561 ,Ol916 D5AOS1 150,SI ,0,95 .066, , 1290 ,0'49 • o, s,~ 
' 2 ... ,1 •,1295 •,00,t ,IOII •,osz, •,1,15 •• 1165 ,0515 .011', DSAOS1 111.2, ,1565 , 0595 ,0,05 ,UZI ,014,a 

' 260,IS •• 1291 •,ot11 •,tt91 •• 0571 •,1156 •• 1165 .0665 , 02275 

' 211. 19 •,1272 -.0061 •, 0059 •,OSPT •,0517 •,1921 ,OS52 ,01186 DSAOSZ ,0, II "•"" .1625 ,0,12 ,0'88 ,01667 
05"0S2 61,22 •• 0652 "•"" • 1512 ,0456 ,0109 I 2t.st .,sa, ,tSTS .10, ,12!5 ,1752 .u2, ,1177 • 02997 DSAOU 91,02 ,1706 •,1254 •.mo ,1720 .02,61 ' 0,27 ,0517 ,1165 ,1757 ,1215 ,0,15 ,0141 -,0749 ,02559 05"052 121, IS ·"" .tst6 .,:,. ,0299 , 0 I 021 ' 60.2, •,20, .121, ,,016 ,1225 ,1052 , 010, ,1791 , 06145 DSAOSZ 151,25 ,1'92 .0,61 ·'"* .0566 ,01251 I 11,21 •,1256 •,0160 •• 19!16 ·"" ,UZI .u1, ,0611 ,02089 DSAOSZ 111,15 .ts09 ,171!1 ,1'62 .0,62 • 01579 ' 111.11 ·'"' •,1975 ., "" •,t70I .,zss ,12'6 • 1"9 , 0'850 DSAOSZ 211,16 .0296 .0617 ,1627 ,0557 .o "" ' 121.11 •,1515 ..... •• ,022 •,0611 •,0571 ,OISI ·"°' ,0 I 040 05"0S2 2 ... 21 .es2, ,1756 ,16'2 - .0567 .019SI I "I· 12 ,1252 ,1162 ,1617 ,12H •,1112 .0,55 ... ,2 , 01511 DSAOSZ 271, 17 ,IZU ,1626 ,1652 .1521 ,01779 ' 161.tt ,1271 ,1251 ,1211 ,1771 •,16!16 ,1276 .o,oa ,0159' 

' 110,H ,1221 ,IIIT .uo, ,1771 ,1179 .0.,5 .om .011,0 DSAOS5 SI, I I •,ISO ·"" , 0561 .ossa .0122, ' 211,IS ·"'' ,1761 .12,, ,1167 ·''" , 0450 ,0469 , 01602 DSAOS5 61,21 •,ISZT •• 1!160 ,1571 .,, .. ,01661 I Ul,11 .,, .. ·'"' ... 12 ,ltzl ,1121 ,0511 ,0'41 .0150, DSAOSS 91,11 •,1261 •,1216 •,156t ,06SI .02111 

' 20,91 •,I067 .ezt, .tm ,1192 ·"" ,0515 ,0,71 ,01295 DSAOS5 121.12 •,1211 •• 12,1 ,1116 .0212 ,00726 ' Ht.ZT .. , ... .u .. ,IHI ·'"' .,u, ,0512 ,1572 ,11271 DSAOS5 ltl,ZZ ... , .. ., ... •,1261 ,1161 ,005,p 

' . , .. ,IHZ ·"" ., ... ., ... ·'"' ,1187 ·'"' ,01126 DSAOSS 111,IZ ,IIIS •,IZSI ·'™ ,110 , 00577 
DSAOSS Zll,15 •,112' •,IIH ·"" ,1127 ,0009' 
DIAOSS z,,.zs •,1116 .. ,.,. ,UH ,0056 ,OOl92 
OMOIS zn.,, .. ,, .. •,tzZt ·'"' ·''" .oom 

- .... • • - ..: - • - - • • ~ # -

-•- ---- . 



Table 6.7. Qualitative comparison of computed and observed depth-versus-distance wave profiles 

• orrrcl!t:NCCS IN l't[T 8CTl€CN 085CRVCO AND COll'VTCO POINTS • • D1rr[ll[HC[S IN rttT ICTIQ:N OISCltvtD AHO COll'VT[D POINTS • 

POSITIONS AYCIIAGE/ 0 I A POSITIONS lvtRAGE/ Dll 
~ me 2 ' ' 5 6 AvtRAGE RATIO - TIii: 2 ' 4 5 6 lvtRAGE RATIO 

9 20.11 .0920 ·,0152 ,0'15 .OOl7 -.0,12 ,0415 ,0407 .0 1S89 II 21, 11 ,159, •• 0221 .1715 •• 0022 •. 0411 .0216 .0509 , 01740 
9 "· 16 • I 079 •• 0212 .uo • 0075 •• 0415 .0,90 .0464 .01587 II 41 , 21 •,1655 .16:st .1495 • 0016 ·.1465 .0271 .0586 • 020 02 
9 60.2, •• 1102 • 1551 .516' • 0015 •• 0"0 .0'57 .1549 .04610 II 61.52 •• 059' •,1'90 • 1759 ,2207 •• 1552 .0266 • 1151 .05888 
9 I0.52 • • 1115 • • 05'9 •• 0551 .0256 •• 05P6 .05,a .0521 .01780 II I0,10 .0292 ·,1771 •,0,79 ·• 1:S:SO , 15'6 .o:s:s2 .0741 • 0255' 9 100.07 .0271 ·.0711 -.1705 -.1211 .OOII .1151 .0817 .02791 II ua.21 .1165 •,1279 .0621 -.0145 •• 16,6 .0556 .0518 • 01771 
9 120. 15 •. Q520 .0065 ·"" -.1211 •,0815 ·-0"1 .0526 .01799 11 120.:st .0,2, -.1550 .0656 .0016 •• 1607 .0095 . 052, .01791 
9 uo.25 .0625 • 0206 .tOII .005' •• 09" .0256 .0521 • 01780 11 1,0.u .0546 •• ,111 .0517 .0195 •• 0551 .O!Ot ·"" .0107' 
9 160.:st .0517 •,0077 • t676 -.oo:so •.1116 .01:S:S .0591 .,,,, . II 161. tt ,01&4 ·,1225 ·"" • 0217 -.uoo .0570 ,0295 • 0 I 010 t 110 -07 .0511 •,1156 .tsto ·.0011 •.0165 .u,9 .02,5 • 00157 II 110.51 .022, -.out .0665 .1152 •-1'" .1557 .0511 .0!081 
9 200.15 .0151 .0172 .0606 ·.0011 ·,0019 .0452 .0252 • 00792 
9 220.25 .0095 .02!6 .050 .0060 ·.0571 ,05:S:S .0512 , 01065 IZ 20. II ,0726 •• 0,96 .1001 -.0179 -.0568 • 0507 .0564 • 01927 t 240.51 • 0016 • 0051 .0665 .oou •• 1227 .0597 .0256 • 00806 12 "·" ·"" .t759 ,UIS -.0114 •,0517 .0110 .0'95 • Of 692 9 260. 06 •,0077 •.008' .0,91 -0141 -.1172 .057' .022, • 00767 12 61.22 •,1561 -.0221 ,2115 ,1219 • . 04H · .0927 • 1102 ,05767 9 211. 14 .0042 ·.0091 .0"6 ·,1116 -.0125 .,,,. .0195 .00658 IZ ..... •• 1015 •,2:S05 •,0126 •, 1204 .tl92 • 0590 .0872 • 02980 

12 tt0.25 •,lllt -.1795 .0550 •,2401 •, 1527 .0728 .0965 ,05292 19909 21.25 .2790 .2092 .2190 .2507 • 197, .2662 .2,52 .08581 12 120. II .1241 ··•"1 ·"" •• 011!1 •,2270 •,016' ,0822 , 02108 19909 ,o. I 9 • 1517 .2111 .2904 .2296 • 1957 .2617 ,2250 • 07690 12 10-.2' •.00!12 •,1471 .OIS6 •,0217 •,1511 •,0566 .0517 • 02005 19919 61. IS .1552 .2125 .2166 .2290 .1959 .2665 .2195 • 07'9' 12 161,15 •,It" •,064t • t&AO •,0562 •,1421 .0070 .057' .01277 19909 I0,17 •• 1671 .1605 ·.2'40 .8075 .1967 .2657 .5152 , I 0771 12 Ill.ti .0051 •,tt'7 .1765 -.12so •,06'8 .00,9 • O:st 1 • 0 I 064 19909 I II. 01 •,1521 •,1576 .1576 .1017 • 7066 ,268' • 1975 • 0674' IZ 200,19 "•"" •,ts55 .t797 -.1,u -.1717 .0414 ,0485 ,01651 19909 t2t.26 .1421 -.12·,i ·''" •• 0457 .1552 .1550 • 1196 .06UO :2 221,05 •,U61 •,0559 .0192 •• 0421 •.0669 .ts71 .05'7 .OU61 lffot 141.20 .0692 .1m ,1224 , 0204 .1145 • '257 .o6,5 .02198 12 2,1.29 •,1175 •,1515 .0691 •,0,97 •,064' • 0290 .046:S ,01514 tt909 161.1' .t7H .ts72 , 1411 .0111 •· 02,5 ,1251 .012, ,02479 12 260.09 -.12,1 •,156!1 ,1767 •• 0561 •,0699 ,1225 .0512 .01750 .... 19909 Ill.ti .059' .1459 • t,07 ,0761 •,OUT ,1150 .t7U .02680 12 211,27 "•"" •.055' .060 •,1559 •.0751 • 0206 .0'57 .0149, ... lffot 211. 02 .068' .0,07 . 1517 .0562 ,09'9 • 1154 .0829 .02852 
tfftt 220 . 27 .1'92 .t74' .158' .0697 • 0419 , 1025 .0795 .027'1 I " Zt.16 • 1165 •,ts66 .0571 •,15'7 "•°'" .065' .0572 ,01955 lffot 240.21 .0,51 .0591 , 1571 .1582 .O:S52 .08'6 .0701 .02596 ' 19 "·" .1412 .11&4 .t656 •,1561 •• 1965 .1916 .0696 .02,11 tffU 261,15 .0411 .0551 .1571 .0512 ,0509 .0924 .0727 .02,u ' 19 61.17 • 1171 .11,1 .2614 ,1199 •,0716 .oo:s:s • 1121 • 0'856 

'"" 211.19 .t492 .0406 • 1272 ,040 ,1407 .Otsl .0655 .02251 I ,, "·" .119' ,1256 ., ... .1221 .1467 .0526 ,0941 • 0,215 

' 
,, ttt. 19 •,19t2 •.t564 ,2914 •• 069' .t577 ,2245 • 1129 • 05159 

It 21. ,, ,1979 •• 0!15 .1577 ,02'7 •• 1955 ,0644 .0651 • 02225 ' 
,, 121.u .t251 •,1155 .1914 •,tU7 •,Utt .1519 .1715 • 02675 

It "·" ,1755 ,0629 ,1716 .o:stt -.~266 .0677 .1727 .02415 I 19 141.20 ,195' •,1292 .1151 •,1211 •• 1514 • 0551 .0915 .O:st26 
It 60. 16 ·"" ·"" .2659 .05'5 •,1216 .0647 .1417 .048'4 1 ,, 161.06 ,1197 ·"" .1125 •• 1241 •,1261 •,lttl .0511 .0!770 
It ..... •,1115 .1975 • 1671 ,2777 •,1217 ,0694 .1497 • o,t09 ' 19 110.22 ,IS7' .1465 • 1146 .tt5t .oo,o ,0019 ,0,71 .01295 
It ttt. 16 •,Ol'.i9 ·,1421 •.t551 ·"" ,67':S .1701 .1514 .05172 ' 19 2tt.t7 .1571 .o,s, .1126 .t257 • ,0!71 ,0208 .0492 .01476 
It 121.tt •,tf 69 ·'"' "• "" •,1172 "•"" )211 .0409 .01998 ' 19 221,29 .1255 .1149 • 1155 "•"" .1100 ,1521 .0,21 ,0!491 
It 14t. IT ,1'57 .ott1 .tt11 "•"" ·,1116 •,0,05 • 0490 .01676 ' 19 2'1,t9 .tm .t565 ,127' •• 1197 •• ,116 .0555 .1452 .015,5 
It 161. II .t229 •.tt'7 .tl49 •,1167 -.1276 ~ .0205 .0461 .01576 I 19 Ht.ZS ·"" .tt76 .tt,9 •,IISI ·,OOP6 .159C .0,75 .0!275 
It tit.IT ·'"' •.tt60 .1566 ,t26t •,1240 ,0019 .1226 .00772 ' 19 211.11 .t:st9 .1177 .tt69 •,t2tt ..... .0591 • 0,75 .0!276 

" Zot.tt .tt55 ·'"' ,1599 .1295 .009' .0!91 ,0251 .ooan 

" 221.17 •• ,11, .ttt2 .tfft ,t916 -.1221 .12'2 .0275 .00940 IH19 21.12 .Ut9 •,1911 .t529 •.t119 •,1922 ,1411 ,0,17 ,01082 

" 2,,.1, ...... ,tiff .1692 , l.!15 •,t247 .t259 .t27t .00955 IH19 ,t.29 ,1561 •.tS71 .1615 .. ,,z, ··"" .0516 ,042Z .01444 
It 26t. IT "•''" ..... ,1511 ,1297 •,1191 .0,71 .0265 • 00904 IHl9 6t." .ue, .tiff ,1774 •.tt6t •.O:S:S5 .0529 .0&41 ,02191 
It Zit.ti -.122, ...... .tstl ,1211 .. ,zu ,1977 .1247 ·""' IHIS ... ,, ,1914 .,221 • 12'1 ...... •,t:S,5 .1512 .0616 .02!06 

" :stt.17 .. ,w •,t149 .t'27 •,tt2' •.ttt2 .t'21 .1241 .00821 1fft9 ttt.21 •,t095 •,t752 ,2261 •,1521 .. ,,., .1594 .09'5 .O:stP6 

" 921.tt -.12u •,1297 .tstZ .tt75 ·.tzts ·"" .0267 .00914 tttt9 121.tt "•"" •,lt75 • 1111 •,lff• -.uu .0669 .1776 • 02650 
It "'·" •,tffl "•"" .1,n .ttff -.tztt .1'76 .0297 • 00809 tttt9 1'1,21 .t75t •,159t .1106 "•"" •,179' .Utt ,19'0 .0,211 

" Mt,t2 •,t2k •,197t ,IZtl ...... .. .,., .t9'6 ,1219 , 00967 '"" ttt.t2 ,155' .tt2t .t&42 "•'"' •,t4ff .tt29 ·'"' .01161 

" .,.11 •,1117 .. ,w .,, .. •• ,2 .. .. ,, .. ·'"' ·"" ·" 175 
tttt9 llt,1S .uzs ,1161 ,1961 •,tl4t •.t561 .tt,6 .1,20 ,1145' 
lttlS 2tt.2S .t229 ·'"' ·"" .t214 •,1596 .t2ff .0"2 .11,05 

''"" 22, ... ,tt21 ·'"' .1129 ,t2H •,tlt7 ·"'5 • 05:SS ·""' '"" 2 ... 11 •,ltt6 •,ttff .t771 ,Utt •,lt99 .t522 .,296 • IOI05 

'"'' ZH,2t ,1227 •,tlzt .t711 •• ,111 ...... ·"" .t916 .01111 

'"" ZII, 1t .ttt1 ...... ,"27 .. ,,,. "•'"' ·'"' .t26t .tttt6 



Table 6.8. Quali ta ti ve comparison of computed and observed depth-versus-distance wave profiles. 

• 01rrC1ttNCES IN rEET KTIUN OISERYEO ANn C°"'1JT[0 POINTS • • 01rrtRENC[S IN "1:T 8[ThUN 08S[RVED AND CO,.VTC0 POINTS • 

POSITIONS AVERAG[/01 A POSITIONS AV[R~Gt i 0IA 
111M TIii: 2 ' 4 s 6 AVtRAGt RATIO 111,tj TIii: 2 ' 4 5 6 AV(RAGt RATVi 

20, OS , 0122 •,0462 , 0407 •,0250 •, 0621 ,0500 ,0595 ,01519 ,. 
' 20, 16 •• 0002 •,0'81 ,0185 ·, 0277 •• 0652 ·, 0419 ,0556 ,0110 

40,11 ,0716 •,0'94 , 0551 •• 0192 •• 0626 ,0494 ,U79 ,016'7 9 ' 40,52 ,0119 •,0'85 .0259 ·, 0215 ., 0616 ·,0598 ,0555 • 01n6 
60, 16 •, 0096 ,0621 , 0"2 •,0506 •, 0627 ,0569 ,0145 ,01519 9 ' 60, 15 •• 0017 ·,01'6 ,0256 ·, 0250 ., 0575 ·, 0580 ,0267 ,a915 
I0,22 , 0102 •,0115 , 1024 ,0672 •• 0657 ,055' , 0529 , 01809 9 5 I0,29 .0045 •• 0501 • 0169 ·, 0575 •, 0609 •• 05;2 .0512 • 01066 

100,27 ,0291 •,0'50 ,0296 ·,0955 • 1174 ,0552 .0599 .02041 9 ' I 00, I 0 , 0250 ·, 0502 , 0580 ·,0450 •,0179 •, 05'5 ,0561 ,0125' 
:20.sz ,145' •,0,69 ,0155 •• , , 41 •, 1506 , 116:S. ,0871 , 05001 9 ' 120,25 , 0176 •• 0571 ,0'86 ·, 020, •, 1165 ·, 0127 ,0'71 , 01610 
1'0,04 •,,,;u ,0050 , 1195 •, 0297 •,1'55 ,0521 ,0698 • 02586 9 ' U0,07 ,0068 •,0456 ,0298 •,0196 •, 0609 ·, 0591 ,0555 .o, 1~9 
160, II •, 0429 •,0150 .0659 ·,0422 •, 1621 .o .. " ,0617 ,02108 9 ' 160,22 , 0118 •,0255 ,0566 ·, 01,2 •, 0516 ·-0"4 .0279 .00952 
IIO, IS .0542 •• 025' ,058' •• 0!197 • ,20 09 ,0497 ,0710 , 02128 9 5 180,0S ,0055 ·, 0205 ·"" ·,0161 •, 0601 •, 0288 ,0271 , 00956 
200,21 ,0577 ,00" ,0565 •, 0597 •, 1674 ,028' .0525 ,01787 
220,26 .0291 ,0,16 .0659 •, 0051 •,07'6 ,0189 ,0582 • 0 !505 9 ' 20. 19 , 0055 ·,0469 ,017' •, 011 A •• 0467 ,0157 , 0210 , 00819 
240,51 ,0169 ,0450 ,0756 •,0056 •, 06'2 ,0525 ,0596 ,01555 9 .4 40,0!I ,0424 •, 040!1 , 0190 •,Ol2u •, 0507 ,0189 , 0507 , 0 I 048 
260,U ,0071 .05'0 ,0797 ,008' •,0575 ,0595 .0576 ,01285 ' 4 60,25 .0485 ,0"1 ,0251 ,001' •, 015' .02,1 , 0509 , 0 I 05' 
2I0,09 ,00,7 ,0272 ,0715 ,0057 •• 0275 ,0651 ,05'0 ,01165 ' 4 10,09 · , 0029- ,0250 , 0770 •,O,S, •, 0465 , 0261 ,05'8 , 01188 
500, 14 .o.ou .ouo , 0676 , 0000 •• 0212 .0768 ,05'2 .0115' ' 4 I 00,21 •, 0541 ·,0564 ,0425 •,0166 •, 0425 ,0267 ,0,51 .01152 
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Table 6.9. 
summary of data on CSU Experimental Waves. 
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Table 6.10. Summary of data on Wallingford experimental 
waves. 
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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 =Oto x = a point at the 
free overfall. The method of determining the peak 
depth values is as follows. First, the variables 
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Table 6.11 . Comparison of data for wave-peak versus di~tance 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 6t, 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. B2ARS1 h 
a Qp/~ ratio of only 2.42 and the depth trans 
at x = 410.00 ft and x = 771.70 ft were virtua1i 
unable to distinguish the wave from the base flow y 
Also, during Run No. B3AOS1, the recording system'w 
prematurely shutoff so that no wave was recorded at 
~ = 771.70 ft. Other irregular data are found in 
Run No. D2ARS1. It appears that a secondary wave was: 
generated after the main experimental wave . This 
would not effect the peak comparisons but other 
comparisons for this run must be disregarded. 

The inflow hydrograph of Run No. D3AOS3 has a 
point on the descending limb where the discharge 
jumps from 30 cfs to 39 cfs and then returns to 28 
cfs, after which it continues to drop uniformly, 
cause of its erratic nature, it would first appear 
that this recording was a result of a malfunction ia 
the orifice transducer. Closer examination, however 
reveals that this unusual peak is observed at all 
three recording stations along the conduit. There 
it must be concluded that this wave actually occ 
in this manner. 

In summary, the comparison of CSU computed and 
observed data, and the comparison of Wallingford 
observed data and the corresponding CSU computed da 
on flood peak depth attenuations with distance and 
time in partly full circular conduits show similar 
agreements. Even though the experimental shifts 
and errors significantly affect these comparisons, 
all practical purposes the numerically integration 
solutions of the partial differential equations 
approximate the flood peak attenuations of observed 
waves extremely well. 



► 

Chapter 7 

SIMPLIFIED METHODS OF FLOOD ROUTING 

7,l 
1 Definitions and Descri tions of Sim lified Genera -

~thods 

ft r writing the momentum equation, Eq. 5.2., in 
At.eular form then the steady uniform, the steady • ts par 1c ' . . 1 . f :rm and the unsteady flow cond1 t1ons can be 

nonun1 ° ' 
defined as (7, P• 287] 

Steady 
uniform flow 

steady nonuniform flow 

unstead flow 

~ _ vav 1av 
ax gax -, gat 

in which S = tv2 /BgR. Unsteady flow conditions are 
usually calfed the kinematic flow· whenever a balance 
between gravitational and friction forces is achieved. 
This means that the derivatives in Eq. 5.2., or the 
derivatives in the above equation, are negligible when 
compared to the effect of gravity (measured by S ) 
and the effect of friction (measured by Sf). 0 

Therefore, Eq. 5,2 can be reduced to the simple 
fonn 

s = s f 0 
(7.1) 

vith Sf the friction slope (or the slope of the energy 
line) and S the bottom slope. Therefore, the con­
tinuity equa£ion, Eq. 5.1, is the primary equation 
governing unsteady flow, provided Eq. 7.1 is satisfied, 
Vlth Sf given by Eq. 5. 3. 

The simplified flood routing methods generally 
called the "storage-routing methods" are those based 
only on the storage differential equation or on the 
~ontinuity ?r mass-conservation differential equation, 
C:: · S.l, using the principle that for any reach of a 
fl ann~l the difference between the inflow and the out-
_ ow 15 equal to the stored or depleted water in a 

given time interval. 

inf} When the space is defined that contains the 
N!ac~w' /utflow, and water storage change (a fixed 

0 the channel), Eq. 5 .1 can be expressed as 

dW ~ 
P - Q dt = Adt' (7.2) 

in Which p • 
discharge , andls the inflow discharge, Q is the outflow 

= Ad W is the stored volume of water, with 
Urf y' where A is the area of channel water ace, and . 
hat area Y . 1.s the average depth or elevation of 
orage . · The inflow is given as P = f(t), and the 

r2, .. ) w~:/enerally given as W = f(y), or W = f(y
1 

, 
= f Y1, Y2•·· ., consecutive depths. So, if 

an b (y) • then, by elimination, the function W = f(Q) e determ· 
•riab1 ined • In this case, Eq. 7. 2 has only two 

es, Q and t, in the form of a differential 
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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

1 
(t); (2) outflow 

hydrograph, Q = f 2(t); (3) stage hydrograph, 

y = f 3(t); (4) outflow rating curve, Q = f 4 (y), and 

(5) storage function, W = f 5 (y), 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) tJie storage of a channel 
reach responds in less time to any unsteady inflow 
or outflow, than the time unit 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 
stud_ies 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) li t A fly i'IW (7. 3) 

in which P, Q, and A are mean values during the 
time interval lit, and the corresponding level differ­
ence fly. Using P1 and P2, Q1 and Q2, and A1 
and A2, the values at the beginning and the end of 

li t, with a linear change during a sufficiently small 
lit, then becomes 

i'IW (7.4) 



For known P1, Pz, Q1, A1, and 6t, and for 
known relations of W to Q, or A toy, and Q to 
y, it is possible by trial and error to determine the 
value Q2. Expressing Eq. 7.4 in different ways, 

especially by using storage factors, (W + Q6t/2) and 
(W - Q6t/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 (6t, 6y, 6W, or 6Q) 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 (6x and 6t), 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 
lite;ature [l], 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 wei~ht in 
a specific way to each variable involved, the simplest 
being the weight coefficients for inflow and outfl~w 
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 diffe7ential 
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 gr?UP use~ ~mpir~cal 
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 s~mple 
storage differential equation have been used ever_si~ce 
the routings of inflow hydrographs and flood prediction 
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along channels were began, there are on1y a few 1 
which compare the flood routing methods based on• 
tion of the two partial differential equations to 
bas~d on the storage differential equation only. 
a few studies compare accuracy, cost, advantages 
disadvantages of various methods, devices, ors 
under different conditions of waves, channel and 1 
al inflows or outflows. 

7.2 Flood Routing Based on Simplified 
Differential Equations 

Another group of flood routing methods rep 
transitions between those methods that use only 
storage (continuity) equation. Some terms in the 
partial differential equations, mostly in them 
equation, are omitted, or some additional assumpt 
are made (constant bottom slope, linear change of 
channel characteristics between two cross sections 
used, separate routings of storage component and 
translation component of a flood wave, and others). 
Examples of these transitional cases are the omiss 
of the acceleration term, av/at , the omission of 
the velocity head term, vav/ ax, or the omission 
both the acceleration and velocity terms; division 
the total discharge in two parts, as discharge of 
steady flow plus a changing discharge caused by th 
uns·teady flow, with some simplifications in the 
momentum equation, and similar simplifications. 
some references related to these simplification in 
(1]. 

The basic characteristic of most of these 
transition methods is the use of wave celerity, so 
both the wave translation and the channel storage 
taken into account. 

Again, there is a lack of comparative studiefi 
this time between the transition methods and other 
methods . For certain conditions, it could be 
demonstrated that the transition methods would gi~ 
more accurate results than methods based on the 
storage differential equation, at little increase 
computer cost. Under some conditions, however, th 
transition method may give less accurate results a 
substantial savings in work time, compared with IN 
based on the two partial differential equations. 
has been more effort in the past to invent or deri 
new methods of integrating the different types of 
equations in flood routing than to analyze the 
particular limitations and advantages of each meth 
and to compare all of them in general. 

7.3 Basic Properties of Simplified Methods 

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

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

This information on flood waves may come f~ 
one or more of the following three sources: 

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

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



) data on conveyance structures, and data on 
(cd aves obtained by reliable numerical inte-

t}le ~1°0 ;hods using the complete continuity and 
STl'tion me rtial differential equations of one-
_,.ent~ p~ gradually varied free-surface unsteady 
cli-'nsi~~s information is based on the hypothesis that 
flOll·.ffe~ence between analytical waves and corres-
t}le 11 hysical waves is much smaller than the 
p0nd1ng p e between these analytical waves and the waves 
differe~cby the simplified flood routing methods. 
c09Pute 

(Z) Simplified methods in general assume a 
d cost of computation compared with the more 

reducete methods available, to compensate for decreased 
accura d. . fl d accuracy in pre 1ct1ng oo waves. 

(3) Limited accuracy of the simplified methods 
•ustified by the corresponding limited accuracy of 

i~lJdata used in flood routing, particularly of data 
~ channel, boundary, and initial conditions. 

Two basic properties of simplified flood routing 
thods that warrant discussion are the prior infor­

:tion required for the evaluation of various flood 
waves along a given channe 1 and conduit, and the 
economy of computations as a counter-balance to a 
decreased or imposed level of accuracy. 

A discussion of properties of simplified methods 
can not be separated from an analysis of the objectives 
the simplified methods serve. Basically these methods 
are used either for purposes of design in determining 
the sizes of open channels and free-surface flowing 
conduits, or for prediction of flood hydrographs 
resulting from a given storm at known points of an 
existing storm drainage system. Most of the methods 
have been developed mainly to predict flood movements 
along known channels. But, in general, this objective 
should be considered secondary in comparison to the 
first objective of storm drainage design. The useful­
ness of any prediction can only depend on the lag 
between the time of the prediction after the storm 
occurred and the time of occurrence of flood waves at 
given positions. The shorter this lag the less 
economically attractive is the prediction. The 
prediction of flood waves at given positions seems to 
~ less important than design in cases of urban, 
highway or airport storm drainage systems. In other 
words, once a drainage system has been designed by 
peak How, it really is not very important that the 
extent of the damage can be predicted. The exception 
aay eventually be in those cases for which the pumps 
evacuate the storm water or the operation and safety 

d
of ~he system depend on flood movement through storm 
rains, 

st The_simplified methods of flood routing through p/~ /rains may be useful for predicting purposes, 
fl~ ed the~e methods are based on observations of 
•• t waves in nature, observations of waves in experi­
-n al co d · 
fo n u1ts or accurately computed data on waves 

r vario the d . us expected flood hydrographs. However, for 
condi:~ign of new storm drains, particularly under 
surp1-~?ns of an interconnected system of drains, the 
flood1 ied methods that require a prior information on 
accura~aves are less attractive than the explicit and 
and b \methods of flood routing for given initial 
stol'III 

0;:1 ~ry conditions, and assumed dimensions of 
Producirai~s. Since this study is oriented toward 
of sto~gdin~ormation that can be used for new designs 
a discUs . rains, based on the unsteady flow approach, 
Vant. Hsion of simplified methods is not overly rele-

owever, since the initial dimensions for a newly 

49 

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 ti 

for a given unit flood routing operation, with given 
6x and 6t 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 t. for a 

J 
particular simplified method. Also assume that tj < ti; 

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 6x and correspondingly a smaller 6t, Let 
the total length of the conduit be L, and let the 
corresponding total integration time be T. For given 
6x and 6t, the number of unit operations is 

L T 
n = 6x 6t (7.5) 

If 6xj < 6xi and 6tj < 6ti , then for nj and ni 

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

t.n. 
l l 

LTt. 
__]__= t.n. 
6x .6t. J J 

J J 

(7.6) 

Because 6xi and 6ti can be taken as the ~argest 

values by preserving a given degree of accuracy, 
ti/6xi 6ti may be smaller, or much smaller than 

t./6x. 6t. , even though t. < t .. In other words, 
J J J J l 

the computer time for a unit of operation of given 6x 
and 6t 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 6x-value and correspond~ 
ingly in a larger 6t-value, and a decrease in ni­
value. 



Even if tini_ > 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. In this case, by using the 
method of characteristics the necessary computer time 
is k ti ni . 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 

Nt.n . 
i i 

t.n. 
J J 

, or 

(7. 7) 

The larger k needed, and the smaller N will be, the 
less attractive becomes the simplified method, even 
though t.n. < t . n. for k/N = 0. This general 

J J i i 

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

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 (Winstead 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 

p Q w u (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 Wu 
and Wd are the storages referred to the corresponding 
depths at the upstream and downstream ends, respectively. 
Eliminating y in these equations, then 

w 
u 

min 
b p_ 

a 
, and 

m/n 
W = b g_ 

d a 
(7 .9) 

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 (7.10) 

Substituting Eqs. 7.9 in Eq. 7.10 and simplifying 
•-. 

w (7.11) 

so 

in which K = b/am/n and r = m/n. In case 
( r • 1 or the linear relation of storage and discharge), 
Eq. 7.11 becomes 

W K[XP + (1-X)Q] 

which is the basis of the Muskingum method. 

Further substituting Eq. 7.12 into Eq. 

KX :: + K(l-X) ~ = P - Q . 

Using the approximate relations of 
ences, 

dP _ P2-Pl dQ ~ Q2-Ql 
p * dt -~ 'dt llt ' 

in Eq. 7.13 gives 

with 

KX + 0.Sllt 
K(l-X) + 0.Sllt ' C2 

Pl+P2 
, and Q -2-

-KX + 0.Sllt 
K(l-X) + 0.Sllt 

K(l-X) - 0.Sllt 
K(l-X) + 0.Sllt 

Equation 7.14 is the final 

In Eq . 7.12 the term KQ represents the water 
volume of the prismatic storage in the reach which 
corresponds to the outflow discharge, and KX(P-Q) 
represents the additional storage (wedge storage) 
which is positive or negative depending on whether 
P>Q or P<Q. In this case, K has the dimension 
of time, while X is a dimensionless parameter. If 
fact, the reach length llx is included in the coef 
cient K, which can be then defined as K = llx/C, 
with C representing celerity of the wave along the 
reach. 

The application of this simplified method req 
the estimation of two quantities. First, K is bo 
a time constant, which depends on the incremental 
length selected, and the channel characteristics that 
affect resistance to flow and hence the time of wave 
travel. Thus, K is the incorporation of several 
physical facotrs of the system. Second, the value of 
X must be estimated. Since this relates to the 
difference in inflow and outflow it is a measure of 
the shape of the discharge hydrograph passing throu&I& 
the reach. The two coefficients, X and K then 
account for the necessary conditions of channel sh 
slope, and roughness, and the hydrograph to be r~ut 
However, these parameters cannot be determined Wl th 
information a prior. Information on waves ?31d onX 
the channel is necessary to estimate the weight 
the P and Q in Eq. 7.10, and it is needed to 
estimate a, b, m, and n of Eqs. 7. 8 in order t~r. 
compute K. Inaccuracies in these estimates are 
ally the main sources of errors in the Muskingum 



OnlY through observed waves, or through com­
,ethod, es based on a more accurate procedure of com­
puted_ wav may K and X be determined with any 
putauon, 
exactness. 

Us e flood hydrographs may have different seca 
which affect the weight X, the application of 

sh8P~~;kingum method to the design of · storm routing 
thetems is limited. Both the thesis by Suvich [see 
sys 1 References, 11], and the paper by Harris [8] 
Int~rnda at this limitation for the Muskingum method 
arrive · f d · Al · 

1-ed to the design o storm rains. so, it 
~s ;~~ ~ven evident that the computer time necessary 
is iven level of accuracy is less than that re-
fo: a/ by the specified intervals scheme of the method 
quire . . 
of characteristics, 

5 Time-Lag Routing Simplified Method 
7. 

In his paper [8], Harris discusses the possibility 
f a simplified routing method that would provide the 

0 mparable results to observed discharge hydro graphs. 
~ using the method of characteristics as a standard, 
fter the CSU data verified the method of character­

\tics he found that the "progressive average lag 
~utini method" meets the required good agreement 
between discharge hydrographs for particular circular 
conduits. According to Harris, this method also 
requires considerably less computer time. 

For a given hydrograph at the upstream end of 
the reach, as given in Fig. 7 .1 (left graph), the 
point R of Fig. 7 .1 (right graph) on the routed 
hydrograph at the downstream end of the reach is 
obtained by 

1 i 
n I qj 

j=i-n 
(7.16) 

in which the point qi and q. _ 1 are separated by 
the time increment llt, q isilagged by time t g, 
and n is the number of 5rdinates of upstream 
hydrograph averaged to determine an ordinate of the 
downstream hydrograph. This is a moving-average 
~cheme in smoothing the upstream hydro graph, and it 
1s translated by the time lag, t g, , to obtain the 
downstream hydro graph. 

. The three parameters to be selected and used in 
this simplified method are: llt, the time increment 
~f/he hydrograph; n, the number of points on the J rograph. to be averaged and t g, the time lag. 

d ese routing coefficients for a given conduit were 
et · f ermined by computing the routed waves by the method 

0 characteristics for three inflow hydro graphs. 

coeff':117 procedure by Harris was to adjust the 
re ~cients so that the first output hydrograph was 

pro uced accurately by the time-lag method. 

othe These coefficients were then used to compute the 
leth \ two hydrographs by the simplified time-lag 
by t~ ' and then compare with the hydro graphs computed 
1.i.norea~:thod of characteristics. Harris states that 
hydro JUstments were required to make all three 

graphs fit well. 

condu~e :esul ts for a series of tests on different 
~f ea~h diame~ers includes the size, length, and shape 
'Progre c~ndu1t. It is concluded then that the 
li111e-i/s1ve average-lag method", or "moving-average 
sillle as g method", does provide answers which are the 

calculated by the method of characteristics. 
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q q 

t· + t 

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. The 
number n of discharge values to be averaged is the 
other routing coefficients for a given llt. 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. 

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~-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 



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. 

B. 

c. 

1. Cross section shape 

a. Circular shape, diameter, D , 

b. Trapezoidal shape, base width and 
side slope, B

0
, z , 

c. Parabolic shape, rate of change of 
width with depth, k 

2. Channel bed slope, S
0 

3. Channel boundary roughness 

a. D~rcy-Weisbach friction factor, f, 

b. Velocity distribution coefficients, 
CL and f3 • 

Boundary Conditions. 

1. Inflow hydrograph 

a. Base flow, Qb 

b. 

c. 

Peak flow, Q0 + ~ , with Q
0

Q the 
maximum discharge in excess r the 
base flow, 

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

d. Volume of hydrograph, W 

e. Time to center of mass of wave, tg , 

f. Time duration of hydrograph, tb 

2. Downstream depth versus discharge 
relation, y(Q), or 

3. Upstream depth versus base discharge 
relation, y(Q) 

Initial Conditions. 

1. Steady uniform flow with a constant 
depth, y0 , or 
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2. Steady nonuniform flow with 

a. Subcritical slope or 

(1) Backwater or Ml curve, y(x) , 
(2) Drawdown or M2 curve, y(x) 

b. Supercritical slope 

(1) Sl curve, y(x) , or 
(2) S2 curve, y(x) 

Thus, there are numerous variables to be 
related into a reduced number of significant d" 
sionless parameters describing the conditions of 
the phenomena. 

The functions to be related to the above b 
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) , 

2. Time, yp(t) . 

C. Dischar e H dro rah at an location 

The significance and usefulness of these 
quantities depend on the reason for the analysis. 
For example, for the design of a storm drainage 
system, one important consideration is the dete 
tion of the peak depth as a function of distance. 
From this information the location of a change in 
channel size can be determined. For the problems 
an existing storm drainage system related to tiH 
.the desirable information would relate the disch 
to the ' time. The recording of existing conditi 
and then the prediction of a later event would pe 
direct control and reductions of peak flows. 

The complications of the problem of non­
dimensionality may be realized if one considers 
number of independent dimensionless parameters th 
describe the unsteady flow process. According to 
the Buckingham Pi theorems, the number of indep 
dimensionless parameters necessary to describe a 
physical process is equal to the number of variabl 
minus the number of dimensional categories (such 
length, force, time). For the description of un­
steady flow, considering all variables listed abovt 
there would be approximately 20 variables and 2 
dimensional quantities (length and time). Then 
of dimensionless parameters would then be approxi· 
mately 18, depending on the physical conditions to 
be represented. The systematic correlation of the 
parameters requires holding all but one or two of 
them constant at a time and then observing or cOII· 
puting their effect on the quantity to be predict 

An exploratory attempt was made to demonstratt 
a non-dimensional approach to the description of 
unsteady flow . A series of flood waves were c~ 
by the method of characteristics for the subcritl 
and supercritical base flow conditions. The hypo 
tical inflow hydrograph was defined by a Pearson 
III distribution: ) 

Q(t)= Qb+Qoe-(t-tp)/Ctg-tp)(t/tp)tP/Ctg-tp . 



defined by the base flow ~ , the 
The shape. wahs arge in excess of the base flow, Q

0 
, 

• UJll disc . h · 
_.J(illl. to the maximum discharge, tp , t e time to 
the ume .d of the inflow hydrograph, tg , and e , 
the centr:~ the Naperian logarithms .. The~e par~eters 
the base. d over a limited range to identify their 
~ere variethe resultant maximum depths of flow. 
effect on 

·ti·cal flow. The conditions used for the 
Subcrl 1 · d . T bl 7 l .,-. cal flow computer runs are iste in a e . . 

,ubcriti d t variable computed for each of these con-
Th depen en f f f · e the maximum depth -o low as a unction 
dition~ ~as along the conduit. Figure 7.2 presents a 
of ~ositl~~enuation curve for the maximum depth for 
typical a . . f h . • al flow For that position o t e curve, 
5ubcritlcly unaff~cted by the free outfall end condi-
relauve d b h l · . the depth may be represente y t e re ation 
uon, i·x in which i is the attenuation rate, 
D s a + , 

E a 

i 

".L..-...l.l00--200.L---300.L---400.L---,oo-'----600-'--__J700.,----'800LA---'900 

DISTANCE - FEET 

Fig. 7.2. Maximum depth versus distance for Run 
No. 200 of Table 7.1. 

In the subcritical flow, Qb and Q0 played a 
110re important role in the rate of attenuation of wave 
than tp and tg. It was found that the attenuation 

rate varied as (l/Qb+Q
0
)o. 34 , as seen in Table 7.2. 

The effect of the relative values of Qb and Q
0 

is 
shown i~ Table 7.3; (Qb/Q

0
)0.3 was found to be the 

appropriate dimensionless parameter. The effect of 
the relative values of t and t was negligible, p g 
ut the rate of attenuation varied as tgO.l , as 

shown · d. in Table 7 .4. Table 7 .5 shows the effect of the 

O
iameter; the effect of the diameter was defined by 

D .8 

Table 7.2. 

Qb Qo 
Run cfs cfs 

200 10 10 
201 s s 

Effect of absolute values of Qb and 90 
in subcritical flow for tp = 50 sec., 
tg = 100 sec. 

t 0.34 0.34 
i(Q :Q) 

t l p g (Q +Q ) 
sec. sec. b o i b o 

so 100 0.360 -162.65xl0 -6 -58.6xl0 -6 

so 100 0.457 -122.65xl0 -6 -56.lxlO -6 
202 7.s 7.S 50 100 0.398 -141. 55xl0 -6 -56.4xl0-6 
03 9 9 -6 -6 so 100 0.374 -153.76xl0 -57.5xl0 

Table 7.3. Effect of relative values of 
~B 

and Qo 
in subcritical flow for tp = sec., and 
tg = 100 sec. 

Qb Qo t t (~:r i(~:)'3 p g 
Run cfs cfs sec. sec. i 

204 17 10 50 100 1.173 -168.9xl0 -6 -198xl0 -6 

205 10 17 50 100 .856 -253.4xlo-6 -216.5xl0-6 

206 12 15 50 100 .935 -221. 4xl0 -6 -207xl0-6 

207 15 12 50 100 1.069 -186.5xl0 -6 -199.lxl0-6 

Table 7.4. Effect of absolute value of tg in 
sub critical flow for Qb = 10 cfs, and 
Qo 10 cfs 

Qb Qo t t (t )0.1 i(t )0.1 p g 
Run cfs cfs sec. sec. g i g 

208 10 10 50 100 1.66 -275.9xl0 -6 -457xl0 -6 

212 10 10 40 80 1.62 -283.7xl0 -6 -459xl0-6 

213 10 10 30 60 1. 57 -292.lxlO -6 -459xl0 -6 

214 10 10 60 120 1.69 -268.7xl0 -6 -455xl0 -6 

Table 7.5. Effect of diameter in subcritical flow 
for Qb 10 cfs, ~ = 10 cfs, tp = 50 sec., 
and tg = 100 sec. 

Qb Qo t t D p g 
0
0.8 i(D)0.8 Run cfs cfs sec. sec. ft i 

208 10 10 50 100 3 2.41 -275.9xl0 -6 -665xl0-6 

215 10 10 50 100 5 3.62 -176.3xl0 -6 -636xl0-6 

216 10 10 50 100 7 4.75 -150.2xl0 -6 -715xl0-6 

Four dimensionless parameters were found to 
define the rate of atten•.1ation of the wave peak in 
the subcritical flow: 
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n1 i , the rate of attenuation; 

TI2 = (~b )°'3 
value o1 base 

, the parameter defining the relative 

flow to the superimposed peak flow; 

( 
l l O' 

34 
0 l O 8 0 2 2 n = -- (t ) · (D) · (g) · , the parameter 

3 Qb+Qo g 
representing the absolute values of Qb, Q0 , tg/D, 
and the gravitational acceleration, and 

s 
n4 = f 2 .~8 , the parameter measuring the effects of 

the channel slope and friction factor. Combining n 1, 
n2 and n3 into one-dimensionless parameter gives 



A plot of rr 5 versus rr4 is shown in Fig. 7.3 
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Fig. 7.3. Attenuation of wave peak for a theoretical 
hydrograph in subcritical flow. 

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 
0 

T 

1 = 

±_ 
8gRA2 - Darcy-Weisbach 

~ 
gA3 

- Critical flow. 

The ratio of these two equations results in : 

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

It is to be noted that S0 /f required for the 
change of flow from supercritical to subcritical flow 
is approximately one-tenth of S0 /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 depicts 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 attenuatin 
wave, Run 100, routed in a conduit with a diameteg 
7.0 ft, as compared with a ·diameter of 3.0 ft in ~h 
previous three runs. The profile still has the i .• 
tial convex segment with the following concave se:1

• 
ment, but the concavity and convexity are not very· 
pronounced. Another type of wave profile encciunte 
in the course of computer runs is when the depth of 
the base flow is near one-half full. The profile Of 
Run 45 is shown in Fig. 7.8 and it has a pronounced 
concavity . 

Table 7 .6. Conditions of Runs 97, 98, 99, and 

Qb Qo t t p g s Run cfs cfs sec sec 0 f 

97 30 10 so 100 0.01 0.02 

98 30 10 so 100 0,03 0.02 

99 30 10 so 100 0.01 0.005 

100 30 10 so 100 0.01 0.02 
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Fig. 7.4. 
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Maximum depth vs. distance for 
Run No. 97 of Table 7.6. 
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.Fig. 7.5. Maximum depth vs. distance for 
Run No. 98 of Table 7.6. 
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Fig . 7.6. Maximum depth vs . distance for 
Run No. 99 of Table 7.6. 
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Run No. 100 of Table 7.6. 
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Maximum depth vs. distance for 
Run No. 45 of Table 7.7. 
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The condition for the amplification of a wave in 
the supercritical regime was assumed to be S0 /f > 2 
(or Froude number F > 2) . The amplitude of waves 
grows but only slightly , as observed by comparing Figs. 

.8 and 7.9. In Fig. 7 ,8 the general slope of the 
curve is 116. 2 x 10-6 , where as the general slope of 
the curve in Fig. 7. 9 is 0. 614 x 10-6 . If the above 
condition for amplification is satisfied, then the 
profi~e of the wave amplification is nearly a straight 
h n~ 1n this case. Figure 7.9 shows a typical amplifi­
cation of maximum wave depth. 

The attenuation characteristics of a Pearson 
T~e_ III function inflow hydrograph in the super­
critical regime were analyzed by computational methods, 
The parameters of the hydrograph control the volume 
and steepness of the wave. The effects of given param­
eters of the physica l system, conduit diameter D 
l ts s lope S0 , and the friction factor f , on the 

Th•ttenuation rate of flood waves were investigated. 
e at • · def· tenuat1on rat e of the maximum depth was 
ined for the supercrit i cal flow by 

yp = aeix (7.17) 
1n whi ch · · 
at t . 1 is the parameter of the exponential 

as e~~atio~ r ate. The parameter i in Eq. 7. 17 
t erm1ned fo r each attenuating wave. 

7 7 
t h

e condi t ions of each run are given in Table 
r~p~e Param~ters defining the attenuation rate are 
use 0 ~entati ve of the hypothetical conditions . The 
howev attenuation rates beyond the computed r ange, 

er• may not be reliable. 
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The attenuation rate was correlated with the 
characteristics of the inflow hydrogr.tph 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 [Ctg-tp)/tg]0, 25 , as seen in Table 7.8. 

The effect of the 
in Table 7. 9, the 

absolute value of tg is shown 
attenuation rate varied as 

(t ) 0 · 75 . Tables 

[JJJ (Qii +Qo)] 0 . 4 7 
7.10, 7.11, and 7.12 show that 

(Qb/~)
0

·
5

, and o0 · 8 may be 
appropriate parameters. 

Table 7.8. Effect of the relative value of tp and 
tg in supercritical flow for ~ = 25 cfs, 
and Q0 = 10 cfs. 

Qb Qo t 
tg(~(

5 
i 

i(tg:tp (5 p 
Run cfs cfs sec sec t 

53 25 10 50 100 0.841 -116xl0 -6 -97.8x10 -6 

55 · 25 10 70 80 0.595 -170xl0- 6 -99.5xl0 -6 

66 25 10 60 90 0.760 -129xl0 -6 -98.0xl0 - 6 

67 25 10 40 110 0.893 -lllxl0 -6 -99.0xl0 -6 

Table 7.9, Effect of the absolute value of tg in 
supercritical flow for Qb = 25 cfs, and 
Q

0 
= 10 cfs 

t 
p 

t g 
Run cfs cfs sec sec 

53 

54 

63 

64 

25 

25 

25 

25 

10 50 

10 25 

10 75 

10 100 

100 

50 

150 

200 

(t )0. 75 
g i 

-116xl0 -6 31.6 

18 . 8 

42.8 

53.0 

-174xl0- 6 

-828xl0 -6 

-608xl0 -6 

i(t )0.75 
g 

-3665xl0 -6 

-3270xl0 -6 

-3542xl0 -6 

-3225xl0 -6 

Therefore, the attenuation characteristics of 
the waves in the supercritical regi~e of flow can 
be defined in terms of five dimens ionless parameters: 

n1 = i , the r ate of attenuation; 

Table 7.10. Effect of the absolute values of ~ and 
~ in supercritical flow for tp = 50 
sec . and tg = 100 sec . 

t 
p 

Run cfs cfs sec 

57 20 8 50 

58 15 6 50 

59 10 4 50 

tg (-1-)0.47 
sec Qb +Qo i 

100 

100 

100 

1 
4.8 

1 
CT8 

1 
3.46 

-88.3xl0- 6 

-66 . 2xl0-6 

-47.lxl0-6 

i(-1-)0.47 
Qb +Qo 

-18.4xl0 -6 

-15.8xl0 -6 

-13 . 6xl0 -6 
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Table 7.1. Conditions of different nms in the subcritical regime 

Run <it, Qo t p 
cfs cfs seconds 

200 10 10 50 
201 5 5 50 
202 7. 5 7. 5 50 
203 9 9 50 
204 17 10 50 
205 10 17 50 
206 12 15 50 
207 15 12 50 
208 10 10 50 
209 10 10 70 
210 10 10 40 
211 10 10 60 
212 10 10 40 
213 10 10 30 
214 10 10 60 
215 10 10 50 
216 10 10 50 
217 10 10 50 
218 10 10 50 
219 10 10 50 
220 10 10 40 
221 9 8 50 
222 9 8 70 
223 10 10 60 
224 9 8 50 
225 8 7 40 
226 10 9 50 
227 10 9 50 
228 10 9 50 
229 10 9 50 
230 15 10 40 
231 8 9 40 
232 2 4 30 
234 14 9 40 
235 5 4 30 
236 17 10 50 
237 5 40 
238 5 5 150 
239 7 4 40 
240 10 8 50 
241 9 11 60 
242 12 10 60 
243 13 8 50 
244 10 10 50 
250 10 10 40 
251 10 10 50 
252 4 3 50 
254 15 25 80 
255 15 10 50 
256 10 9 60 
257 8 6 50 
258 15 10 60 
259 5 5 60 
260 12 10 40 
261 10 10 50 
262 4 50 
263 15 12 60 

t s 
g 0 

seconds 

100 . 001 
100 • 001 
100 .001 
100 • 001 
100 . 001 
100 . 001 
100 • 001 
100 . 001 
100 . 0005 

80 . 0005 
110 . 0005 

90 . 0005 
80 • 0005 
60 . 0005 

120 . 0005 
100 • 0005 
100 • 0005 
100 . 0001 
100 . 0001 
100 . 0001 

90 . 00005 
90 . 00005 
80 . 00005 
70 . 00002 
80 . 00002 
80 . 00002 

100 . 00001 
100 . 00003 
100 . 00004 

70 . 00006 
80 • 00007 
80 . 00001 
50 . 00001 
70 . 00003 
80 • 00003 

100 . 00004 
80 . 00004 

100 . 00006 
70 . 00006 

100 • 0002 

90 . 0002 
80 . 0002 

100 . 0003 
100 • 0003 
80 . 0004 
90 . 0008 
80 • 00001 

100 . 001 
100 . 0015 
100 • 0005 

3 0 . 00005 
120 . 00001 

90 • 001 
80 • 0005 

100 • 0002 
90 . 00005 
90 . 002 

f 

. 01 

. 01 

. 01 

. 01 
• 01 
. 01 
. 01 
. 01 
. 01 
. 01 
. 01 
. 01 
. 01 
. 01 
. 01 
• 01 
• 01 
. 01 
. 02 
. 03 
. 01 
. 01 
. 01 
• 005 
. 005 
. 005 
. 006 
. 006 
. 006 
. 007 
• 007 
. 006 
. 006 
. 006 
. 006 
. 006 
. 006 
• 007 
. 007 
• O? 

. 02 
• 01 
. 03 
. 03 
• 01 
• 01 
. 01 
. 02 
• 02 
. 02 
• 02 
. 02 
. 03 
. 03 
. 03 
. 03 
. 03 

D 
ft 

4 
4 
4 
4 
4 
4 
4 
4 
4 
5 

3. 5 
3. 7 
5 
5 
5 
5 
5 
5 
3. 5 
3. 5 
4 
4 
4 
4 
4 
3 
3 
6 
4 
4. 5 
3 
7. 5 
7 
4 
4 
4 
4. 5 

3 

Table 7. 7. Conditions of different runs in the supercritical regime 

<it, Qo tp 
Run sec cfs cfs 

7 
8 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
47 
48 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
69 
70 
71 
73 
74 
75 
76 
77 
78 
711 

10 
15 
10 
10 
20 
20 
20 
20 
10 
20 
15 
10 
10 
20 
20 
20 
25 
15 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
10 

5 
10 
10 
20 
20 
20 
30 
25 
25 
25 
15 
20 
15 
10 
20 
10 

5 
25 
25 
25 
25 
25 
40 
40 
40 
25 
25 
25 
25 
40 
zo .. 

8 
12 

8 
8 

16 
16 
16 
16 

8 
16 
12 

8 

16 
16 
16 
20 
12 
16 
16 
15 
15 
15 
15 
15 
16 
14 
14 
14 
14 
10 
20 
25 
10 

5 
10 
18 
10 
10 
10 
10 
10 
io 

8 
6 
4 

15 
25 
30 
10 
10 
10 
10 
10 
20 
20 
20 
10 
10 
10 
10 
30 
18 -

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

50 
150 

50 
50 
25 
25 
25 
25 
10 

100 
75 
25 
10 
20 

100 
25 
35 
30 
60 
50 
50 
50 
50 
50 
50 
50 
75 
50 
50 
25 
70 
50 
50 
50 
50 
50 
50 
50 
75 

100 
10 
60 
40 
50 
50 
50 
75 
75 
75 
75 

100 
100 

• 

tg 

sec 

150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
100 
200 
100 
100 

50 
50 
50 
50 
20 

150 
100 

50 
20 
20 

150 
50 
40 
40 
80 

100 
100 
100 
100 
100 

75 
100 
100 

90 
100 

50 
80 

100 
100 
100 
100 
100 
100 
100 
150 
200 

20 
90 

110 
100 
100 
100 
150 
150 
150 
150 
200 
zoo 

s D 
0 f ft 

. 006 .0 1 2. 9262 

. 006 .0 1 2. 9262 

.007 .0 1 2. 9262 

.010 .01 2.9262 

. 015 .0 1 2.9262 

. 050 .01 2. 9262 

. 030 .01 2. 9262 

. 070 .01 2. 9262 

. 025 . 01 2. 9262 

. 008 .01 2.9262 

. 015 . 01 2. 9262 

. 025 .0 1 2.9262 

. 025 . 01 2. 9262 

. 010 . 01 2.9262 

.008 . 01 2. 9262 

. 02 . 01 2.9262 

.01 .01 2. 9262 

. 01 .01 2. 9262 

. 05 . 01 2.9262 

. 05 . 01 2.9262 

. 02 . 01 2. 9262 

. 02 . 01 2.9262 

.02 . 01 2.9262 

. 02 . 01 2. 9262 

. 02 . 01 2. 9262 

. 07 . 01 2.9262 

. 06 . 01 2. 9262 
• 06 . 01 2.9262 
. 06 . 01 2.9262 
. 06 . 01 2.9262 
.005 . 01 2. 9262 
• 005 . 01 2.9262 
. 005 .01 2.9262 
. 005 . 01 2.9262 
.005 . 01 2. 9262 
. 005 . 01 2.9262 
.003 . 01 2. 9262 
. 006 . 02 2. 9262 
. 01 . 02 2. 9262 
. 005 . 02 2. 9262 
.005 . 02 2. 9262 
. 005 , 02 ~9262 
. 005 :Oz 2,9262 
. 005 , 02 2, 9262 
, 005 . 02 2,9262 
• 005 . 02 2. 9262 
. 005 , 02 2, 9262 
,005 , 02 2,9262 
, 005 . 02 2, 9262 
, 005 , 02 2, 9262 
,005 . 02 2,9262 
. 005 , 02 2.9262 
,005 . 02 2. 9262 
,005 . 02 2, 9262 
,01 ,04 5. 00 
• 01 , 04 8, 00 
. 01 . 04 10. 0 
. 04 . 02 2 , 9262 
, 08 . 04 2, 9262 
, 0028 , 01 2, 9262 
.0025 .01 2, 9262 
.003 .oo~ 7.00 
,003 .008 7.00 

- . . . . - . ... .... . . . . ' . - •· 



Table 7.11. Effect of absolute and relative values of ~ and Q
0 in supercritical flow for t = p 50 sec, and tg = 100 sec. 

Qb Qo t t 
p g 

cfs cfs sec sec 
Run 

39 20 10 50 100 

41 5 25 50 100 

42 10 10 50 100 

43 10 5 50 100 

Table 7.12. Effect of diameter 
Q0 = 20 cfs, ~ 

Qb Qo t t p g 
Run cfs cfs sec sec 

69 40 20 50 100 

70 40 20 50 100 

71 40 20 50 100 

2 
• [Qb rs 

Qo 
, the parameter defining the effects of 

the relative value of base flow to peak superimposed 
flow; 

.(
t"-t")0.25 

3 ~ , the parameter defining the effects 
g 

of tp and tg 

4 = [Qb:Qo)°"47(tg)0.75(D)0.8(g)0.61, where g is 

&ravitational acceleration, and rr 4 correlates the 
absolute value to t , Qb, and Q

0 
; and rr 5 = 

0 5 g 
S/f · , the parameter correlating the effects of 
cnannel slope and friction factor. 

A new parameter was obtained by combining rr 1 , 

into , or 

(Qb )'5(--¾--)'47 
Qo Qb Qo i 

i(b rs(--¾--)' 47 
Qo Qb Qo 

0.285 -48.Sxl0 -6 -13.8xl0 -6 

0.0903 -145 xl0 -6 -13.lxl0 -6 

.245 -51. 3xl0 -6 -12.Sxl0 -6 

.396 -28.Sxl0 -6 -11. 3xl0 -6 

in supercritical flow for Qb 40 cfs, 
50 sec, and tg = 100 sec. 

D 

ft (D) 0. 8 i i(D)0.8 

5.0 3.62 - 71. Sxl0 -6 -260xl0-6 

8.0 5.27 -47.lxl0 -6 -248xl0 -6 

10.0 6.31 -41. 4x10 -6 -260x10-6 

", 

0 

-1 110 

- Fitted 

0 .0 2 0 .1 

Fig. 7.10. Attenuation of wave peak for theoretical 
hydrograph in supercritical flow. 

10 

- · (Qb)o.s t -t 0.2s o.47 r1 - (---L2_) (-1-) Ct )o.1sC0)o.8c )0.61 
Qo t Q +Q g g 

g b o 
This analysis is only an attempt to show"that the 

non-dimensionalization of variables in gradually 
varied free-surface unsteady flow has some promise The plot of rr 

7 versus is given in Fig. 7.10. 

In conclusion it is possible to approximate the 
at~enuation rate ;fa flood wave peak in the super­
critical flow in a plot of: 

i(;.-l_)0.47(Qb)o.s o 7s[t -t )o.2s o 8 o 61 
~+Q -Q (t ) . .....L..E.t (D) . (g) . 

0 0 g g 

s 
Versus ~ 

fo.s , and in the subcritical regime of 

-1~10.3 0 
1 ..,._ 1-,,-.!_l . 34 

SQO IQb+Qo (tg)O.l(D)0.8(g)0.22 versus 

~ r2,aa 
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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 varied waves may have just the same cri­
terion as the1 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. 



Chapter 8 

ANALYSIS OF ERRORS IN THE 

SOLlITION 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 i s 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 = De/ 2 has the relative 
error dP/P = de/0, with e = 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 is the conduit diameter. The relative 
error is then 

de 1 ct) (8 .1) e = 
D ½ -1 - 2y) (- -1) cos (1 y D 

(2) Surface width B D sin (0/2) has the re-
lative error 

error 

error 

error 

dB 
B D ½ 0 (- - 1) tan -

y 2 

(8. 2) 

(3) Area A D2(e-sin 0)/8 has the relative 

dA = 1 - cos e (de) 
A sin 0 0 

1 - - 0-
(8. 3) 

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

dA dB 
A B 

(8.4) 

(5) Hydraulic radius R A/P has the relative 

dP 
p (8 .5) 
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k 
(6) Section factor Z AR 2 has the relative 

error 

These relative errors (Eqs. 8.1 through 8.6) as 
functions of depth are plotted as ratios of the 
relative-depth error in Fig. 8.1. The relative e 
in all parameters except for the wetted perimeter 
hydraulic depth decrease as depth increases for a 
given r elative depth error, dy/y. The significance 
of these curves is demonstrated i n the calculation 
friction factors and Reynolds numbers. 

Hydroulic 
Radius 

-I 

0.2 

0 

Area 

2 

Relative Error 
Relative Error in Depth 

3 

Fig . 8.1. Relative errors in parameters of circular 
cross section versus relative error in depth 

Errors in parameters as a function of ellipt~~• 
Since no physical conduit has a truly geometric c1rcuf 
lar shape, it is necessary to determine the effect~ 0 

deviations from circularity . An elliptical shape 15 

assumed. Parameters describing the departu~e_from: 
circular cros s section are then the eccentricity an.tY 
the direction of the principal axes. The eccentricl 

is defined as e = /1-(b/a) 2 , i n which a and b • 
are the major and minor ellipse s emi-diameter, respet 
tively. The direction of the principal axes is t~eal 
angle a that the minor axis makes with the vertic 
as shown in Fig. 8. 2 . 

To compare circular segments with elliptical 
segments the percent of difference between the two 
was computed for depths from the bottom up to th~ 
center of the ellips e. Eccentricity was varied in 0 
increments of 0.05 up to 0 . 30 and a ranged from 



in increments of n/10. The area of the 
to w/

2 
ellipse was made equal to the area of the 

cosplete circle. Depth was relative to the center of 
co.pletl~ se The results of these calculations are the el ip . 

in Fig. 8.3. shown 

.c 
Q. .. 

0 

Acs _ c,.cuLAR SEGMENT -0 
Acs -AES 

AES - ELLIPTIC SEGEMENT -~ 

% DIFF. • Acs x 100 
r--;;-.­

e=.Jl-(7)­
b 

Fig. 8.2. Definition sketch for the relation of 
circular and elliptical cross sections. 
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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 representa­
tive . 
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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 

e: = 
211za sin cj, 

3 S L 
0 

(8. 7) 

in which e: is the ratio of amplitude to the uniform 
depth y0 , and cj, is the phase angle for the depth 
wave. The value of cj, is 
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with z and L the amplitude and wave-length 0 
sinsoidf11y varying bottom, respectively, s0 is 
bottom slope, and F0 is the Froude number in 
flow. 

Equations 8.7 and 8.8 were solved for various 
combinations of channel slope, wave length of ch 
irregularity, amplitude of channel irregularity 
normal depth. The Darcy-Weisbach friction fact~r 
taken as a constant 0.012. Table 8.2 presents th 
results of these calculations. As expected, for a 
Froude number greater than one the depth wave is 
nearly in phase with the bottom wave. The slight 
difference is due to flow resistance. For a Fr 
number less than one the depth wave is out of ph 
with the bottom wave by essentially 11. Again, 
slight difference is caused by flow resistance. 

· The amplitude of the depth wave is unchanged 
various ' lengths of the bottom wave, provided that 
parameters are also unchanged. The amplitude of 
depth wave compared to the length of the bottom wa 
ranges from approximately one for low Froude n 
to approximately three for Froude numbers close to 

Because of unavoidable irregularities in sue 
ive sections of the conduit and the method used to 
join sections, it was impossible to completely el 
inate all deviations from the mean slope. Table 8 
presents the results of mean slope determinations 
the corresponding maximum and root-mean-square de 
tions from the slope of the least-square fit. The 
results show that the invert profile of the -condui\ 
had ·an undulating bottom with approximately 0.01 
of amplitude and 20 to 40 feet of wave length. 

8.2 Errors in Hydraulic Parameters 

Errors in friction factor. To estimate the 
effect of observational errors on computed friction 
factors, certain assumptions are required. For th 
following analysis the assumptions about the numeri 
values of parameters and errors are: the internal 
diameter of the conduit (D) is 3 ft, the depth (y) 
is 1.5 ft with an error of ±0.005 ft, the bottom 
slope S

0 
is 0.001 with an error of ±.00001, and 

discharge (Q) is 30 cfs with an error of ±0.3 cfs 
These values will be used in the · expression for th• 
friction factor 

f 

By differentiating Eq. 8.9, the error 
the assumed independent errors in the 
y, Sf= S

0
, RA2 , and Q is 

]

2 
af 2 af 2 

[as e: (Sf)] + [--2- e:(RA ) 
f a (RA ) 

+ [
af ] 

2 

aQ e: CQ) 



fable 8,2. 
Theoretical effect of bottom irregularity on water surface profiles. 

Froude z -ft L-ft ,P-Rad e:y 0-ft 
No. a 

s1ope 

2.582 .01 20 6.266 .002 
.0100 40 6.249 .002 

60 6.232 .002 
80 6.216 .002 

.02 20 6.266 .004 
40 6.249 .004 
60 6.232 .004 
80 6.216 .004 

.03 20 6.266 .005 
40 6.249 .005 
60 6.232 .005 
80 6.216 .005 

.04 20 6.266 .007 
40 6.249 .007 
60 6.232 .007 
80 6.216 .007 

.001 .816 .01 20 3.170 .030 
40 3.198 .030 
60 3.227 .030 
80 3.255 .030 

.02 20 3.170 .060 
40 3.198 .060 
60 .3.277 .060 
80 3.255 .060 

Table 8. 3. Slope deviations of the experimental conduit 

Slope Max. Deviation, ft 
Root-Mean-Square 
Deviation, ft 

.0000052 

.0000157 

. 0000303 

.0001325 
,0005197 
.0010101 
,0074578 
,0200690 

+.0188 
+.0182 
+.0214 
+.0195 
+.0347 
+.0279 
-.0240 
+.0375 

.0116 

.0135 

.0099 

.0099 

.0117 

.0119 

.0133 

.0141 

in which e: (f), e: (Sf), e: (RA 2), and e: (Q) represent 
errors in f Sf RA2 d Q · 1 Th tenn 2 . • , , an , respective y. e 
err RA ~s called here the section factor. The 
fr or e: (RA ) of this section factor is evaluated 
Th~•dth7 error in the depth (y), and given as e:(y). 

envatives af/aSf af/a (RAZ) and af/aQ are 
comput d f ' • of e rom Eq. 8.9, and the above numerical values 
der~ra~ters are used to numerically determine these 

1vat1ves in Eq. 8.10. 

Assum· (t0 000 ing that the errors 
st~d Ol), and Q (±0.3 cfs) 
err ard deviations of random 
is or of random errors in the 

in y (t0.005 foot), Sf 
are their respective 

errors, then the standard 
friction factor, o(f), 

0 (f) 
{(2.681 X 0.00001) 2 + (0.000286 X 0.0997) 2 

+ (0.0001787 X 0.3) 2)½ = 6 .6 1 X 10-5 . 

For the 
0, 012 f representative constant friction factor of 

or this conduit and the range of Reynolds numbers 
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Froude z -ft L-ft <P-Rad e:y 0-ft Slope No. a 

.03 20 3.170 .090 
40 3.198 .090 
60 3.227 .090 
80 3.255 .090 

.04 20 3.170 .120 
40 3.198 .120 
60 3.227 .120 
80 3.255 .120 

.0001 .258 .01 20 3.142 .011 
40 3.143 .011 
60 3.144 .011 
80 3.145 .011 

.02 20 3.142 .021 
40 3.143 .021 
60 3.144 .021 
80 3.145 .021 

.03 20 3.142 .032 
40 3.143 .032 
60 3.144 .032 
80 3.145 .032 

.04 20 3.142 .043 
40 3.143 :043 
60 3.144 .043 
80 3.145 .043 

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 f 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 f, 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 f, 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. 
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Fig. 8.4. 
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Hypothetical inflow hydrograph of the 
Pearson Type III function, Eq. 5.32, with 
the selected parameters : Qb = 6.21 cfs, 
Q0 = 8.00 cfs, tp = 100.00 sec, and tg = 
150.0 sec. 

X = 50.0 fl. 

2 

0.9 --=-=~ 
t, seconds 

0.Bo'------1~0-0 ____ 2_0~0----3~0-0----4~0-0 ___ ___,500 

Fig. 8.5. Effect of changes in friction factor, f, at 
various positions along the channel: (1) f 
0.010, (2) f = 0.012, (3) f = 0.014, and 
(4) f = f(Re). 
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(2) The smaller the friction factor 
are ~he depths, in_general'. ~nd the peak'd!he 
particular, at various pos1t1ons along th 
For Fig. 8.5, the differences in peak de ;h 
f = 0.010 and f = 0.014 in relation to ih s 
diameter amount to approximately 4 percenteat 
50.0 ft, 3 percent at x = 410:0 ft, and 0.l 
at x = 771.7 ft. Table 8.4 gives the per 
ratios of peak depth to conduit diameters cen 

. . 1 th d . ' at pos1t1ons x a ong econ u1t for f = o 010 and 0.014. · 
(3) The smaller the ·friction factor the 

the peak depth occurs. The differences of the 
at the . peak depth for f = 0. 014 and f = o.01 
approximately 3 percent of the inflow hydro 
time (t ) at x = 50.0 ft, 6 percent at x • 
ft, and Rbout 7 percent at x = 771. 7 ft. Tab 
gives the times of peak depth percentages to 
hydrograph rising time; this shows how signifi 
effect of the friction factor is on the time 
of the peak depth. 

(4) Because of downstream boundary condit 
a free fall at the outlet, there are no syst 
trends in peak depths, nor are there any at the 
of the peak depths along the downstream portiaa 
conduit within 100 ft of the outlet. 

Figure 8.5 and Tables 8.4 and 8.5 give the 
r .espective properties of the depth hydrographs 
the Darcy-Weisbach friction factor follows the 
von Karman resistence equation for hydraulical 
conduits. The comparison of the results of th 
stant values of friction factor and the fricti 
tor computed by this equation as a function of 
number gives the following conclusions: 

(1) Only a very small difference is shown 
the depth hydrographs computed by using the av 
value of f = 0.012 and f as the function of 
for the given range of Reynolds numbers. The 
ence is on the order of 0.3 percent of the c 
diameter. 

(2) The differences in peak depths comput .. 
f = 0.012 and by f as the function of R 
than 0.4 percent of the conduit diameter af all 
tions along the conduit, as shown in Table 8.6. 

(3) The differences in the time of the oc 
of peak depth computed by f = 0.012 and by f 
function of Re range along the conduit from_3. 
8.5 percent of the rising time (t ) of the~ 
hydrograph. These differences at ~arious posit 
along the conduit are shown in Table 8.7. 

Errors in velocit distribution coefficien 
definition the minimum values of the two veloci 
distribution coefficients, a and, 13, are O 

• 

13 = 1. As soon as the time mean velocity at po 
in the cross section is not uniformly distribut 
coefficients are a > 1 and 13 > 1. It was f, 
this study that for partly full flowing condui!:. 
for the depths between 0.3D - 0. 8D, with D 
conduit diameter, the average coefficient val:5 

a = 1.03 and e = 1.01. In practice, the v 
a = 1 and 13 = 1 are nearly always used_ for 
numerical integration of the two partial diffe: 
equations of gradually varied free-surface uns. 
flow. The investigation of the effects of vari 
values of a and e, particularly of the a~sv 
a = 1 and e = 1, on the evolution of f~o~ed 
along a long storm drain has been accompllS 
presented as follows. 

The hypothetical inflow hydrograph (Fig. 
8

• 
and the numerical integration scheme as it wased 
used to study the friction factor are also us 



Table 8. 4. ----
Percentages of peak depth to conduit diameter at various positions, x, along the conduit 
and various values of f. 

x, position in feet along the conduit 

f O so 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 

62 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 
0.010 49. 95 49. . 

-;.012 52.11 51. 72 51. 32 50.91 so.so SO.OB 49.64 49.19 48.70 48.18 47.61 46.99 46.29 45.50 44.51 42.99 39.81 

-;,.014 54. 01 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 

- 52.00 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 
f(Re) 

Table 8.5. 

f 

0.010 

0.012 

0.014 

f(R) 

400 

1 5.48 

I 0.16 

I 3.10 

I 2.92 

Table 8.6. 

f 0 
0.010 -2.05 -0.012 0.11 

0.014 2.01 -
Table s. 7. 

f 0 -

The percentage ratios of the time of the peak depths to the r1s1ng 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 

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 

so 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 
-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 

0.06 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 

1. 90 1.81 1. 71 1. 62 1.53 1.44 1.36 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 
number and for each of three constant values of f, in percent of the inflow hydrograph 
rising time. 

x, position in feet along the conduit 

so 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 0.010 1 
~ 1. 82 2.01 1.54 1. 72 1.98 2.39 2.46 2.56 2.67 2.76 2.70 2.20 2.28 6.92 3. 72 1.41 

0.012 
~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 

o.014 5.17 
6,41 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 S was kept constant 
at S = 1.00. The effects of the velocity distribu­
tion coefficient S were then studied for the values 
of S = 1.005, and 1.010, and a= 1.00. The results 
can be summarized as follows: 

(1) The higher a value of a the higher the 
depths produced. The differences in depths for vari­
ous values of a and S, and for a= 1.00 and 
B = 1.00, with a= 1.01, 1.02, 1.03, and S = 1.00, 
increase with an increase of time. They are of the 
order of 0.40 percent of the conduit diameter. 

(2) The differences in depths are higher at t 
upstream than at the downstream part of•the condui 
and are on the order of less than 0.10 percent of 
the conduit diameter. 

(3) The higher the a value, the higher are 
peak depths at various positions along the channel 
The differences in peak depths are less than 0.25 • 
percent of the conduit diameter, as shown by the 
numbers in the first three rows of Table 8.8. 

(4) The higher the a value, the later the 
depth, t , occurs. The differences in t bet 
a= 1.01,Pl.02, 1.03 and S = 1.00, and ap= 1.00 
and S = 1.00, range from 0.5 to 2.0 percent of th 
inflow hydrograph time parameter, tp, as shown by 
the first three rows of Table 8.9. 

Table 8.8. Differences in peak depths, in percent of conduit diameter computed for various values of a 
S, and for a= 1.00 and B = 1.00. 

B 
x, position along the conduit, in feet a 

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 

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 0.07 0.06 0.05 

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 0.14 0.13 0.13 0.11 

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 0.19 0.18 0.15 

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 0.02 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 0.02 0.02 0.02 

1.03 1.010 0.25 0.19 0. 23 0.27 0.30 0.32 0.36 0.37 0.39 0.40 0.41 0.39 0.39 0.37 0.39 0.44 

Table 8.9. Differences in times of peak depths in percent of conduit diameter for various values 
of a and B and for a= 1.00 and B = 1.00. 

B 
x, position along the conduit, in feet 

a 

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 

1.01 1.000 o. 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 0.66 0.12 

1.02 1.000 0.63 1. 34 0.62 0.87 1.04 1.40 1.11 o. 57 0.65 1. 35 0.54 0.52 1.05 0.85 1. 30 o. 78 

1. 03 1.000 1. 33 1. 32 1. 31 1. 23 1. 73 1. 71 1. 24 1. 24 1. 31 2.01 1.18 1.17 1.15 1.14 1.12 1.14 

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 0.02 

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 -0.25 

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 4.36 4.06 
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The higher a value of B the higher the 
(5)roduced, The differences in depth between 

depths ~5 and 1.010 and B = 1.000 decrease with an 
S s 1 · O f both the time and distance, and are on 
increa::roof o.08 percent of the conduit diameter. 
the 0

( 6) The differences in depths at the upstream 
f the conduit are of the same order as the 

part O es at the downstream part of the conduit. 
diffe(;)cThe higher a value of B, the higher are the 

d ths produced at various positions a l ong the 
peadk ·tep The differences in peak depths are less 
con ui · h d · d · h than o.03 percent oft econ u1t 1ameter ass own 

h fourth and fifth row of Table 8.8. 
by t ( 8) The higher a value of B the earlier the 

rrence of the peak depth. The differences in occu between B = 1.005, 1.010, and B = 1.000 for 
!P= l,00 range from 0.01 to 0.75 percent of the inflow 
hydrograph parameter tp, as shown by the fourth and 
fifth row of Table 8.9. 

When both a> 1.00 and B > 1.00 are used, 
particularly a 1.03 and B 1.01, the differences 
in Tables 8.8 and 8.9, the sixth row, show the largest 
values. The differences in peak depths between a= 
1.03 and B = 1.01 and a = 1.00 and B = 1.00 
reach 0.50 percent of the conduit diameter at x = 
800 ft. This value is relatively negligible. 

In summary, replacing the average values of a= 
1.03 and B = 1.01 of free-surface conduit flow, for the 
flow depths y = 0.3 D - 0.8 D, by minimum values of 

= 1.00 and B = 1.00, only slightly affects the 
evolution of flood waves along the circular storm 
drainage conduits. 

8. 3 Errors in Computations 

Computational errors resulting from procedures 
used in this study are the product of the following: 

(1) The approximation of infinitesimal variations 
by finite values. This is a result of assuming, in 
aeneral, linear relations rather than true curvilinear 
relations. This is a systematic error, which 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 cal­
culator, The computer used for these studies was 
pro~rammed for single precision computations using 15 
decimal digits. 

(3) Round-off in the printed output. The computer 
used for the calculations rounded off all numbers in a 
anner similar to a manual calculator. 

The following discussion evaluates the effects of 
control v · bl . . e . aria es rn the solution of the unsteady flow 
equations. These equations are considered under the 
omputational schemes with the incremental length and 
ncremental t · · pro 1me interval during which the integration 

cess proceeds. 

. ~erminat 1· on f h gr d - o computational parameter lit. T e 1 
sizes of llx and lit in the computational Schemes · . . 

f.+ , C is limited by the characteristic directions 
0 ass-' encountered during the integration. In order 

that ure that this condition exists, it is necessary 

lit < llx 
V .._ /gA/B 

(8 .11) 

the .computations require that lit be computed before 
integration process. The incremental distance 
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llx 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 llx, 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 
llx and lit. 

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

llx 
XL 

(8 .12) n 

with n an arbitrarily selected number. The smaller 
the llx presumable the more accurate are the results. 
But also, the smaller the llx, 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 xL were tried 
for the inflow hydrograph of Fig . 8 . 4 and the circular 
experimental conduit of this study . 

Figure 8.6 shows the effect of the size of llx 
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 llx 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. 
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1.5 y, ft 
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Fig . 8.6 . Effect of llx on hydrographs at various 
positions along the conduit; (1) llx = 40. 
91 ft, (2) llx = 20.45 ft, (3) llx = 10.23 
ft, and (4) llx = 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 6x 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 6x is less than 10.23 ft . Therefore, a 6x 
equal to 10.23 ft, or n equal to 80, was selected 
for computations. 

The peak depth y and the time to peak depth 
tp are two important ~arameters 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, fo~ various lengths 
6x. Also, the accuracy can be measured by the time 
to peak depth, tp• relative to the peak discharge, time 
tp, of the inflow discharge hydrograph of Fig. 8.4, 
for various lengths 6x and the same positions x. 

From the selected criteria for defining the 
accuracy of a computed hydrograph for a given 6x, it 
was found that the percentage differences of Yp, 

X 100 

in which the index "min" refers to the depth Yp of 
the smallest difference used, 6x = 5.12 ft, and the 
index "i" refers to depths of any other 6x > 5.12 ft, 
ranged from 0.0 percent to 2.1 percent for 6x 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 6x as expected. At 
tRe 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 
6x .was reduced below 10 . 23 ft . P 

In using the other parameter, Tp 
accuracy of computed depth hydrographs 
values of 6x and various positions x, 
of accuracy was 

X 100 

in which the indices "min" and "i" refer to 6x = s. 
ft and all other values of 6x, respectively. It 
found that there were no significant differences for 
values 6x > 5.12 ft, and for various positions x. 
The percentages were about 1.2 percent at the upst 
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 percen 
of Tp to tp (which was about 1.9 percent) when 
6x was reduced below 10.23 ft, as shown in Table 8, 

Tables 8.10 and 8.11 show the percentage differ 
ences of Yp to the diameter D of the conduit, 
T to t , respectively, with different values of 
aRd at vafious positions of x. These values at ev 
distances (0, SO, 100, ... ,ft) were computed by line 
interpolation from the values in the grid system; 
therefore, some error may have been introduced. How 
ever, the change in shape of the depth hydrograph due 
to varying 6x was considered to be small. Larger 
6x produced a lower and later peak depth. 

8.4 Errors in Experimental Observations 

Errors in geometric variables. A summary of th 
type of error has been already presented in Section 
8.1. The two sources of geometric errors, the 
irregularities of conduit cross section and invert 
slope, were discussed in Chapter 6, Hydrology Paper 
No. 44 for the observed results, and were analyzed 
in detail in Chapter 2, Hydrology Paper No. 45. 

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 conduit was flowing full 
and providing instantaneous transmission of changes 
in flow. This systematic error effected primarily 

Table 8 .10. Difference in y computed from various sizes of 6x (in percent of conduit diameter D). 

6x Distance, ft 

(ft) 0 so 100 150 200 250 300 350 400 450 500 550 600 650 700 750 

40.91 0 -0.02 -0 .16 -0.04 -0.06 -0.08 -0.11 -0 .16 -0. 24 -0.31 -0 . 41 -0.50 -0.59 -0.70 -0.94 -1.43 

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 

10.23 0 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 6x (in percent of t ) . 

6x Distance, ft 

(ft) 0 so 100 150 200 250 300 350 400 450 500 550 600 650 700 

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. 
the time effect is due to a minor modification of 
~ se~onf~:yhydrograph between the hydrograph observed 
the inf ·f·ce and the actual hydrograph observed at 

the ori i · h d · b h at . . g of the conduit. T e istance etween t e 
the begihnnin a free surface formed and the beginning 

· nt w ere · h · d d · Po 1 of the test conduit, owever, provi e a varying 
~int between observed and computed data of from 
time l:g conds. That is, the time recorded by the 

to•!e ~;ansducer for a given flow discharge was 
orifi f the time when that discharge actually reached 
ahead 0d it test section by the amount of time it took 
the con uto travel the 82.2 feet. To eliminate this 
the wav~ce time shifts can be estimated visually 
differempa;ison plots (depth versus time) and experi-
from co d · d b h · Th . aental times can b~ a JUStde y tf is a~ounCth. 1

6
s 

shift in time is discusse more ully in apter . 

Instrumentation errors. Instrumentation errors 
were analyzed on the basis of _calibrati~n_results. 
Since the true values of physic~l qu~ntities are 
ever exactly measured, the calibration process of 

~ach inst~ument was considered to be an accurate 
estimate of the errors in the measured quantities. 

A common method of placing boundaries on the 
errors used the unbiased standard deviation, s , 
defined by 

s =[ r (8.15) 

in which qi is the individual reading observed in a 
given range, q0 is the corresponding reading from 
a reference curve in the same given range as qi, 
and N is the total number of observations. 

For a Gaussian distribution of errors at an 
approximately 95 percent significance level, the 
physical quantities measured by each instrument can be 
expressed as 

(8.16) 

Equation 8.16 means that 95 percent of the mea­
sured quantities qi lie within the range of + 2 s 
of q0 • 

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 t-0 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. 

Table 8.12. Estimate of instrumentation errors. 

ri fice 
ters 

Small Opening 

Medium Opening 

Large Opening 

Large Opening 

s Error Bounds with 
Standard Deviation 2.5% Level 

0.00413 et= et+ 0.00826 

0.00220 et = et + 0.00440 

0.00320 et= et + 0.00640 

0.01619 ft
3 ¥ = ¥ ± 0.03238 ft 3 

Range 

Reynolds No. 3x105~2x106 

Reynolds No. 2x105~2x106 

Reynolds No. 5x105~2x106 

Volume 8 ~ 15 ft 3 

Current 
ters 0.0141 ft/sec v = v ± 0.0282 ft/sec Velocity 1 ~ 8 ft/sec 

-----------------~0'.;-~0~4::.5.=-1...-=.f.=.t/!...:.s~e::.:c::_ ___ ::_v_::_=_v~±~0-!...:.:..!0~9~0~2:......=f~tL/~s=-e=-c-V~e:cl~o~c~i~t-.1.Y~8--.:..:'.~...-=.16~f~t!::.!/:..:s~e~c;_ __ _ 

Pressure ft of ft of Pressure ± 1 psi 
Transducers 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 

67 



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 
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coefficients. All other differences between the 
puted and observed waves are attributable to 
errors in observations and systematic errors 
computations. 

In previous analysis of individual sources of 
errors, and effects of various simplifications in 
hydraulic parameters, can not be simply integrated 
into the expression of a total error because: (1) 
errors are of different types, and (2) they may be 
dependent, with the dependence unknown. Therefore 
it was not considered feasible to attempt to deve1 
an overall formula for total errors. 

It is reasonable to state that the gradually 
varied free-surface unsteady flow is in such a st 
of development that the theory can be less effecti 
for further contribution than a systematic analyst 
all sources of errors. 



Chapter 9 

CONCLUSIONS, LIMITATIONS AND RECOMMENDATIONS. 

9, l 
al conclusions, regarding this Part I, 

Gener No 43 as well as general results 
ttydrolog~ ~ap~:taii in,Parts II, III, and IV, Hydrology 
presente i:5 and 46, are summarized as follows. 
papers 44, , 

The comparison of the solution of the 
(~) 1 equations of unsteady flow by numerical 

theoreu~a with accurately observed waves or the 
integr~tion f analytical and physical gradually varied 
-,,arison ° d d · · t · 1 c-.- f e waves with the same boun ary an ini ia 

free-sur ac ' · d d . • shows good practical agreement, provi e conditions . h • · f 
t . shifts in depth or int e time in some o 

5ystema ic . d d 
the observed waves are consi ere . 

(2) Observed waves in this study were subjected 
ri·ety of sources of systematic and random errors. to a va . d h 

Th ystematic errors in recording the base flow ept , 
th: ~ecorded discharge ~s a function of time at the 

trance into the conduit, and the energy head losses 
:; the junction boxes are sometimes . much larger than 
the cumulative random errors of various other sources. 
of errors (measurements of discharge, depths, hydraulic 
parameters, etc.) . 

(3) Though the experimental conduit was 3 ft in 
diameter and 822 ft long, the observational errors on 
waves produced in this conduit, and the co~putatio~al 
errors in the numerical finite-difference integration 
ethods of the unsteady flow differential equations, 
did not penni t an assessment of the differences between 
the physical and analytical waves, with these 
differences resulting from the basic hypotheses under­
lying the development of the continuity and momentum 
partial differential equations of gradually varied 
free-surface unsteady flow. 

(4) The unique experimental facilities in this 
study of flow in conduits made it possible, through 
experimental investigations and observations, to 
understand various aspects of gradually varied free­
surface unsteady flow. 

(S) The geometric and hydraulic parameters such 
as. area, depth, surface width, hydraulic radius, 
~rict~on factor, velocity distribution coefficien~s? 
?unction box losses, etc., which define the coefficients 
1
" th7 continuity and momentum partial differential 

equations, have been evaluated with sufficient 
Val~dation from the experimental conduit so that a 
~eliable numerical integration of these equations can 
e obtained. 

p (6) The recommended numerical integration 
th~cedur~,_which is based on experimental evidence, is 
ch specified intervals scheme of the method of 
.Laracteristics, in which case the four ordinary 
•-naracter · t · 1 h t pa . is ic equations equivalently rep ace t e wo 

rtial differential equations of unsteady flow. 

char (7). To simplify the coefficients of the 
COef:7t7ristic equations, the velocity distribution 
res icients, ex and 13 are taken as uni ties. This earch h ' 
for fun 7 ows that substituting constant ex and 8 
the d ctions of ex and 13 on Reynolds numbers or on 
Signi?th of water in partly full conduits does not 

lcantly affect the floods routed along the 
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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 
comput;r 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 
storni 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 condition:'. 
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 stonn 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 t. , when their values at time 

J 
tj+l 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 II, 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. 

(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 boxes at 
which the direction and/or the slope of the main d 
change, drop-structures for which there is a backw 
effe_ct of downstream reach on the upstream section 
the peak flows, and similar types of structures ai 
the storm drains. Of particular interest is the 
dissipation of additional turbulence created by the 
structures of concentrated energy losses along the 
immediate downstream section of storm drains. 

(2) Investigation is necessary for the air­
water interaction when the conduit flows nearly ful 
all instability phenomena in the passage from the 
surface flow to flow under pressure, or the opposite 
should also be investigated. Because the drain 
dimensions are determined by the design flood hy~ 
graph, and because the peak depth for that hydrog 
should approximately coincide with the depth of the 
largest drain capacity in free-surface flow, which 
occurs in the depth range of relatively unstable 
this air-water interaction has particular relevance 
to storm drain design . 

(3) The peak depth of a well designed stol'II 
drain is largest immediately downstream of the j\D\ 
box, or the peak depth is at the upper end of the 
conduit between the two junction boxes, if the fl 
hydrograph is in the attenuation regime. This is 
case if the flow is with the Froude number approx 
less than F=2. The second largest peak depth may 
produced immediately upstream of the junction box 
because of the backwater produced by the energy los 
at the junction box. The section downstream of the 
junction box is also subject to dissipation of surp 
turbulence generated in the junction box; this is 
equivalent to additional roughness. Therefore, the 
critical design conditions are either in the condui 
sections where both the instability of nearly full 
conduit flow of air-water interaction and the 
additional turbulence occur, or in the section whe 
significant backwater effect occurs. These phen 
which greatly affect design conditions, need to be 
researched. 

(4) Observations in the 3 ft diameter and 82 
ft long conduit, containing both systematic and r 
observational and computational errors, were unlll:'le 
to throw light on the differences between analytical 
and physical free-surface conduit waves, with these 
differences resulting from the five hypotheses unde 
lying the derivation of the continuity and mome~t-­
partial differential equations of gradually varied 
free-surface unsteady flow. This objective of_st 
effects of basic hypotheses-should be pursued ~nth 
future research with appropriate improvements in 
accuracy of all observations and computation~. F::. 
research in gradually varied unsteady flow might 
more relevant if the accuracy of solutions are 
determined rather than reworking in the new light 
fundamentals of the basic equations. 

(5) New finite-difference schemes for ~nte 
the quasi-linear hyperbolic partial differential 
equations are proposed from time to time. Thus, th 
literature should be surveyed systematically for 
various schemes; they should be then subjected t~ili 
investigations, particularly if they concern ~tatiall 
accuracy, versatility and flexibility of applica 
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 th&t 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 flow fi,ia 
series of inlets all located on the highway right 
way. The right-of-way may include large interch 
areas in which case lateral inflow may be substan 
in relation to flow in the main drain and concei 
may be large enough to require analysis as a syst 
by itself. For purpose of analysis it may be ass 
that flow entering system at any point will have 
momentum in the direction of the outflow pipe. 

Conduit may be circular or of any shape co 
used, either precast or monolithic concrete, gene 
will increase in size in downstream direction, 
in size being made at manholes open to atmospheric 

· pressure, and crown-lines will match up except in 
where a drop manhole occurs. The latter would be 
equivalent to a free outlet for system upstream. 
large drains especially those of monolithic const 
tion, conduit may be continuous with manhole ris 
one side in which case transitions will be used f 
changes in size. 

The slope of the main drain will change usu 
with breaks at manholes but could be constructed 
a vertical curve. Slopes may be subcritical or 
critical and can be very steep, slopes of 3-5\ s 
times occurring in main drains. The latter may 
duce augmented rates of discharge. A single line 
involve a wide range of slopes, the usual situati 
involving steep slopes on upstream reaches becominf 
mild on downstream end. A break to a steeper slope 
however, is also possible. 

Alignment commonly will be straight or with re 
atively small deflections at manholes. Curved ali 
ment is possible but rare. As a rule the main dr 
will not involve abrupt changes in direction such 
90 ° except at a connection to existing interceptor 
which case should be given special treatment which 
beyond the scope of this problem. 

Design criteria ordinarily provide that condui 
will not flow under pressure for the design storm. 
But it should be possible to compute what will h 
in the main drain when any part does flow full. 
flow may be either free, or subject to back pressute 
from stream or conduit into which drain discharges, 
or from water in wet well of a pumping station. ID 
the latter case flow may be subject to surges ere• 
by sudden stoppage of pumps due to power failure. 

Manholes are commonly constructed either round 
square with or without a stream-lined invert confo 
ing to invert of conduit; section through manhole r 
mal to direction of flow will be as large or tar~e 
than cross section of conduit. Common practice 15 

bring all laterals in at manholes and may b7 at:~ 
elevation at or above flow line of main drain. 
laterals for individual inlets are brought increas; 
ingly in a a T or Y connection (inflow from on 
inlet is usually so small relative to flow in main 
drain that momentum in downstream direction may be 
neglected). 



~ may have a single peak, or 
an one peak. A s i tuation will also occur where 

-,re thd torrn follows so closely after the first that 
• secon ~t of the volume from the first storm will 
onlY a pa discharged from the system, when the inflow 
have been b . 
fI'()ID the second storm egins. 

Part Three 

LIMITATIONS OF ANALYTICAL STUDY FOR THE FIRST YEAR 

The numerous possible variations in boundary con­
d" tions, inflow hydro?raphs, and outlet conditions re-

1 . that the analytical study contemplated for the 
quire · d h . . . 1 1 . f h first year be limit~ 

1
sbo t at 7~~ tia so ution or t e 

aore simple cases wil e possi e. 

During the first year the study will be limited 
to hydrodynamic analr sis ~f a single storm drain on 
straight alignmen~ with _single-peak hy?rographs ~not 
necessarily identical) introduced at discrete points 
along the line, and a free outlet. 

The conduit shall be considered to be circular 
in cross section (other cross sections may be intro­
duced if feasible), changing in size at manholes, with 
crown lines matched up and changes in slope at manholes 
but not necessarily at every manhole. 

The conduit shall be considered to be smooth con­
crete with resistance factor Darch-Weisbach "f" vary­
ing as a function of the Reynolds Number of the flow 
in accordance with latest results from full-scale 
tests made for the Florida State Road Department and 
Public Roads at the St. Anthony Falls Hydraulic Lab­
oratory . In the event this requirement complicates 
the solution unduly, then an average value of "f" for 
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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. 

August 1960 
Washington 25, D.C . 

Carl F. Izzard, Chief 
Div. of Hydraulic Research 
U.S. Bureau of Public Roads 



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. 

The list comprises references to papers that are 
original reprints of studies made, and also refer 
to papers that are restatements, stunrnarizing the 
results of previous studies. No abstract of 145 
references is given in this list, The list gives 
references in the chronological sequence by years 
and within a particular year the sequence of refe; 
is by author's name, in alphabetical order. Thus 
arranged, references have been numbered consecutive 
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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 groupe 

into two different conduit slopes (S ); the first 14 runs are for 
0 

S = 0.00048 and the last 36 runs are for S = 0.00099. Under 
0 0 

each slope, graphs of this appendix are arranged as follows: first 

inflow into the main conduit without inflows through laterals; 

second, inflow into the main conduit plus inflow through one latera 

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 group 

of the same type of inflows, the graphs are arranged 

increasing base flow discharge in the conduit (QB). For each nm 

presented in this appendix, the inflow hydrographs, the plots of 

depth versus time at six different positions, and the plots of depth 

versus distance at six instants in time are presented. Identificati 

of the six positions, the six instants in time, variables and units 

of coordinates, and the peak flow discharges (QP), all appear in 

graphs and are self-explanatory. 
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APPENDIX 4 

COMPARISONS OF OBSERVED AND COMPUTED WAVES FOR PEAK DEPTii 
VERSUS DISTANCE AND TIME WITH CSU DATA 

Graphs representing a total of 32 runs are included in this appendix. Test conditions of these 32 runs 

are listed in Table 6 .9, entitled "Summary of Data on CSU Experimental Waves", in Chapter 6 of this paper. 

For each run the r esults are plotted as peak depth versus distance (upper graphs), and peak depth versus time 

(lower graphs). 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 runs 

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 time 

(lower graphs). The order of arrangement of the graphs in Appendix 5 follows the same order used in Table 
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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 investigatioi:as of the geometric 
and hydraulic parameters that define the coefficients of the two differential 
equations are sunmarized. 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 numerical computations, and in experimental observations 
are analyzed and discussed. 

Reference: Yevj evich, Vuj ica 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 Stom Drains. 11 

Key Words: Storm Drain, Flood Routing, Unsteady Flow, Numerical Solutions, 
Wave Experiments, Method of Characteristics. 

Abstract: This first part of a four-part series of hydrology papers on flood 

I 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 geo.metric 
and hydraulic parameters that define the coefficients of the iwo differential 
equations are sunmarized. The initial and boundary conditions are experimentally 
studied and are expressed mathematically for the m.nnerical 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 numerical computations, and in experimental observations 
are analyzed and discussed. 

Reference: Yevj evich, Vuj ica and Albert H. Barnes, Colorado State University, 
Hydrology Paper No. 43 (November 1970) "Flood Routing Through Stom 
Drains, Part I, Solution of Problems of Unsteady Free Surface Flow 
in Storm Drains." 

Key Words: Storm Drain, Flood Routing, Unsteady Flow, Numerical Solutions, 
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 gee.metric 
and hydraulic parameters that define the coefficients of the two differential 
equations are sumnarized. 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 bowidary 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 numerical 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 Stam Drains." 

Key Words: Storm Drain, Flood Routing, Unsteady Flow, Numerical Solutions, 
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 wisteady 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 investigatioi:is of the gee.metric 
and hydraulic parameters that define the coefficients of the two differential 
equations are sumnarized. The initial and bowidary 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 bowidary 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 numerical 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. 11 

, 



No. 26 

No. 27 

No. 28 

No. 29 

No. 30 

No. 31 

No. 32 

No. 33 

No. 34 

No. 35 

No. 36 

No. 37 

No. 38 

No. 39 

No. 40 

No. 41 

No. 42 

PREVIOUSLY 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. 

"Diffusion 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. Duma 
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, Ocotber 1 

"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," by Emir 
Zelenhasic, November 1970. 



FLOOD ROUTING THROUGH STORM DRAINS 

Part II 

PHYSICAL FACILITIES AND EXPERIMENTS 

by 

V. YEV JEVICH and A. H. BARNES 

November 1970 

HYDROLOGY PAPERS 

COLORADO ST A TE UNIVERSITY 

Fort Collins, Colorado 

44 



Several departments at Colorado State University have substantial research 
and graduate programs oriented to hydrology. These Hydrology Papers ar e 
intended to communicate in a fast way the current results of this research 
to the specialists interested in these activities. The papers will supply 
most of the background research data and results. Shorter versions wi l l 
usually be published in the appropriate scientific and professional journals 
or presented at national or international scientific and professional meet inis 
and published in the proceedings of these meetings. 

The investigations leading to this paper on unsteady free-surface fl ow in 
a long storm drain were supported by the U.S. Bureau of Public Roads , 
Federal Highway Administration during 1960-1970 and by the Public Hea lth 
Service during 1962-1964. The research was conducted in the Hydrology and 
Water Resources P-0gram of Civil Engineering Department at Colorado State 
University, Fort Collins, Colorado, U.S.A. 

The opinions, findings, and conclusions expressed in this publication ar e 
those of the authors and not necessarily those of the Federal Highway 
Administration or the Public Health Service. 

Dr. Arthur T. Corey, Professor, Agricultural Engineering Department 

Dr. Robert E. Dils, Professor, College of Forestry and Natural Resources 

Dr. Vujica Yevjevich, Professor, Civil Engineering Department 



11111 

November 1970 

FLOOD ROUTING THROUGH STORM DRAINS 

Part II 

PHYSICAL FACILITIES AND EXPERIMENTS 

by 

V. Yevjevich and A.H. Barnes 

HYDROLOGY PAPERS 
COLORADO STATE UNIVERSITY 

FORT COLLINS, COLORADO 80521 

No. 44 



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 move­

ments 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 1962-1964. 

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 Transporta­

tion, and 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. 

Mr. George Smith, Associate Professor of Civil Engineering at Colorado State University, 

has worked closely with the writers in the design, construction, testing, and operation of the 

physical research facilities during most of this project. His contribution, particularly for 

the material included in this paper, is acknowledged. Several graduate students, either 

through their thesis research or through direct work, contributed to the project. The theses 

and reports are listed in the bibliography of this paper under "Internal References". Acknowledg­

ment is also given to Mr. Lawrence Wetter, Project Engineer, Soil Conservation Service, Winfield, 

Kansas, and Mr. Don Signor, Hydrologist, Geological Survey, Lubbuck, Texas, for their contributions 

in the design and testing of the orifice meters, junction boxes, and the model study of inlet 

and outlet conditions during their M.S. graduate studies at Colorado State University. Parti­

cular acknowledgment is extended to the mechanics and other shop specialists of the Engineering 

Research Center, who have made it possible to construct, maintain and operate these unique 

facilities and the instrumentation described in this paper. 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 

Chapter 

Acknowledgments 

Abstract . 

1 

2 

3 

4 

5 

6 

7 

INTRODUCTION 

1.1. 
1. 2. 
1. 3. 

Objectives in the Use of Physical Research Facilities 
General Conceptions for the Physical Research Facilities. 
Organization of Material Included in This Paper 

EXPERIMENTAL STORM DRAIN SYSTEM. 

2 .1. 
2. 2. 
2. 3. 
2 .4. 
2. 5. 

Description of Circular Conduit 
Inlet Structure . ... 
Laterals and Junction Boxes 
Outlet Restriction Gate . 
Water Supply and Removal .. 

INSTRUMENTATION AND ITS CALIBRATION . 

3.1. 
3.2 . 
3. 3 . 
3. 4. 

Orifice Meters ... . 
Current Meters .. . . 
Pressure Transducers. 
Pitot Tubes . 

DATA RECORDING SYSTEM. 

4.1. 
4 .2. 
4 .3 . 

Description of the System 
Analog-to-Digital Converter 
Operations and Controls 

EXPERIMENTAL TEST CONDITIONS AND TYPICAL RESULTS 

5 .1. 
5. 2. 

Steady Flow Conditions .. 
Unsteady Flow Conditions . 

EXPERIMENTAL ERRORS .. 

6 .1. 
6. 2 . 
6. 3. 
6.4. 

Errors in Geometric Variables 
Time-Difference Errors. 
Instrumentation Errors. 
Reproducibility Errors. 

EVALUATION OF EXPERIMENTAL FACILITIES. 

7 .1. 
7. 2. 

Summary of Characteristics of Experimental Facilities 
Potential of Facilities for Further Experimental Investigations 

REFERENCES .. .. 

iv 

iii 

Vi ii 

1 
1 
2 

3 

3 
3 
6 

12 
12 

19 

19 
20 
26 
26 

28 

28 
28 
29 

30 

30 
32 

39 

39 
40 
41 
41 

42 

42 
42 

43 



~ 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 

2.9 

2.10 

2 .11 

2.12 

2.13 

2.14 

2.15 

2.16 

2.17 

2.18 

2 .19 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3,7 

3,8 

LIST OF FIGURES AND TABLES 

The circular conduit on the hillside of the Outdoor Laboratory 
at Colorado State University Engineering Research Center. 

View from the outlet of circular conduit and the inclined rails 

General plan of storm conduit experimental facilities . 

Substructure for storm conduit experimental facilities. 

Inlet structure, scheme no. 1 

Inlet structure, scheme no. 2 

Schematic diagram showing experimental set-up for model study of 
storm drain -- intake structure, main pipe line and outlet. 

Junction box at 90° with the upper inlet. 

Details of the junction box 

Details of the junction box used in model study 

Top view of the junction box used in the model study. 

The side view of the laterals and the junction box used in the model study. 

Detailed dimensions of the outlet restriction gate. 

The view of the removed outlet restriction gate for the 
conditions of a free outfall. 

General plan of the supply of water and of the storm 
conduit experimental facility location. 

General scheme for water supply and removal for storm 
conduit experimental facilities 

Water level in Horsetooth Reservoir for period May 1951 - September 1962. 

Rating curve for discharge at the inlet structure of storm conduit. 

Plan and elevation of supply line for the computation of head 
losses (numbers refer to pipe fittings of Table 2.2 . 

Discharge coefficient Cd as function of the Reynolds 
Number, Re, of 36-inch 0.D. pipeline for threP. orifice 
plates: (1) small (2) medium, and (3) large ..... . 

Relation of the measured to the computed volumes for the unsteady 
flow conditions through the orifice meters. 

Electrically propelled tow car. . . 

Current meter tow tank. Dimensions of the tank are: 
200 ft; width - 5 ft; depth - 5 ft. 

Recording system for calibration of current meters, 
and tow car control switch. Strip charts records 
speed of tow car and revolutions per second of current meters 

Ott meters in calibration position on tow car ....... . 

Relay circuit chassis, electric clock, and current meter counters on tow 
car for simultaneous calibration of five Ott-current meters ... 

Arrangement of micro-switch switches and cam plate which operate 
relay circuit. "Off cam" is illustrated ............ . 

V 

3 

3 

4 

5 

7 

8 

9 

10 

11 

13 

13 

13 

14 

14 

15 

16 

16 

16 

17 

19 

20 

22 

22 

22 

22 

23 

23 



3.9 

3.10 

LIST OF FIGURES AND TABLES - (Continued) 

Behavior of two neighboring current meters with propellers 
of different pitch (after Benini) . . ..... . . .. . . 

Behavior of two neighboring current meters with propellers 
of the same pitch (after Benini) ..... 

. 25 

· · · · · · · · · · . 25 

3.11 The calibration line for the pressure transducer No. 12180 , 
± 1 psi. Tested 7-23-66, Using data recording system, CD-25 No. 14490 . .. . . . 26 

3.12 The calibration line for the pressure transducer No . 14400, ± 5 psi, 
Tested 7-23-66, Using data recording system, CD-25 No. 17083 . . . . . . . 26 

3.13 Pitot tube rake used for point velocity measurements at 
large discharges of supercritical flow 27 

4.1 Data recording system. . 28 

4.2 

4.3 

4.4 

5.1 

5.2 

5.3 

5.4 

5.5 

Schematic representation of time series sampled by data recording system 

The data format as the output from Analog-to-Digital converter . 

Schematic representation of facilities and data recording system 

Isovels for partially full pipe flow 

Variation of Darcy-Weisbach friction factor f with the Reynolds number 

Location of critical depth at the free outfall of a circular cross-section 

Estimate of discharge versus slope and depth of flow . 

An example of the discharge hydrograph at the upstream inlet of storm conduit . 

28 

29 

29 

31 

31 

32 

33 

33 

5.6 An example of the lateral discharge hydrograph at the junction box 
being 410. 7 feet from the inlet structure to the storm conduit .. . .... . 33 

5. 7 Observed wave forms given as depth versus time, computer plotted, 
run no . 090004, S

0 
= 0.00048. . . . . . . . . . . . . . . .... ... 37 

5.8 Observed wave forms given as depth versus distance, computer 
plotted, run no. 090004, S

0 
= 0.00048 . . . . . . . . . . .... .. 38 

5. 9 Observed hydrograph peak depths versus the distance (left graph) or 

6.1 

6.2 

6.3 

6.4 

Tables 

2. 1 

2 . 2 

3.1 

3.2 

3.3 

versus the time (right graph), computer plotted, run no. 090004, S
0 

0.00048 .. . 38 

Definition sketch for the relation of the circular and 
the elliptical cross-sections. . . . . . . . . . . 

Percent error in area of the storm conduit, (at the depth ratio of 0.2). 

Invert profiles for Colorado State University experimental storm conduit (1965). 

Invert profiles for Colorado State University experimental storm conduit (1966). 

Design details, cost, advantages, and disadvantages of the 
two schemes of inlet structure 

Head losses in the supply line for storm conduit experiment al facilities 

Errors in Cd of Fig . 3 . 1 ... 

Results of unsteady flow investigation of orifice meter calibrat ion 
for different area ratios. 

Selection of propellers 

vi 

39 

40 

40 

40 

6 

18 

19 

21 

21 



3.4 

5.1 

5.2 

5.3(a) 

5.4 

6.1 

6.2 

6.3 

(b) 

(c) 

(d) 

LIST OF FIGURES AND TABLES - (Continued) 

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 

Piezometer locations. 

Free outfall data .. 

Operating conditions for June 3-9, 1964 

Operating conditions for June 18-23, 1964 

Operating conditions for July 13-17, 1964 

Operating conditions for August 1-8, 1964 

Summary of data on experimental waves at CSU. 

Conduit geometry. 

Data for Colorado State University experimental conduit invert slopes 

Estimate of instrumentation errors .. .... . 

vii 

24 

30 

32 

34 

34 

35 

36 

36 

39 

40 

41 



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 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 selected, 

designed, and constructed in the Outdoor laboratory at Colorado State 

University, Engineering Research Center, to accurately measure geometric 

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 digital 

computer. Only typical results of experiments carried out are described 

in this paper; experimental errors are reviewed in a summarized form. 

viii 



FLOOD ROUTING 1HROUGH STORM DRAINS 

Part II 

PHYSICAL FACILITIES AND EXPERIMENTS 

by 

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

Chapter 1 

INTRODUCTION 

1.1 
· in the Use of Physical Research Object ives _ 

Facilities 

One of t he main ob j ectives of inves t igati ng flood 
- t hrough s t orm drains was to compare analytical 

routing d b d hysical waves , or to c~mpare waves c~mpute . y 
an p at i·ng the t wo quas i-linear hyperbolic partial 
1ntcgr · d f f diffe rential equat ions of gradua~ly varie ree sur ace 
t.ns t eady fl ow and t he corresponding fr ee-sur~ace waves 

asured i n a condui t . Ther efor e , cons tructing 
Opria t e faci l i t ies to s i mulate and measure the 

appr Th f · 1 · · hvsica l waves became necessary . ese new aci i ties 
~a~e the objectives: 

(1) To physically simulate and measure free-sur­
face waves at various points along the r esearch conduit 
for the compar isons discuss ed. 

(2) To measure various geometric and hydraulic 
charact eri s t ics of the conduit and the waves in order 
to analyze these char acteristics, so that the analy­
tical waves- as the inflow flood hydrographs routed 
along th e condui t by the integration of the two De 
Saint-Venant partial differential equations -may come as 
c!ose to t he correspondi ng phys ical waves as practi­
cal l}' feasi ble. 

(3) To physically simulate a storm drain with 
!atcral i nfl ows joini ng the main conduit a t junction 
boxes . 

(4) To study boundar y and in i tial conditions in 
e experimental conduit, so th at their uses i n the 

integration of differ ential equations r epresent the 
real condi t i ons of physical waves as much as practi­
cally feas i ble . 

l.~ Genera l Concep t ions f or the Physical Res earch 
Facilities 

h Mos t hydraulic r esearch and the development of 
ydraulic formu l as i n the past have been done on 

~elative ly smal l l aboratory experimental f acilities . 
conomy was th e primary r eason research facilities 
ere re l at ively smalle r than the prototypes they 

:present ed. Most hydraulic formulas and related 
h putat ional methods have been developed by using 

c e computat i onal devices available. For economy of 
~ut at i ons i n t he pre-computer age r equired simpli­

·re fo rmul as and tractabl e computational methods to eat th -e oft en compl ex hydraulic problems of nature. 

co ~e advent of fas t digi tal, analog, and hybrid 
cost \?s, ho~ever , has reduced substant i ally the un i t 

numerica l solutions of complex problems , 

formulas, and methods. The availability of electronic 
computers has made many previous hydraulic mathematical 
models and corresponding computational methods obsolete. 
With time, these models and formulas are likely to be 
completely revised and upgraded. Versatile improve­
ments of many hydraulic computational methods are 
progressing and are expected to come about in the near 
future . 

One of the expected contributions of this research 
project on flood routing through storm drains is an 
improved base for replacing less reliable s teady-
s tate conditions by more reliable unsteady free-surface 
flow conditions in the design of storm drains . There­
fore, the advanced methods, simulating natural condi­
tions as closely as feasible, may be introduced in the 
form of unsteady-flow approach to the design of storm 
drains . Improving computational flood routing methods 
through storm drains is meaningful only if the accuracy 
of input flood hydrographs and the accuracy of geometric 
and hydraulic parameters in differential equations be ­
comes much gre ater than their accuracy in the steady­
flow peak-dis charge approach for design of storm drains . 

The two partial differential equations of gradu­
ally varied fr ee-surface uns teady flow ar e developed 
from sever a l bas ic assumptions . Even with these 
ass umptions there will always be a difference between 
the ana l ytically computed wave at a given position of 
a free- surface flowing storm drain for a given inflow 
flood hydrograph, and the physical wave observed at 
the same posi t i on and for the same inflow hydrograph . 
To s tudy the geometric and hydraul i c characteristics 
of condui t s and waves in order to integrat e flood 
waves moving through s torm dra i ns, and to compare the 
anal ytical and the physical waves, small scale 
f acilities did not appear feasible. Relat i ve errors 
that appear when various hydraulic and geometric 
parameters are me asured in small scale facilities are 
usually l a rg e . To decrease these errors, and to 
better s tudy various aspects of flood movement through 
storm drains , larger scale physical research facilities 
were conceived, designed, and built. 

Because of the potential of various numerical 
computations being reliably performed by digital, 
analog, and hybrid computers, the science of hydraulic 
i s now in the position of re-evaluating previously 
developed formulas and computational methods. When the 
objective becomes an assessment of the accuracy of 
presently available formulas and computational methods 
in hydraulics, not only or predominantly the develop ­
ment of the new hydraulic regularities and laws, the 
most feasible way of checking the existing mathematical 
hydraulic models and the computational methods is 

• :~;fesso: of Civil Engineering and Professor-in-Charge of Hydrology and Water Resources Program, Civil 
•• 50n~e r i ng Department, Colorado State Uni versity, Fort Collins, Colorado. 

ciat e Professo r 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 Oto 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 

2 

through storm drains can be made by those who read 
study the four parts of this research project, PUbl~nd 
ed as the Colorado State University Hydrology Pap 15h-
Nos. 43-46. ers, 

(2) That the scientists who would like to Perfo 
various research projects at the CSU conduit resea 
center may assess advantages, potential, and limit~ch 
ations in using these facilities for particular re 
problems. searc 

1. 3 Organization of Material Included in this Pa.E!:"_ 

The general description of various alternatives 
in planning the research facilities, and the details 
of the constructed storm drain system are described 
i:n Chapter 2. The instruments used in the experiment 
are described in Chapter 3, with a major emphasis on 5 

calibration of individual devices. Chapter 4 describe 
the data recording system which allows data taken in 5 

the field to be transmitted to an indoor analog-to­
digital converter located approximately 1/4 mile from 
the pipeline. Chapter 4 describes how the output froa 
the analog-to-digital converter, in the form of punched 
cards or tapes, may be fed directly into the computer. 
Various experimental test conditions and their tYPical 
results are described in Chapter 5 such as flow 
resistance, cross-sectional velocity distribution, box 
losses, initial and boundary conditions, and observa­
tions of propagated flood waves. Experimental errors 
caused by different sources are discussed in Chapter 6. 
Chapter 7 presents the general evaluation of experi­
mental facilities; it is followed by the references 
(external and internal). 



Chapter 2 

EXPERIMENTAL STORM DRAIN SYSTEM 

2.1 
· of Circular Conduit Description -

A pipeline 822 f~et long with_a 
d as the experimental conduit 

::\:O:n in Figs. 2 .1 and 2. 2. 

3-foot diameter 
in this study 

Fig. 2 .1. The circular conduit on the hillside of 
the Outdoor Laboratory at Colorado 
State University Engineering Research 
Center. 

Fig. 2.2. View from the outlet of circular conduit 
and the inclined rails. 

20 _ The ent~re 822 feet of pipe, which consisted of 
wh . foot sections, was supported on inclined rails /ch permitted the pipe to be moved along the inclined 
~ ane to. any slope between O and approximately 4 per­
de~t: 1 Figur~s 2.3 and 2.4 display general layout and 

ai ed designs of the circular storm conduit. 

Plat Th7 pipe material is 1/2 inch thick rolled steel 
The : With. a longitudinal weld located at the crown. 
eld ~proximate 20-foot lengths of the pipe were ere\ except at three positions where the connections 

all . 0
~ ted · Extreme care was taken to insure that 

hat 
1
~~ide welds and joints were ground smooth and 

te . e depressions were filled with a plastic 
r1a1 to · Th inside insure a uniformly smooth surface. e 

coats ~urface was sand blasted and painted with two 
0 a rust preventative paint. 

3 

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 convenience 
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 

b. 

C. 

the intake structure. 
Varying the slope of the intake structure 
only. 
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 
uniform 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 i nlet structure. 

Design details 

Estimate of cost 

Advantages 

Disadvantages 

SCHEME NO. 1 

(1) A 30-foot section of 26-inch diameter 
pipe. 

(2) A 5-foot transition section with guide 
vanes. 

(3) An 8-foot by 10-foot by 58-foot stilling 
basin with baffles at the entrance and 
a triangular weir at the exit. 

(4) A 10-foot by 10-foot catchment box. 

(See Fig. 2.5) 

$3850 .00 

(1) It provides an accurate measurement 
of discharge from very low to maximum 
discharge . 

(2) Flood waves - inflow hydrographs -
can be easi l y generated in the stilling 
basin with the addition of a relatively 
expensive wave generator. 

(1) Wind will cause surface waves, which 
wi 11 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. 

SCHEME NO. 2 

(1) An 80-foot section of 26-inch 
diameter pipe with ori fice meter. 

(2) Anh 12. ~5f~foot of s t eedl pipe between 
t e on i ce meter an a length of 
flexib l e pipe . 

(3) A 10-foot of 26-inch di ameter 
flexible pipe. 

(4) A 3-foot t ransi t i on section betwee 
t he flexib l e pipe and, n 

(5) A 22-foot missile case wi th baffles . 

(See Fig. 2.6 ) 

$2300. 00 

(1) It is relatively inexpensive . 

(2) It provides positive control of 
t he flow phenomena without inter­
ference, t hat is , the water surface 
is not affected by the wind . 

(3) Because it is a singl e pipe system 
a valve can be easi l y i nstalled in 
the sys t em at any t i me if it be 
found desirable, which is a desir­
able feature for a limi t ed water 
supply. 

( 4) It permits the use of several sizes 
of orifice meters for measuring a 
wide range of flow dis charges. 

( 1) 

(2) 

For supercritical f l ows it might 
not be easy for some dis charges 
to develop desired uniform flow. 

There is a danger of t he flexible 
pipe collapsing during movement of 
the pipe system. 

velocity components into the desired uniform flow it 
is necessary to place baffles in the approach section. 
The location and number of these baffles is determined 
by observing the flow developed for a given di scharge. 

of the main conduit, and ( 3) The shape of j unction 
box. If the crown of the inlet pipe is at the s ame f 
elevation as the crown of the main conduit , i t i s r~ er· 
red to as the "upper inlet". If the invert of the 1

~; 

let pipe is at the same elevation as the i nver~ of~ 
main conduit, it is referred to as the "lower inlet · To develop the desired supercritical flow condi­

tions at the entrance to the storm conduit, it was 
necessary that the slope of the movable approach pipe 
be different than the slope of the storm conduit. To 
achieve this slope differential, a flexible coupling 
was installed at the junction of the two pipes, i .e., 
at the entrance to the storm conduit. 

2.3 Laterals and Junction Boxes 

Selection of junction box. The design of laterals 
for the lateral inflows into the storm conduit, and 
the junction boxes basically involves three factors: 
(1) The angle of intersection; (2) The vertical 
position of the lateral inlet in the cross-section 

6 

. B eau of Based on recommendations from the U. S . ur and 
Public Roads, a square box with a changeable upper 
lower inlet, and an angle of intersection equal t? 
90 degrees was selected as the junction box. Design 
details are shown in Figs. 2.8 and 2 .9 . 

A model study of the selected j unct ion box wi th 

its two positions, i .e., the upper and l ower inlets, 
is described in the next section. 

draul i ' 
Model study of selected junction box. A hy ct,1er 

model was made to determine the relat i on of the P 
loss at the junction to other hydraulic propertie5

• 
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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: 

or 
P = Q y(z + y + v2 /2g) 

p = Q y E 

(2 .1) 

(2. 2) 

in which P is the power in foot-pounds per second, 
Q is 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 is the elevation of the bottom, and y 
is the depth of water in the model conduit. 

Conclusions drawn from this model study for sub­
critical 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: 

p -0.482 + 0.77, (2.3) 
R=QR+0.55 

in which PR is the ratio of power loss in the junc­

tion to the power entering the junction, and QR is 

the ratio of lateral inflow to storm conduit inflow. 
This equation is valid for QR greater than 0.10. 

For QR less than 0.10 the PR -value of zero can be 

assumed with a maximum expected error of 3 percent in 
PR. 

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 
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elevation as the storm conduit's invert) was found t o 
be: 

-2.78+1.71DR 
p = -------~~- + 0. 77 

R QR+ 3.122 - 0.167DR , (2 .4) 

in which PR and QR are the same magnitudes as for 

the upper inlet, and the new parameter, DR, is equal 

to the ratio of the depth immediately upstream from 
the junction box to the diameter of the storm conduit 
This equation is limited to DR -values greater than· 

o. 5. 
4. For a given flow ratio, QR' the power loss 

for the lower inlet increases as the depth upstream 
from the junction increases. 

5. The slope of the main conduit does not affect 
the power loss ratio for the subcritical flow condi­
tions. 

6. The effective friction factor downstream 
from the junction has a larger value than the fric­
tion factor upstream. 

Description of junction box as constructed. The 
constructed junction box had both upper and lower 
lateral inlets and was square in shape. Flow from 
the 12 inch lateral pipe entered into the square junc­
tion box at a 90-degree angle as a free fall jet of 
water for the upper lateral inlet. 

2.4. Outlet Restriction Gate 

A restriction gate with five movable vertical 
wooden slats was installed at the end of the 3 ft diam­
eter, 822 ft long conduit. The five 7-inch vertical 
wooden slats were held in position by 2.5-inch wide 
vertical aluminum H-sections. The clear opening was 5 
inches between supports. The detailed dimensions oft 
gate is shown in Fig. 2 .13. During the experiments, th 
flow discharge could thus be controlled by varying the 
vertical position or by removing one or more of the 
slats to give the backwater (Ml) profile. For the con­
dition of a free outfall, the gate could be complete!\ 
removed as shown in Fig. 2 .14. A discussion of the gat 
condition is given in Chapter 5, p. 30. 

2.5. Water Supply and Removal 

Water supply to the 3-foot diameter storm conduit 
was by gravity from the nearby Horsetooth Reservoir 
(Colorado Big Thompson Project) through a 26-inch under 
ground pipeline as shown in Figs. 2.15 and 2.1~. The 
conduit flow discharged into College Lake. This SY 5te 
permits wide variation in the discharge demand on the 
water supply. 

The monthly maximum, average, and m~nimum wat:r 
surface elevations of Horsetooth Reservoir from M > t 
1951 to September 1962 were obtained from records kep . t 
at the Northern Colorado Water Conservancy Distric he 
Loveland, Colorado. These values were plotted on tr­
graph presented in Fig. 2.17. The mean 11-year rese 
voir surface elevation for this period is 5382_fee~e­
above mean sea l~vel. The differential elevation r 
tween the inlet of storm conduit and reservoir wat~in& 
surface provides the maximum available head. A ~a ff() 
curve was then prepared as indicated in Fig• 2 · 1 · fs • 
the rating curve of Fig. 2 .18, a disc~arge of go e1ev3 -

obtained for the mean ll-year reservoir surface f om t 
tion. Detailed computations of total head loss r dis• 
reservoir to the inlet of the storm conduit fo~ ;able 
charge of 90 cfs are presented in Fig. 2.19 an 
2. 2. 
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Fig. 2.12. The side view of the laterals and the 
junction box used in the model study. 
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Fig. 2.15. General plan of the supply of water and of the 
stonn conduit experimental facility location. 
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TABLE 2 . 2 Head losses in the supply line for storm conduit experimental faci l ities . 

No. Object Station Elevation, ft. Loss Factor Head Loss, f 

1 In let 5+88.00 5270.00 0.50 0, 163 

2 Bend, 90° 5+91. 00 0 .13 0,042 

3* Friction 2.04 0,664 

4 Contraction 10+90 .00 5244 . 64 0.33 1. 723 

5 Valve 11+01.50 5244.64 0.25 3,186 

6* Friction 3 .51 18. 326 

7 Wye 18+21. 25 5227.00 0 . 30 1.566 

8 Contraction 18+21. 25 5227 .00 0 . 04 0 .510 

9 Valve 18+29. 75 5227. 00 0.20 2.549 

10 Bend, 45° 18+32.60 5227.00 0.12 1.529 

11 Bend, 45° 18+37.11 5222.59 0 .12 1. 529 

12 Expansion 18+37.56 5222.59 0.215 2. 740 

13 Bend, 40° 18+50.61 5222.39 0.08 0.201 

14* Friction 4.26 10. 722 

15 Wye 24+45.05 5213.27 0. 30 0. 755 

16 Bend 26+83.75 0 .10 0. 252 

17 Bend 27+13.75 0 .10 O .252 

18 Contraction 29+19. 75 5205.59 0.04 0.408 

19 Valve 29+29. 75 5205.51 0 . 20 2 .549 

20 Bend 29+49.75 5205.52 0.10 1.020 

21 T-Lateral 37-t30 .00 5173.65 0 .03 O. 306 

22* Friction 6 . 89 70. 209 

w.s. Ref . Elevation 5380 TOTAL 121. 201 

*3 concrete 5 ft. D - 510 ft. 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 = 0.012 
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Chapter 3 

INSTRUMENTATION AND ITS CALIBRATION 

Orr_i::.· f::.i::.:c:.:e=--M_e_t_e_r_s 3.1 _ 

sin of orifice plates. In order to provide 
~ r flexibility to cover the expected range of 

sufficien three sizes of sharp-edged circular 
now. ~=te~;tes, based on the different orifice-to­
or1f1d. p ter ratios were designed and used to 
ipe iame ' . d . P the main inflow rate into the storm con u1t. 

JJJeasure. of the diameter of orifice to the diameter 
The ratios O . 1 Th i e were 0.35, 0.50, and 0.7 , respective y. ey 
of P pf rred to as small, medium, and large openings are re e . . 
in the following descriptions. 

The plates were made of stainless steel with 
h' kness of 5/8 inches. Two sets of taps were used 

~0

1
:easure pressure differentials. One set of taps was 

1 ed at one pipe-diameter (lD) upstream and the 
~t~~r set was placed at one-half pipe-diameter (D/2) 
downstream of the upstream face of the plate. '.or 
each set, eight taps spaced at 45 degrees were in­
stalled around the pipe wall and connected to a common 
anifold for measuring the average upstream and down­

stream orifice pressures. 

Orifice calibration for steady flow conditions. 
The general orifice equation is 

in which Cd 
ratio of the 
area A, H 
orifice, and 

(3.1) 

is the discharge coefficient, m is the 
orifice area to the pipe cross-sectional 
is the differential head across the 
Q is the discharge. 

The purpose of calibration was to determine the 
discharge coefficient Cd by measuring H and Q 
for the known values m and A. The orifice plate 
was clamped between the flanges at a joint in a 26-
inch diameter pipeline. The orifice plate was 
carefully adjusted so it was concentric with the 
pipe, and the pressure differential I-I was read from 
a differential manometer. A calibrated volumetric 

ank with a hook gage gave the volume of water for a 
measured period of time. Flow discharge Q was then 
obtained. The calibration equations obtained for the 
hree orifice meters are: 

1. For the small opening, with d/D = 0.35 and 
Ill = 0 .1225, 

2. 
and m = 

3. 
Ill • 0,49, 

Q = 2.102 ✓H , with Cd = 0.606 (3.2) 

For the medium 
0.25, 

Q = 4.439 IH, 

For the large 

opening, with d/D = 0.50 

with Cd= 0.627, and (3.3) 

opening, with d/D = 0.70 and 

Q 9.783 /ii', with Cd= 0.705 . (3. 4) 
Fig F· 
disch igure 3.1 gives the relations between the three 
sma11arge ~oefficients and the Reynolds number for_the 
fhe th medi'.-1111, and large orifice openings, respectively. 

ree discharge coefficients were constant for the 
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Fig. 3.1. Discharge coefficient C as function of the 
Reynolds Number, Re, ofd36-inch 0.D. pipe­
line for three orifice plates: (1) small 
(2) medium, and (3) large. 

Reynolds numbers within the 
the small opening, 2.105 -
opening, and s.105 - 2.106 
The Reynolds number in this 
is defined by 

R 
Vd 

e v 

range 3.105 - 2.106 for 
2.106 for the medium 
for the large opening. 

case of orifice meters 

(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 so°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 Cd can be estimated by computing the 
deviations of the measured points from the constant 
values of Cd (solid lines in Fig. 3.1). The computed 
results are shown in Table 3.1. 

Orifice 

Small 
Medium 
Large 

TABLE 3.1. Errors in Cd of Fig. 3.1 

Standard Deviation 

0.0041 
0.0022 
0.0032 

Relative Error(%) 

0.5 
0.3 
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 require 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, 
Wc , for steady state conditions was computed by the 
numerical integration 

w 
C 

(3.6) 

in which the discharge Qt is computed from the 
equation of the steady flow orifice, Qt = C-steady • 

k 
H2 

• 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 f l ow. 

Experimental procedure also provided data for a 
comparison of t he 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 ori £ice 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 run 
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 det er . 
Th mined and summed for the total. e actual computat i on 

performed by digital computer. Was 

Comparison of the direct measurement of vo l ume 
to that computed from the transducer recorded dat a 
gave a maximum deviation of measured vo l ume from the 
computed volume of 1.62 percent . Eleven of the 
sixteen runs or 69 percent of the runs gave devi at · 
of measured volume from computed volume of l ess t h i ons 
one percent. No specific trend in the dat a was fo:d 
The results of comparing measured and computed volum · 
for various runs are shown in Tab le 3. 2. Figure 3 2 es 
shows the same results found in Table 3.2, whi ch · 
supports the conclusion that no significant deviat i 
is observed because of unsteady flow conditions . on 
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Fig. 3.2. Relation of the measured to the computed 
volumes for the unsteady flow conditions 
through the orifice meters . 

In order to avoid surges of flow caused by a 
smaller orifice opening, 16 of the total 17 runs in 
Table 3.2 were made for the large orifice opening 
(m = 0 . 49) and only one run was made for the medium 
opening (m = 0. 25) . No data were taken for the small 
orifice opening (m = 0.1225). 

3.2 Current Meters 

Type of current meters . Propeller current meters 
have the following advantages as compared to cup 
current meters: (1) The propeller current me t ers . 
produce smaller disturbances in flow, (2) The me chani; 
cal (bearing) friction is smaller in prope ller curren 
meters, and (3) The propeller current meters are le55 

susceptible to fouling by foreign bodies carried inf 
the flow . Based on these advantages, reliabilltY ~Jer 
operation, and compact construction, the Ott prope d to 
current meters with electric counters were sel~cte To 
measure the flow velocities in the storm conduit. 
cover a wide range of flow velocities, the Ott pro- abi 
peller current meters were equipped with interchange 
propellers with different pitches. The size and in 
selection of the propellers and pitches are given 
the Table 3.3. 



TABLE 3- 2 · 
Results of unsteady flow investigation of orifice meter calibration for different area ratios 

--- Flow Rate 

Area cfs 
Run Ratio Hvdrograph max min 
~ ~ 

o.49 Rising 23 .704 12 .111 
3 

Q.49 Rising 21.102 14.195 
~ 

Q.49 Rising 22.100 9.439 
5 

Q.49 Rising 17.893 7.482 
6 

o .49 Rising 22.261 10.053 
7 

Q. 49 Rising 20.502 7 .924 

9 0.49 Falling 21. 585 6.584 

10 0 . 49 Falling 21.290 18.549 

11 0 . 49 Falling 21. 290 15.265 

12 0.49 Falling 21. 76 7 7 .477 

13 0.49 Complete 22.188 6.765 

14 0. 49 Complete 21.858 7 .296 

15 0.49 Complete 22.351 8.132 

16 0.49 Complete 20.152 8.220 

17 0 . 25 Rising 17.041 8.305 

18 0 . 25 Rising 17.086 7.853 

TABLE 3. 3. Selection of propellers 

Propeller Approx. Maximum 
Prope ller Diameter Pitch Velocity 

~o. (cm) (cm) (ft. /sec) 

2 5 10 3 
2 3 10 3 
3 5 25 8 
4 5 so 16 

To check the procedures used to determine the 
cl:ange, if any, in performance of the Ott current 

ters three series of tests were made using the 
C lorado State University calibration facilities 
(hgs . 3. 3, 3. 4, and 3. 5) . 

In the first tests each meter propeller was 
·ested sing l y. Each meter was mounted on a 3/8-inch 
r,d attached to the carriage and towed at a depth of 

0 feet (Fig. 3. 3). The second test series involved 
,hree meters mounted on the 3/8-inch rod at a distance 
?f 4-inches on centers. The purpose of the test was 

0 determine interference effects, if any, on the 
ters operating under simulated field conditions. 

ch cause the recording system was only a single 

0
,annel, it was not possible to record the performance 

• · all three meters simultaneously. There fore, the 
CS

t procedure was the same for the single mounted 
er that · · k h with ' 1 ~, it was necessary to ma e t ree runs 

'h the carnage at a given speed in order to obtain 
e performance data at this speed on the three meters. 

cond. Since the ve locities of the meters under field 
caJ i~~ions fe 11 on the uppermost range of a 3- range 

L ~tion chart plotted from data furnished by the 
range a oratory, only the calibration data in this 
·he th were ~nalyzed. In this range it was found that 

eoretica l curve that best fits the data is the 
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Deviation of 
Time Computed Measured Computed From 

of Test Volume Volume Measured Volume 
in sec. in ft 3 in ft 3 in% 

62.99 1272.170 1252.091 -1. 604 

78.81 1408.636 1408.839 +0.015 

59.95 1200.912 1193.531 -0.618 

91.59 1317. 455 1312.542 -0.374 

62.25 1176.432 1160.429 -1.043 

81.51 1397. 028 1397.867 +0.060 

59 .48 1178.076 1173.244 -0.412 

73.91 1524.571 1516.301 -0.545 

65.07 1303.741 1297.380 -0.490 

49.20 880.549 868.447 -1.394 

62.61 1184.071 1173.726 -0.881 

63.78 1107 .155 1124. 776 +1.567 

61. 37 1176.518 1168.864 -0.655 

80 .11 1174.248 1166.717 -0.645 

60.07 924. 271 923.561 -0.077 

79.92 1155.196 1174.204 +l. 619 

asymptotic limb of a hyperbola, which can be approxi­
mated by a straight line of the form V =a+ bn. In 
this equation V is the velocity in feet per second 
and n is the number of turns per second. Values of 
the coefficients a and b for least-square curves 
fitted to the recalibration data and the Ott laboratory 
data were found to be essentially identical. For 
each set of data the accuracy of the curve fitting 
procedure was found by the standard error of estimate 
of V on n. 

In view of the general agreement between the 
recalibration values and the manufacturer's furnished 
values, there did not appear to be justification 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. 



Fig. 3.3. Electrically propelled tow car. 

Fig . 3.4. Current meter tow tank. Dimensions of the 
tank are: Length - 200 ft; width - 5 ft; 
depth - 5 ft. 
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Fig. 3. 5. Recording system for calibration of current 
meters, and tow car control switch. Strip 
chart records speed of tow car and revolu­
tions per second of current meters. 

Fig. 3 .6. Ott meters in calibration position on to•· 
car. 



► 

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
~ng the meters was found to be satisfactory, that is, 

t e system was first carefully checked by making 
sev~ral runs of the tow car at a constant speed over 
~ given distance until the meter count did not vary 
C~l ~~re than ±0. 5 percent. The meters were then 
ent1 rated by operating 'the tow car at eleven differ-

and 
data 
3,4, 

speeds covering its operational range. 

The calibration results of the values of "a" 
"b" f as compared to the original calibration 
urnished by Ott Company are presented in Table 

cur ~ual interference and wall proximity effects on 
~ meter rp~,1in"e . . •nterf~· Investigations of mutual 
Dieter ::en~e and wall proximity effects on current 
[2] J adings have been conducted by Henn [l], Status 

• ovan · [ results ovic 3], and Benini [3] . Based on the 
decided ~~ the. t~sts of these investigators it was 
he Ott at similar tests would not be needed for 
·ere th current meters. Of particular importance 

e results of the tests made by Benini, who was 
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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 
veloci t y distributions . Benini's rating equipment 
consisted of a flume 50 -. 85 meters long (useful length 
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 f ollows: 

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 [l] 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. 

Meter Prop . 
No. No. 

12457 2-3 

12457 4 

12458 2-3 

12458 4 

12459 2-3** 

12459 4 

Prop. 
Dia. 

cm. 

3 

5 

3 

5 

3 

5 

Slope 
of curve 

b 

0 .3411 

0.338 

0 .339 

0.337 

0.340 

1.6531 

1.675 

1.648 

1.648 

1.651 

1.693 

0.3395 

0.335 

0 .336 

0.338 

0.338 

1.6531 

1.651 

1.663 

1.642 

1.650 

1.673 

0.3395 

0.339 

0.342 

0.340 

0.341 

1.6564 

1.675 

1.668 

1.681 

1.668 

1.654 

1.691 

Intercept 
a 

0.108 

0 .143 

0.106 

0 .111 

0.112 

0.030 

-0.007 

0.049 

0.029 

0.036 

0.007 

0.115 

0.177 

0 .153 

0.124 

0.131 

0.033 

0.016 

0.018 

0.051 

0.040 

-0. 001 

0 .112 

0.150 

0.122 

0.112 

0.115 

0.036 

0.027 

0.022 

0.007 

0.017 

0.043 

0.004 

Standard 
Deviation Calibration 

cr Date Remarks 

From mfg~l) calibration curve for meter. 

0.0016 5-1-64 1st test series; single meter. 

0.0051 

0.0059 

0.0042 

0.0074 

0.0078 

0.0074 

0.0052 

0.0429 

0.0059 

0.0034 

0.0019 

0.0056 

0.0104 

0.0135 

0.0088 

0.0098 

0.0385 

0.0050 

0 .0109 

0.0141 

0.0055 

0.0099 

0.0101 

0.0093 

0.0176 

0 .0053 

0.0451 

7-2-64 

7-13-64 

7-15-64 

5-1-64 

7-2-64 

7-13-64 

7-15-64 

8-24-64 

5-1-64 

7-2-64 

7-13-64 

7-15-64 

7-2-64 

7-13-64 

7-13-64 

7-16-64 

8-24-64 

5-1-64 

7-2-64 

7-2-64 

7-13-64 

5-1-64 

7-2-64 

7-2-64 

7-13-64 

7-17-64 

8-24-64 

2nd test series-run l; deepest of 3 
meters. 

2nd test series-run 2; deepest of 3 
meters. 

From analysis of original data .* 

From mfg. calibration curve for meter. 

1st test series; single meter. 

2nd test series-run l; deepest of 3 
meters. 

2nd test series-run 2; deepest of 3 
meters. 

From analysis of original data. 

3rd test series; meter mounted on field 
support with original meter gear re­
placed by a new gear. 

From mfg. calibration curve for meter. 

1st test series; single meter. 

2nd test series-run l; middle meter of 3. 

2nd test series-run 2; middle meter of 3. 

From analysis of original data.* 

From mfg. calibration curve for meter. 

2nd test series-run 1; middle meter of 3. 

2nd test series-run 2; single meter of 3. 

2nd test series-run 3; middle meter. 

From analysis of original data.* 

3rd test series; meter mounted on field 
support with original meter gear re­
placed by a new gear. 

From mfg. calibration curve for meter. 

1st test series; single meter . 

2nd test series-run 1; shallowest of 3 
meters. 

2nd test series-run 2; shallowest of 3 
meters. 

2nd test series-run 3; shallowest of 3 
meters. 

From mfg. calibration curve for meter. 

1st test series; single meter. 

2nd test series-run l; shallowest of 3 

meters. 

2nd test series; single meter.*** 

2nd test series-run 2; shallowest of 3 

meters. 

From analysis of original data*. 

3rd test series; meter mounted on field 
support with original meter gear re­
placed by a new gear . 

(l)Mfg. means manufacturer's calibration results. 
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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. - Continued. --- Prop. Slope Standard 

Prop. Dia. of curve Intercept Deviation Calibration 
ter 

No. cm. b a 0 Date Remarks 
·o. --- 3 0. 3362 0 .118 From mfg. calibration curve for meter. 

12460 2-3 
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* 

!2460 4 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. 

12461 2-3 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.* 

12461 4 5 1.6498 0.030 From mfg. calibration curve for meter. 

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. 

Original calibration data furnished by Ott Company. Note: This data was used in preparation of the 
calibration curve supplied by Ott with each meter. 

•• No original data was furnished for this propellor. ... 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 
co aring calibrati.on tests carried out successively 
wi h repeated tests , the results given by Fi gs . 3. 9 
to 3.10 are liable to less error and are therefore 
assumed to be reliable. 
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F. · 3 .9. 
Behavior of two neighboring current meters 
with propellers of different pitch (after 
Benini). 
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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 -65°F to +250°F. During the 
tests, the air temperature was 75° ± 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 
different 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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3 

Fig. 3.11. The calibration line for the pressure 
transducer No. 12180, ± 1 psi . 
Tested 7-23-66 
Using data recording system . 
CD-25 No. 14490 

5 

-5 -4 

DC 
4 5 

3 

Fig. 3.12. The calibration line for the pressure 
transducer No. 14400, ± 5 psi , 
Tested 7-23-66 
Using data recording system . 
CD-25 No . 17083 



duced essentially the same vertical profile 
,ers pro ti' on of the time requirement, the use of 
h frac , . 

tt a 1 tube was discontinued. 
the sing e 

•t·es in excess of 10 feet per second, for 
Veloci ilopes reduce the use of the Ott current 
teeper s , f' ld . e 5 I order to reduce ie run times to a 

ters, ~ to reduce the drag on the velocity meters 
a1ni111um an anying support to a minimum, hypodermic 
and acco(p shown in Fig. 3 .13) were used to measure 
ne dle\/!tatic and dynamic head. The static head 
he tot ed at the solid boundary surface. Seven 
as 111easur 1 · d" 1 were arranged along a revo ving ra ia arm. 

of these the use of similar tubes in air flow at 
B sedRon olds numbers the coefficient was assumed 

1gh eyn f 1 . . b . 
nstant for the range o ve ocities eing 

0 be co . . . 
observed. Considenn? this ass l.UIT\'t7on and the fact 

if the distribution of velocities as represented 
a:he a and S velocity distribution coefficients 

1
" 1 . was desired, then these coefficients can be 

on) · · 1 f h . resented by the appropriate integra o t e ratio 
n;pthe square root of the pressure differential. The 
0 
ressure differentials were detected by means of a 

:ressure transducer whose voltage output was proportion-
1 to the pressure differential. The voltage was read 

and recorded automatically onto punched cards. Since 
the voltage was proportional to the pressure differ­
ential, the velocity distributio~ is identical to the 
distribution of the square root of the observed 
oltages. 

Subsequent comparison of velocity distribution 
coefficients as measured by the Ott current meters 
and by the hypodermic dynamic tubes indicated an 
overlap within the ranges of vari ability of the Ott 
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meter results. Therefore, it did not appear desirable 
or 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 . 



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. 

Visual 
Display 

Orifice 

Printed 
Tope 

Plotter 

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 llO 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 un~sed 
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 "time" 
"manual data" are printed out at the beginnin and 
each scan though they could be omitted at the g /f. 
of the operator. Pt ion 

The following is printed out for each channel: 

Channel identification 2 digits 
Polarity or overload 1 11 

Data 4 11 

Range or data ID 1 " 
Q is printed out for an overload. 

Fig. 4.2. 

T Sampling Interval 

·I 

3 ms 
Sampling time 

Schematic representation of time series 
sampled by data recording system. 

At the option of the operator the system may 
enter six digits of time information at the beginning 
of each record (scan). The indication and recording 
of time is in hours, minutes, and seconds. The source 
of each input data point is identified by a two digit 
channel number preceding the value of the data taken. 
Each four digit value is accompanied by indicators 
for range, polarity, and "off-scale" conditions. 

The range symbol is: 

10 
1 

0.5 
0.1 
0.05 
0.01 

volts 

II 

scale Symbol 
3 
4 
1 
5 
2 
6 

For the decade steps, the range symbol is the 
negative power of 10 by which the data is to be 
multiplied. The number 8 identifies the data as a . 
manual entry and the number 9 identifies a time entn · 
For example, 

05-74973 means that a value of -7 .497 is read for 
channel 5, 

14+53922 means that a value of +0.02696 is read 
for channel 14, 



means that channel 24 is overloaded, 
24Ql0733 

+45329 means a' time of 13 hours 45 minutes 
13 32 seconds, etc. 

details of the data format as the output from 
The · o !!'< at f 11 scale 
/D converter is . ' u . 

the A 

/i See l!llJ)lonahons shown below 

.,_ ~ 11111111111111111111111111111111111111111111111111111111 

:•::!'"~::•~::~;H~~; ~~~; ~ ~~~~~~~;;,~;,;77; 777'- ~~~77~;;;; ~~~77~;;;;7;;;;~;;7 
I !11 111111111 

1 1 
:innllllllllllll11l211<l11?2111111?Jlllllnn11n111nnn11111n111122 

iJJJI llJJ!llJJIJlJIJJJJJJlllJllllllllllllJlllJlJJJJJJJJllllllllllllllllllllllJ 

,111111,u, 1 • 11 1 ' 1"'
1
"'"

1
''"'''''''''''''''' ''''''''''''''''''"' ''' '''''' 11

111111111
u

1111111111
111111111111s111111111111111,1111111111111111111111111111 

I: I I I I I I I I ii I I I I I I I I I Ii I I I I I I I I I i I I I Ii I $ I I I I I Ii I I I I Ii I I I I I I I I I I I I I I I l I I I I ~ I I Ii I I 11 I I I 

I J)JIJIJIJllllllllllllJIJIJJIJIIIIJllllllllllllllJIJIJlllJ1111lllllllllllll J IJ 

1111111111111111111111111111111111111111111111111111111111111111,111111111111111 

I II~! I Ii I! I! I!~! t I!!!!'!~! I!!!~!~ ~.~~!.~!1! ~,!!.!!!!,!!!!!~!!!~.~~'~!!~,!!!'!I!~! I~!! 

Columns ( 1-8) 

1 2 3 4 5 6 7 8 l-500 µy 
2-50 µV 

~ta~ C C + V V V V R 
3-10 V 
4- 1 V channel s ign 5-lOOµy 

number 6-10 µy 

T11:1e H H + M M s s 9 

Hours Minutes Seconds 

:dcntifi-
cation I I I I I 8 

Fig. 4. 3. The data format as the output from Analog­
to-Digi tal Converter. 

4,3 Operations and Controls 

The outdoor circular storm conduit is located 
about 1500 feet away from the Colorado State University 
llydraulic Laboratory building. Data taken from the 
s •rm drain were transformed into electric voltage 
signals by the pressure transducers installed in the 
contro l trailer, shown in Fig. 4 .4. The transducer ' s 
slope and intercept calibrations for head versus 
oltage relations were determined in the following 
nner . First, the systems were allowed to come to 

equ.libriwn. The zero transducer voltage output was 
hen recorded. Next, valves No . 1 and No. 3 were 

closed and a differential head was applied in mano­
ter tube A. This was measured and recorded along 

.~th the corresponding transducer voltage output. Once 
an:se 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 
SO.DO 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 heights 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 . 

To Doto AcqutST1on 
System 

Motor driven Rockwell 
Perm1sphere (Globe) Valve 

Pipe Inlet 

Valve 

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 
( a and 8) 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. The rod support was at the conduit 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 thfs 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 

f 
4 R av 
v2 

av 
2g 

6E 
6x (5 .1) 

The Reynolds number for the same reach was com­
puted, based on average velocity and hydraulic radius 
as the characteristic length, i.e. 

V R 
Re av av 

V 
(5. 2) 
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A plot of these f values versus Reynolds 
Re, are presented in Fig. 5.2. The plotted po ·nllllber 
represent the results of experimental ranges 0 /~ts 
from O .56 to 2 .6 feet or depth-to-diameter rat io epth 
0.19 to 0.89. The discharges varied from 2.2S t ~ ~f 
cfs. The corresponding Reynolds number range is f 2• 
approximately 3 x 104 to 1 x 106 . roa 

TABLE 5 .1. Piezometer locations 

Distance from Incremental 
No. upstream end Distances -1 20.00 

2 100.00 80 .00 
3 197 . 00 97 .00 
4 308.40 111. 40 
5 406 .10 97 . 70 
6 509.60 103 .SO 
7 613.20 10S.60 

8 707.20 94.00 
9 772. 20 6S.00 

10 802.20 30 .00 

11 807.25 5.05 

12 812.25 5.00 

13 816.25 4.00 

14 819 .10 3. 00 

15 820.70 1. 60 

16 821.70 1.00 

Controlled and free outfall. The mathematical 
simulation of the downstream boundary condition for 
the controlled outflow required the calibration of 
a terminal (end) restriction. Any geometric configura 
tion was acceptable if it satisfied certain criteria: 

1. The discharge as a function of depth could 
be expressed simply, such as Q = myn in which m 
and n are constants and y is the depth of f101, 

upstream of the restrictions. 

2. The restriction was not so great as t o 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 restriction 
gate consisting of five 7-inch vertical wooden slats 
held in position by 2 1/2-inch wide vertical alumin~ 
H-sections. The clear opening was five inches bet~e 
supports. The discharge could thus be controlled Y 
varying the vertical position or by removing one or 
more slats (Figs. 2.13 and 2.14). 

. gs 
Calibration of various combinations of openin and 

was made by measuring the corresponding discharge 
the water surface elevation approximately 20 . f~~rges 
upstream of the control. For the range of dis 
anticipated in the unsteady flow runs, it was con­
cluded that the best combinations of openings was 
with the center three slats removed. 



Fig. 5.2. 
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LEGEND : 

Fig. 5.1. Isovels for partially full 

Variat· ion of D arcy-Weisbach friction f actor 

pipe flow. 

f with th 

Diameter Depth ot • 2.926 ft . 
Hyde Radiu'~ .,.,2 tt. 
Area• 2.37 s-qOj~e ft . 

Discharge• : 95 ~~uted fr 
Average Vet _60 measured om o50vels 
Slope ,O.OOi03.74 ft/sec 

/3•1 .008 
-'- ,1.023 

Reynolds llo • 5 .44 x10• 

e Reynolds number. 



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

Q 4.84 /· 35 cs .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 eva luations 
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 Di's charge Y/Yc 

DlA .001022 2 .10 0.731 
S2-9 .000132 3.26 0.746 
S1-5 .000032 4.14 0. 758 
D2A .001022 4.58 0. 749 
S1-6 .000032 7.96 0. 776 
S3-9 .000520 7.98 0.764 
D3A .001022 8.26 0. 751 
S1-7 .000032 11. 98 0. 761 
D4A .001022 12.92 0.740 
S3-10 .000520 15 .97 0.739 
DSA . 001022 16. 02 0.752 
S1-8 .000032 16.04 0. 726 
S2-10 .000132 16.64 0. 753 
S1-9 .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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Fig. 5. 3. Location of critical depth at the free out 
fall of a circular cross-section. 

The discharge and slope corresponding to the 
desired depth of flow in subcritical or supercritical 
regimes were estimated from the previous observations 
(see Fig. 5.4 and Table 5.3). The downstream control 
gate was adjusted to produce the desired type of 
backwater or drawdown curve. Because of the length of 
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 unifon 
flow were established both above and below the normal 
depth. Hook gage readings at the various piezometer 
locations were made at approximately IS-minute interva 
until such time as the readings stabilized . 

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 conne~ 
to the invert of the pipe through a flexible hose. e 
piezometer openings were 1/16-inch in diameter. At . 
each position there were a sufficient number of openin 
to insure a reasonable response time for each well-

The invert slope of the pipe was carefully d~t~r­
mined by means of a precise self-leveling level wit f 
an optical micrometer which permitted measurements 0 

the invert to approximately the nearest 1/lOOO ~i :et 
inch. Readings were taken approximately every 
and a least-square determination of the mean s 10P\nt 
was computed. If the maximum deviations at any P~811 
exceeded approximately 3/100 of a foot, from the 
line, adjustments to the pipe invert were made. 

5.2 Unsteady Flow Conditions 

Inflow hydrographs. Inflow hydrographs we;ter 
developed by manually manipulating a 26-inch di flll 
ball-valve at the upstream inlet of the main st0 



Fig. 5.4. 

0ilchor9, ch 

,a< 
Slope 

Estimate of discharge versus slope and 
depth of flow. 

conduit and the 12-inch diameter ball-valves on the 
1 teral inflow pipelines. The discharge hydrographs 

!'e measured and recorded by pressure transducers 
c nected across the orifices that were installed a 

. rt distance downstream of the valves . Figures 
S.S and 5 .6 show the experimental observed discharge­
inflow hydrographs of the main storm conduit and the 
la eral flow, respectively. 

Wave propagation. After the generation of inflow 
ydrographs, the subsequent wave depths were measured 

a several stations downstream as the flood wave 
ropagated along the conduit. Flood wave depths were 

ured by pressure transducers connected between the 
nduit invert and a set of manometers. 

The measured quantities were plotted as (1) depth 
er us time relations (Fig. 517), (2) depth versus 
stance relations (Fig. 5.8), and (3) wave peak depth 

er·us distance and time relations (Fig. 5. 9). These 
relations are later used to check the analytical solu­
i ns described in Part I and Part IV of these series 
f four papers. A summary of the experimental test 

ditions for the wave measurements are given in 
a le 5.4. 
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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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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 June 3-9, 19641 

Slope = 0.000132 Normal -----Depth- Depth Discharge Gate Condition Velocity Traverse 
Run No. Diameter Ratio ft (cfs) 0 en Closed Slats Manhole No. Outi. 

Prof!le 

B2C 0.3 0.88 3.44 X 2 

B3C 0.4 1.17 4. 71 X 2 

B4C 0.5 1.47 5.61 X 2 

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 

BBC 0.9 2.64 19.57 X 2 

B2A 0.3 0,88 3.26 X 2 & 3 
I 

B6A 0.6 2.05 16.64 X 2, 3 & end 
I 

1In Tables 5.3(a), (b), (c) and (d), each run from which recorded data were obtained has a run number assignq 
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 highest. 
c. Downstream gate position - using letters A, B, C, etc. Letter A represents the free flow (no gate 

condition); B, gate closed with no slate; and C, D, etc., gate closed with progressively decreasing 
area by means of the slats. 

d. Lateral inflow conditions - using numbers Oto 9. Zero indicates no lateral inflow, 1-9 will 
indicate the rate of inflow at each manhole. 

e. Unsteady flow conditions - this is efther blank·, R-, or F, depending· on whefhei the flow is of 
steady, rising, or falling discharge, respectively. 

f. Unsteady flow rate-of-change condition - using numbers 1-9 for progressively increasing rates of ch111&1 
of discharge, the longest rate indicated by 1, the highest rate by 9. 

TABLE 5 .3(b} Operating conditions for J1D'le 18-23, 1964 

Slope= . 0.000520 Normal 
Depth- Depth Discharge Gate Conditions Velocity Traverse Outlet 

Run No. Diameter Ratio (ft) (cfs) 02en Closed Slats Manhole No. Profile 

CIC 0.2 0.587 1.420 X 2 

C2C 0.3 0.88 2.040 X 2 

C3C 0.4 1.17 6.211 X 2 

C4C 0.5 1.47 7.960 X 2 

C5C 0.6 1.76 10.407 X 2 

C6C 0.7 2.05 14.097 X 2 

C7C 0.8 2.34 12.273 X 2 

CBC 0.9 2.64 18.353 X 2 

end I 
C3A 0.4 1.17 7.981 X 2, 3 & 

r.6A 0.7 2.05 15.972 X 2, 3 & end 
I 
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TABLE 5. 3 ( c) Operating conditions for July 13-17, 1964 

-;:-o:-001022 Normal 1 
Slop Depth- Depth Discharge Gate Condition 

Slats2 Velocity Traverse Outlet 

aun No. Diameter Ratio (ft) (cfs) Open Closed Manhole No. Profile 

~ 
.2 .587 2.13 X 2 and end X 

DlA 
.2 .587 2.13 X 2 

D18 
.2 .587 2.13 X 

DlC 

D2A .3 .88 4. 71 X 2 and end X 

D28 . 3 .88 4. 71 X 2 

D2C .3 .88 4.71 X 

D3A .4 1.17 8.23 X 2 and end 

D38 .4 1.17 8.23 X 2 

D3C .4 1.17 8.23 X 

D4A .5 1.47 12.1 X 2 and end X 

D48 .5 1.47 12.1 X 2 

D4C .5 1.47 12.1 X 

05A .6 1. 76 16.2 X 2 and end 

D58 .6 1.76 16.2 X 2 

D5C .6 1. 76 16.2 X 

06A .7 2.05 20.2 X 2 and end X 

068 . 7 2.05 20.2 X 2 

D6C .7 2.05 20.2 X 

D7A .8 2.34 23.5 X 2 and end X 

D78 .8 2.34 23.5 X 2 

D7C .8 2.34 23.5 X 

D8A .9 2.64 25.7 X 2 and end X 

D88 .9 2.64 25.7 X 2 
D9A-Rl 5-30 Unsteady flow 3 -point gage readings 

at 1) Upstream end 
2) MH 1 
3) MH 2 
4) MH 3 

D9A-Fl 
5) Downstream end 

30-5 

l 
To be set at approximately this value (± 0.2) 

2 

3 
To produce maximum depth at downstream end. 

To be repeated enough times to define profile of wave and times of transit. 
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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) 0 en Closed Slats Manhole No. Profile Remarks 

ElA .2 .587 7.0 X 2 and end X 

ElB .2 .587 7.0 X 2 Note locat 
of jump 

E2A .3 .88 16.0 X 2 and end X 

E2B .3 .88 16.0 X 2 Note locat 
of jump 

E3A .4 1.17 25.0 X 2 and end X 

E3B .4 1.17 25.0 X 2 Note locau 
of jump 

E4A .5 1.47 37.0 X X 

E4B .5 1.47 37 .o X 2 

ESA .6 1. 76 48.0 X 2 X 

ESB .6 1. 76 48.0 X 2 

*E6A . 7 2.05 60.0 X X 

E6B . 7 2.05 60.0 X 2 

E7A .8 2.34 68.0 X 2 X 

E7B .8 2.34 68.0 X 2 

EBA .9 2.64 70.0+ X 2 X 

EBB .9 2.64 70.0+ X 2 

E9A 70.0 Unsteady flow-point gage readings 
at 1) Upstream end 

2) MR 1 
3) MR 2 
4) MR 3 
5) Downstream end 

TABLE 5.4. Summary of data on experimental waves at CSU 

Base Flow Base Peak 
Depth- Flow Flow Wave Wave 

Diameter Discharge Discharge Peak Discharge- Duration Volwae 
Run Slope Ratio (cfs) (cfs) Base Flow Ratio (sec) ( cu-ft 

B2ARS1 .0001100 .21666 1.600 3.870 2.41875 27.000 31. 215 

B2AOS2 .OOOllOO .21666 1.540 13.020 8.45455 67.000 382.415 

B2AOS3 .OOOllOO .20846 1.4 70 15.290 10.40136 78.000 5 79 .665 

B3AOS1 .0001100 .37660 4 .180 6.940 1. 66029 24.000 41. 715 

B3AOS2 .0001100 .35131 3.490 15.010 4.30086 59.000 473.435 

B3AOS3 .0001100 . 38993 4. 350 17. 930 4.12184 83.000 707. 330 

C2AOS2 .0005500 .16198 2.580 20.330 7. 87984 77.000 621.699 

C2AOS3 .0005500 .16494 2.410 26.250 10.89212 95.000 986. 745 

C3AOS1 .0005500 . 36849 5.070 14.380 2. 83629 42.000 199 .295 

C3AOS2 .0005500 .36190 4.910 21. 920 4.46436 61. 000 532.945 

C3AOS3 .0005500 .35268 4.990 28.270 5.66533 80.000 924 .520 

D2ARS1 .0010300 .14729 2.990 19. 250 6.43144 60.000 595 .650 

D2AOS1 .-0010300 .15412 2.500 18.550 7.42000 70.000 538.SOo 

D2AOS3 .0010300 .17292 2.990 32.870 10.99331 97.000 1549.860 

D3AOS1 .0010300 .37216 7 .610 21. 450 2.81866 57 .000 3g5 .065 

D3AOS2 .0010300 . 34892 6.940 33.510 4.82853 90.000 
1235 .o95 
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TABLE 5.4. Summary of data on experimental waves at CSU - (Continued) ---- Base Flow Base 
Depth- Flow 

Diameter Discharge 
Slope Ratio (cfs) 

Run 

D3A053 
.0010300 .33901 6. 330 

3 .0009900 .34482 6.992 

4 ,0009900 .34311 7.592 

8 .0009900 .20812 1.913 

9 .0009900 .21666 2.602 

!9909 .0009900 .21290 .904 

10 .0009900 .20128 2.084 

11 .0009900 .34994 6.855 

12 .0009900 .34652 6.831 

13 .0009900 . 35849 7.280 

19913 .0009900 . 36464 7.466 

0 .0009900 . 30517 5.439 

9 .0004800 .24981 2 .472 

9 2 .0004800 .25152 2. 336 

9 3 .0004800 . 33336 5 .033 

9 4 .0004800 . 35885 5. 292 

at 50.00 feet 

2 -(I) 
(I) .•·"-. ,. . .. 

. ··. 

- ......... -......... •---... g- I .... .: 

0 

at 462.56 feet 

2 

ai 
--........ ~'::--L_j_____J_____J (I) 

100 200 - ......... ·······-..... 
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Chapter 6 

EXPERIMENTAL ERRORS 

Geometric Variables Error~s~1~·n~~=c::.::.::...:c-----=-=--
teel conduit used as an open channel for the 

nie s d herein was 3-feet in diameter, 1/2-inch 
a an~~{::-plate with a longitudinal welded joint. 

id:. r f t sections were butt-welded together and 
e 20- 00 ted on steel rails at approximately 20-foot 
re _suppo:t necessarily at the conduit joints. As a 
acing,/ the manufacturing process, handling, field 

resu! t O and the method of support it was not expected 
!dinhg, conduit would be perfectly circular or possess 
at t e · Th d b • ght line invert profile. e errors cause y 

1 stra1 h h · 1 · ysical departures from t e ma~ ematidca
1 

g~omed~ric
1 in the conduit cross-section an ongitu ina 

n ert slope are discussed here. 

Conduit cross-sectional irregularities . Measure­
nts were made on the inside diameter of_ the pipe at 
degree intervals to the nearest 0 .001 inch, both 

fore and after painting the inside of the pipe. 
fore the inside of the pipe was painted measurements 
re made at cross sections spaced 20-feet apart. 

fer painting, similar measurements were made at 10-
f. intervals. An elliptical cross-section (Fig. 6.1) 

assumed and the corresponding major axis (a), minor 
uis (b), the direction of the principal axes ( ex), 

ccenticity (e = Ii - (a/b) 2), area, wetted peri-
er, and hydraulic radius were computed based on the 

ree measured diameters at each cross-section and its 
orientation angle (Table 6 .1) . The differences 

tween the means of each of the parameters for the 
o surveys are not significant on the 5 percent level. 
is would indicate (1) that painting the pipe had no 

effect on the internal geometry, and (2) that doubling 
e number of stations did not significantly improve 

nowledge about the geometry of the pipe. 

4c, - C a lftCULAR SEGMENT -

~ DIF,. •~•-AES 
Acs x 100 

AES - ELLIPTIC SEGEMENT -Q 
~ 

• =..;1-ct> 
F1 . 6. 1. 

O~finition sketch for the relation of the 
circular and the elliptical cross-sections. 

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 13.71 46.5 
(degrees) 84 160 . 37 82.95 7.78 49.43 

Area- (inch 2) 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 8.87 8. 7785 8. 76 0 .0183 
Radius 84 8. 89* 8.7742 8 . 75* 0.0181 
(inches) 

* Occurred at same section 

Accepting an average area of 968.4 1 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 calcul ations . 

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 ex . 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 l 
percent . 

In view of the interrelated effects of depth, 
eccentricity, and ex , 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 Oto 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 precisi on 



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 predetennined 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 detennination 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 redetennined. 

2 .0 

<t 
w 
a:: 
<t 

:: 
a:: 
0 
a:: 
a:: 
w 
~ 1.0 

. 8 

. 6 

.4 
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0 
0 18 

Eccentricity 
176 

Eccentricity 
0 . 10 

36 

ALPHA 

54 72 

DEGREES 

90 

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 data of 
8 to 14 seconds. That is, the time recorded b 
orifice transducer for a given flow discharge i 
time when that discharge actually reached the ed 
test section by the amount of time it took fore: 
wave to travel the 82. 2 feet. To eliminate th. 1 

d . ff ' h · · is 1 erence 1n t e comparisons, time lags were 
visually from comparison of observed and compu:s: 
(depth versus time) and all experimental times e 
adjusted by this amount. Wert 

TABLE 6.2. Data for Colorado State Universi·t 
experimental conduit invert slop~ 
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entation Errors 
.3~ 

ntation errors were analyzed on the basis 
rnst~n results. Since the true values of ·brat10 f call ti ties can never be exactly measured, the 

ysical. q~an rocess of each instrument was considered 
alibratio ~rate estimate of the errors in the 

be an ace . . 
tO d quantities . 
.,easure 

mmon method of giving bounds on the errors 
es ~h~°standard deviation s defined by 

2 
s 

N 

I 
i=l 

(6 .1) 

is the individual reading observed in a 
i .-hichang~i q is the corresponding reading from a 

-en r ' o . d reference curve in the same g1 ven range as qi an 
is the total number of observations. 

For a Gaussian distribution of errors and a 
Significance level, the physical quantities measured 
by each instrument can then be expressed as 

q
0 

=qi~ 2 s (6 . 2) 

Equation 6.2 means that approximately 95 percent 
of the measured quantities qi lie within the range 
of t 2 s of q0 • 

Table 6. 3 gives a summary of the calibration 
results of the orifice meters, current meters, and 
pressure transducers (as described in Chapter 3) by 

ing Equation 6. 2. 

6.4 Reproducibility Errors 

As stated earlier, an attempt was made to perform 
so experiments having conditions exactly the same 

conditions of some selected previous runs. This 
as done to have some measure of the errors due to 

reproducibility inherent in the experimental system. 
By running two runs under exactly the same conditions, 

e differences between the observed wave forms and 
e 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 +O.l 
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 Cl - Cl + 0.00826 Reynolds no. 3xl05"-2xl06 

rlfice Medium Ooenin~ Fig. 3.1 0.00220 + 0.00440 Reynolds 2x105-,,2x106 
ters Cl - Cl no. 

Large Opening Fig. 3.1 0.00320 Cl = Cl ± 0.00640 Reynolds no. 5x105-,,2x106 

Large Ooening Fig. 3.2 0.01619 ft3 V = V ± 0.03238 ft 3 Volume 8 "' 15 ft 3 

Trent 
ters Table 3.1 0.0141 ft/sec V = V + 0.0282 ft/sec Velocity 1 "' 8 ft/sec 

Table 3.1 0.0451 ft/sec V = V ± 0.0902 ft/sec Velocity 8 "' 16 ft/sec 

essure ft of ft of Pressure ± 1 psi 
ransducers 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 SlDlllnary 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) Instrl.Dilentation was selected for maximl.Dil 
accuracy and reliability under field conditions. 

(4) Calibration of instrl.Dilents was carried to the 
point of reducing errors to practical, feasible 
miniml.Dils. 

(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 maximl.Dil 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 geomet~ic 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 the summer months 
with air temperature in the range of 65°-s5°F. No 
significant effects due to the differences in climatic 
conditions were observed . 
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7.2 Potential of Facilities for Further Experi 
Investigations ~ 

Experience with the designed and constructed 
experimental research facilities indicates that th 
following subjects may be studied effectively 8Jlde 
eventually warrant further investigation or v;rif' 
cation on these facilities: 1

• 

(1) Friction losses in unsteady free-surface 
flow as compared to losses in steady unifonn flow 
be studied, after the further theoretical investig~ 
have been undertaken, and the new experimental me~ 
conceived and designed beyond all previous works, 

(2) Experiments studying the movement of hydraauc 
bores through storm drains when the long flood waves 
pass to bores may have practical significance. If 
so, this significance can be checked through new 
analytical derivations made by experimental observa­
tions; for example, how the shape and friction factors 
of storm drains affect this movement. 

(3) Experiments for better understanding the 
modification of flood waves in a complex conduit, slldl 
as changes in conduit cross-sections, bottom irregular 
ities, presence of local hl.Dilps or similar obstructiou 
could be conducted. 

(4) Experiments with the propagation of flood 
waves in a dry storm drain will contribute to a better 
understanding of this phenomenon. 

(5) Experiments could be conducted to better 
understand and describe particular end botmdary con­
ditions, which can occur in practice with storm drains 

(6) Experiments of flow close to full cross­
sections would permit an evaluation of conditions for 
full flow or intermittent full flow, free surface fl• 

(7) Specially designed experiments of partially 
full steady flow would permit an evaluation of the 
air transported by the surface drag and the accompany• 
ing pressure reduction within the free space of the 
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 fol lowing s ubjects 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 se l ected, de­
signed, and constructed in the Outdoor Laboratory of Colorado State University to 
accurately measure geometric and hydraulic charact eristics , 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 relative ly 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 I I, 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 t ypical 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 I I, 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 
swnmarized 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 hydraul ic 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 I I, Physical Facilities and Experiments. 
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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 



FLOOD ROITTING THROUGH STORM DRAINS 

Part III 

EVALUATION OF GEOMETRIC AND 

HYDRAULIC PARAMETERS 

by 

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

Chapter 1 

INTRODUCTION 

1. l Objective of Evaluation of Geometric and Hydraulic 
Parameters 

The objective of evaluating various geometric and 
hydraulic parameters of an experimental conduit was to 
arrive at sufficiently accurate knowledge of the 
coefficients in the two partial differential equations 
of gradually varied free-surface unsteady flow in a 
storm drain. The conduit is described in detail in 
Part II of this series of four parts, (Hydrology Paper 
·o. 44). The numerical integration of these two 
quasi-linear, partial differential equations can 
not produce accurate solutions if the coefficients of 
these equations are not sufficiently and reliably 
evaluated and expressed, with well estimated constants. 
These two partial differential equations in dimension­
less form are (see Eqs. 3. 23 and 3 .19, Part I, Hydro­
logy Paper No. 43) : 

A av ~ l~ L 
VB ax + + ax Vat VB (1. 1) 

and 

av av B av 
~= (So - Sf) B~ -+-- + -g ax g at ax Ag (1. 2) 

Th~ coefficients of these equations therefore, are 
l ~B, l, 1/V, and q/VB in Eq. 1. 1., and a.V/g, 8/g, 
' and [(S0 - Sf) - BVq/Ag] in Eq . 1.2. Using 
he Darcy-Weisbach 

Sf = fV2/8gR, and 
equation for energy gradients, 
expressing the friction factor 

e.iuation as a function of Reynolds number, f = w(Re)= 
(VR/v) th . 

of Eq • e parameters that appear rn the coefficients 
at s · l . l and 1. 2 are: cross section area (A), 

er surface . d h ( t e bott wi t B), hydraulic radius (R) , and 
• e 

III 
om slope (S0 ), as geometric parameters, and 

or ou;:~ veloci ~y (V = Q/ A), lateral continuous inflow 
factor ow as discharge per unit length (q), friction 
( and c:~ • the v?locity distribution coefficients 
'he Rey la' the kinematic water viscosity (v) in 
g) /\ s number, and the gravitational acceleration 
on~tan: ydraulic parameters. These parameters are 
he depe~d~r func~ions of either of the two or both of 
, depth nt variables, the mean velocity V, and 

change als/ of th? flow in the conduit. They may 
as the independent variables x and t 

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 l ~ss 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 

• Profess -------------------------
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••,i. l'Si ty, 
ssociat 
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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 sam~ 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 Eva luation 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,S) result in 
still smaller relative errors in the water depths 
of numerically integrated partial differential equation 
of given waves. 

2 

1.3 Specifications about Geometric and Hydraul· 
Parameters that Define Coefficients of~ 
Partial Differential Equations ~ 

The geom:tric par~eters depend on the depth 
(as one of the two dependent variables in parti Y 
ential equations) for a circular prismatic conda~ 
are constants along the conduit and in time forllit 
depth. The geometric parameters A, B, and Ra Ii 
the area, surface width, and hydraulic radius ' or 
respectively, must be known as functions of d~pth for 
input into Eqs. 1.1 and 1.2. The bottom slope (S 
as another geometric parameter is an arbitrary paro) 
It is constant in this study for any given run and 
is assumed independent of any other variable 0 ; 

parameter. The area (A) and the surface width (I 
are functions of the depth (y) only. As the ener 
gradient (Sf) is a func~ion of the hydraulic radi: 
(R), and as R = A/P, with P the wetted perimeter 
it is necessary to know A(y) and P(y) 
and through them R(y). The errors in the measurt-
ment of depth (y), the non-circularity approximated 
by the ellipticity of the conduit in this study, the 
angle of the minor axis of the fitted ellipse with 
the vertical (tilting of the ellipse), the errors in 
the conduit diameter (D) , and the undulations in the 
bottom slope (S0 ), all affect the accuracy of the 
three parameter functions, A(y), P(y) , and 
R(y) , which define the coefficients of the 

partial differential equations. The computation of 
these three functions and the errors involved are 
defined in this paper under evaluation of geometric 
parameters. Chapter 2 is concerned with the geometri 
parameters of the experimental conduit, particularly 
the discussion of effects of errors in depth, errors 
due to approximate ellipticity, inclination of the 
elliptic profiles to the vertical, errors in conduit 
diameter, and effects of the undulation of the invert 
of the straight aligned conduit . 

It was necessary to obtain by experiment s the re­
lation between the friction factor and the Reynolds 
number, instead of using a constant friction factor 
of rough pipes, because the energy loss measurements 
the experimental conduit have shown the conduit to be 
a smooth boundary pipe. The evaluation is given 
in Chapter 3 using the Darcy-Weisbach friction factor 
(f) as the measure ·of the smooth boundary rough­
ness. 

Apart from the resistance to flow of the smooth 
conduit boundary, resistances may occur in the forll 
of additional energy losses at sudden changes in 
the geometry along the conduit. All losses at short 
structures along the conduit, which deviate from 
the circular prismatic conduit, may be encompassed ast 
losses at geometric singularities. The only import~on 
singularity studied for energy losses was the JU~ct~d 
box where the lateral inlets join the main condu~tthe 
produce additional energy losses, both because 0 

geometry of the junction box and because of the 
inflow from the lateral inlets into the main 
flow. These losses are studied both an a small ribed 
model and in the experimental conduit and are desc 
in Chapter 4 . The experimental facilities used to 
determine the results are described in Part II, 
Hydrology Paper No. 44. 

The two velocity distribution coefficients, 
0 

and e , enter into the coefficients of partial been 
differential equations. Experimental study ~as tal 
carried out in the main conduit of the experi~ene 
facility to determine both the variation oft ~s 
coefficients with hydraulic parameters and their 



and constant representative values. The 
·mate ,pproxi d the results are described in Chapter 5. 

rocedure an 
p be stated that no numerical solution of 

It can · f d 11 . d . d · fferential equations o gra ua y varie 
partial / e unsteady flow is reliable without 
free-sur a~aluation of the corresponding boundary and 
ccu:ate enditions. Chapter 6 and 7 describe the 

1n1t 1a~ c~d experimental results in establishing 
analys~s boundary and initial conditions of the 
relia~ e tal conduit for the objectives of this study. 

penmen 

Because the temperature of water in the experi­
l conduit drawn from the bottom of the Horse­

acnt~ Reservoir near the CSU Engineering Research 
toot was constant (about S0°F) during experiments, 
center . . . • ( ) · h t 
h Variations of kinematic viscosity v wit em-

t e · h .. f R f erature, and through it t e variation_ o e• , a, 
~d e with temperature were not studied. 

1,4 Lateral Inflows 

The lateral inflows into storm drains, or the 
outflows out of them, may be either concentrated at 
points or distributed along them. In most cases the 
inflows into storm drains are concentrated at junction 
boxes. Also, in a majority of cases the outflow is 
concentrated at some main points of a drain. However, 
cases can be conceived where some inflows into storm 
drains may be continuous along a conduit (longitudinal 
drainage of ground water), and the outflow may be 
continuous either as the longitudinal seepage out of 
he drain or as the spillover along the top of a drain. 

Equations 1.1 and 1.2 are designed to deal with these 
continuous inflows or outflows, with q measured in 
discharge per unit length of a drain. This case was 
not investigated in this study, however. In other 
words, the potential physical inflows or outflows as 
discharges per unit length of the storm drain have not 
been evaluated, and the influence of errors in these 

3 

flows in the comparison between the analytical and 
physical waves has not been studied. Therefore, the 
coefficients q/VB in Eq. 1.1 and BVq/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 infl uence the flow 
of a free-surface liquid are defined as follows 

1 - Diameter, D 
2 - Depth, y 
3 - Central angle, e 
4 - Wetted perimeter, P 
5 - Surface width, B 
6 - Area, A. 

Derived parameters of significance 

1 Hydraulic depth, y* A 
B 
A 2 - Hydraulic radius, R p 

are: 

3 - Section factor from Darcy-Weisbach equation, 

A= AR½ 
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 great er 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. 

y 

Fig . 2.1. Definition sketch for parameters of a 
circular cross section . 
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0.2 0.4 0.6 0 .8 1.0 12 

Fig. 2.2. Relative geometry of the circular cross 
section as it varies with relat ive depth. 

2. 2 Errors in Parameters as a Function of Errors in 
Depth 

The relative error in each of the dependent para 
meters is expressed in terms of the re l at ive er r or in 
the depth as follows: 

1. Wetted perimeter defined as 

p = D e 2 
has the relative error 

dP de 
p e 

in which 

and 

gives 

e 2 cos-l (1 - _q_) 
D 

1 

D ½ -1 (- -1) cos 
y 

2. Surface width defined as 

B = D sin ~ 
2 

dB 
T= 

1 

3. Area defined as 

A 
02 

8 (e - sin e) 

(2.1 

(2 .2 

(2.3 

(2.4 

(2. 5 

(2. 6) 

(2. 7) 



ives 

dA - 1 - cos e Cdee) 
T - sine 

1 -~ 

(2.8) 

Hydraulic depth defined as 
4, 

A 
y* B 

(2. 9) 

1ives 

dy* dA dB 
--= A s y* 

(2 .10) 

s. Hydraulic radius defined as 

R 
A 
p (2 .11) 

11ves 

dR dA dP 
R = T - p (2.12) 

6. Section factor defined as 

Z = AR½ (2 .13) 

gives 

dZ dA dR y= -+ 
2R A 

(2 . 14) 

These relative errors, (Eqs. 2 . 2, 2.4, 2.6, 2 . 8, 
2.10, 2.12, and 2.14) being functions of depth, are 
P!ot ted as ratios of the relative-depth error in 
Fig. 2.3. It may be seen that the relative error in 
all parameters except for that of wetted perimenter 
and hyd:aulic depth become less as depth increases 
. r a given relative depth error. The significance of 
iese curves will be demonstrated in the calculation f f . . r1ct1on factors and Reynolds number . 

2,3 Errors in Parameters as a Function of Ellipticity 

Since no physical "circular" conduit has a 
aathematic 11 · . . t . a Y circular shape, 1 t 1s necessary to 
1 5 

ermine the effects of the physical variables. As 
s:t~matic approximation, an elliptical shape was 

he f~ · Par~eters describing the departure from 
he ow area in a circutar cross section are then 

~esecc;~tricity and thi direction of the principal 
· e eccentricity is defined as 

e = -Ji - c!?./ 
a 

(2 .15) 

in Which 
diameter a and b are the major and minor semi-
axes d f'. respectively. The direction of the principal 

' e 1ned ,nor ax· as the angle a is the angle that the 
is makes with the vertical as shown in Fig. 2.4. 

5 

Hydraulic 
Radius 

Relative Error 
Relative Error in Depth 

Fig. 2 . 3. Geometry of circular cross section 
represented as relative error in parameter 
versus relative error in depth. 

t· --- ---

T 

Acs _ CIRCULAR SEGMENT -0 
Acs -AES 

% OIFF. = Acs x 100 

~ 
a. .. 
0 

AES - ELLIPTIC SEGEMENT-Q 

~ 
e=../1-(-',:-) 

b 

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 Oto rr/2 in increments of rr/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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Fig. 2.5. Percent difference in area versus eccentricity and depth. 

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 
s tudy had a 3 foot outsitle 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 s ections 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 painteq. 
An ellipse was fitted to the three measured diameters 
at each section and its orientation determi ned. 

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 
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no effect to its internal geometry and (2) doubline 
the number of stations did not significantly improve 
knowledge about the geometry of the conduit. 

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

TABLE 2.1. Geometry of the experimental conduit 

Major 
Axi s 
Inches 
Minor 
Axi s 
Inches 

Eccentri-
city 

Alpha a 
Degrees 

Area 2 Inches 

Wetted 
Perimeter 
Inches 
Hydraulic 
Radius 
Inches 

*occurred 

Number 
of 

Stations 

21 
41 

21 
41 

21 
41 

21 
41 

21 
41 

21 
41 

21 
41 

at same 
The first line of 

Maximum Mean 

17.869 17.617 
17.913* 17.604 

17.626 17.516 
17.680 17.510 

0 . 176 0.1021 
0.175 0. 0993 

165.58 84.84 
160.37 82.94 

989.5 969.47 
994.9* 968.4 

111. 51 110 . 373 
111.82* 110.314 

8.87 8. 7785 
8.89 8.7742 

Minimum 

17.538 
17.554 

17.435 
17.430 

0.046 
0.051 

13. 71 
7.78 

965.3 
964 .1 * 

110 .13 
110.07* 

8.76 
8.75* 

Standard 
Deviation 

0.175 
0.047 

O. 0375 
0.031 -o. 0310 
O .0244 

46.5 
49.43 

3.84 
3.94 ---o. 2769 
o. 2167 ----0.0183 
0.0181 

------section. . teriot 
figures refers to unpainted in ·nt .. 

of the conduit, while the second refers to the pal 
conduit ----



tricity and the angle a in the observed 
Eccenf the conduit were used to estimate possible 

ie()llletrr othe hydraulic calculations. The percent 
errors in e between the circular and elliptical segments 
:tifferenc•vimum and mean eccentricity at a depth ratio 
f the m..,- . • ) d or as determined (Fig. 2.5 an plotted as a 
of 0-~ w of the angle a (Fig. 2.6). 
function 

A may be seen from this plot, the error in area 
~mum at an angular position of zero and 90 

1s 1113 xi The maximum error for the mean eccentricity 
degr~e\onduit with this depth ratio is 1.1 percent. 
oft emean a-angle of about 85 degrees, the maximum 
for a for the mean eccentricity is approximately 1 per­
error 
cent. 

For depth ratios greater than 0.2 the relative 
rors are less than the errors with smaller ratios . :~r larger eccentricities, relative errors become 

larger at an increasing rate. For smaller a-angles 
relative errors decrease to zero at approximately 45 
degrees and with an absolute value which is equal to 
the maximum at zero degrees. 

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 being representative. 

Fig. 2.6. 

3 0 

2 0 

ALPHA DEGREES 

Percent error in area at depth 0.2D, for 
the experimental conduit. 

·
5 

~rs Due to Vertical D" 1 t of a Circular ~ss Section isp acemen s 

Definit• lid~ d ion of Errors. The deviations of a given 
-nt ma/~ 3 :Y fr?m a mathematically straight align-

e identified in three broad regions: 

direc~~~ ~e ~oundary irregularities which contribute 
?Jughness. viscous shear and consequent hydraulic 

0c (b) Mis 1 · cur grad a ignments of the mean boundary which 
Ually when the length of the boundary is 
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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 [l) (see Fig. 
2 . 7). 

--·-
:c ... 
Q. .., 
0 

..J ;o 
a: a: 
Oo 
z ... 
' 

L 

Fig. 2 . 7. Definition sketch of the effect of bottom 
irregularities. 

At any section the total energy is 

2 

E=z+y+~ 2g 

Upon differentiation, 

or 

V dV 
g dx 

(2.16) 

in which Sf is the rate of energy loss which may be 
represented by 



2 2 A 2 
f V £_ L = ( ~) 
8g R = 8g A2R A (2.17) 

The derivatives of Eq. 2.16 may be expressed as 

z 

and 

z - x S + z sin 211x 
-L-

V dV 

o o a 

dz 211 211x 
dx = - So + L za cos -L-

~ dy - F 2 dy 
g dx = -

gA3 dx dx 

A 2 
- F2 (~) (~) dy 

A B dx 
0 

(2.18) 

(2.19) 

in which F 
uniform slope 

is the Froude Number corresponding to a 
s 

0 

After substitution of Eqs. 2.17, 2.18 and 2.19 
into Eq. 2.16 and solving for dy/dx, then 

211z 
a 

-L- cos (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 beafound if the geometry ratios can be 
expressed in terms of the depth ratios (y/y ). It 
is not possible to express the geometry of a0 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 

L = l + e: sin ( 211x - <f, ) 
yo L 

in which e: is the ratio of amplitude to 
<f, is the phase angle for the depth wave. 
is done then 

e: cos (2 11x _ <P) 

L 

(2.21) 

y0 , and 
lf this 

(2.22) 

From Eqs . 2.20 and 2. 22, expanding the cosine of the 
sum and equating the coefficients of the unknown 
phase angle <f, in Eqs. 2.20 and 2.22, the value of 
<f, is determined for the infinite wide channel to be 

<P 
-1 tan 

[ 

-3 S0 L ] 

211y (1 - F 2) 
0 

(2. 23) 

8 

The amplitude of the depth wave y
0 

can now be 
evaluated from 

211za sin <f, 
e: = 

3 S
0 

L (2.24 

Equations 2.23 and 2.24, for the infinite w·d 
channels, relate those quantities which are requ~ e 
estimate the effect which the periodic channel i~red 
larities have on the corresponding changes in ther:gu. 
of flow. This is an approximate evaluation of eff 
of periodic bottom irregularities in conduits. ect 

Calculations and results. Equations 2.23 and 
2.24 were solved for various combinations of 

(a) channel slope, 
(b) wave length of channel irregularity, 
(c) amplitude of channel irregularity, and 
(d) normal depth. 

The Darcy-Weisbach friction factor was taker. as a 
constant 0.012. 

Table 2.2 presents the results of these calcula­
tions. The results indicate, as expected, that for 
a F·roude' number greater than one the depth wave is 
nearly in phase with the bottom wave. The slight 
difference is due to flow resistance. For a Froude 
number less than one the depth wave is out of phase 
with the bottom wave by essentially 11 Again, the 
slight difference is due to flow resistance. 

Note that the amplitude of the depth wave is un­
changed for various lengths of the bottom wave, pro­
vided that other parameters are also unchanged. The 
amplitude of the depth wave compared to the length of 
the bottom wave ranges from approximately one for low 
Froude numbers to approximate ly three for Froude 
numbers close to one. 

Significance to physical observations. The 
channel invert was aligned as carefully as possible 
to a constant, uniform slope. All leveling was done 
with a sel £-leveling level with an optical micrometer 
which could measure to at least O. 001 inch . Alignment 
was accomplished by first adjusting the conduit to a 
predetermined position on the supporting rails .. Then 
the invert elevations were observed at 45 positions 
approximately 20 feet apart and least-square deter· 
mination of the slope and the deviations at each 
position was made. If the deviations showed a con· 
sistent or excessive trend in a given length, that 
portion of the conduit was readjusted and the elevatl 
redetermined. 

Due to unavoidable irregularities in successive 
sections of the conduit and the method of joining 
sections, it was impossible to completely eliminateent 
all deviations from the mean slope . Table 2.3 pres 
the results of mean slope determinations and the . ns 

. . deviati0 corresponding maximum and root-mean-square 
from the slope of least-square fit. 

These results show that the invert profile 0!ate 
the conduit had an undulating bottom with approxi 
0.01 foot of amplitude and 20 to 40 feet of wave 
length. 

· the Equations 2.23 and 2.24 were solved ~sing_dal 
case of an infinitely wide channel with sinus~i•ting 
bottom. This case may be considered as the l~m~l>" 
one for a circular cross section flowing partia ' . nstant 
full if the radius is considered to remain co · aall inusoi and the centerline of the section to vary s 1113, about the mean slope. Thus, the entire section 



. d as changing position vertically rather profile, it may be concluded that for the slopes used 
t,e cons1dere inusoidal change of the invert or radius. in this study the observed depths may deviate from 

an onlY a s the ideal by 0.01 to 0.03 of a foot on the average. 
nsideration of the results of Table 2.2 Based on the maximum deviations the water depth may 

an_co_ the effect on the observed water surface differ from the ideal by 0.03 to 0.09 of a foot. 
in pred1cting 

f,'IILE 2.2 . 
Theoretical effect of bottom irregularity on water surface profiles. 

froude z -ft. L-ft. </>-Rad. e:y0 -ft. Froude z -ft. L-ft. </> -Rad. e:y 0-ft. 
No, a Slope No. a 

Slope 

.0100 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 3.227 .120 
80 6.216 .004 80 3.255 .120 

.03 20 6.266 .005 . 0001 .258 .01 20 3.142 .0ll 
40 6.249 .005 40 3.143 .0ll 
60 6.232 . 005 60 3.144 .0ll 
80 6.216 .005 80 3.145 .0ll 

.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 

.001 .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 3.277 .060 60 3.144 .043 
80 3.255 .060 80 3.145 .043 

TABLE 2 .3. Slope deviations of the experimental 
conduit 

Roo t-Mean-Square 
Slope Max. Deviation, ft Deviation, ft 

.0000052 +.0188 .0116 

.0000157 +.0182 . 0135 

.0000303 +.0214 .0099 

.0001325 +.0195 .0099 

. 0005197 +.0347 .0ll 7 

.0010101 +.0279 .0ll9 

.0074578 -.0240 .0133 

.0200690 +.0375 .0141 
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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 Chezy, 
Manning, Co 1 ebrook-Whi te, Hazen-Wi 11 i ams, and D.arcy­
Wei s bach 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 

(3.1) 

in which Sf is the slope of the energy gradient, f 
is the Darcy-Weisbach friction factor, V is 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 

(3.2) 

in which the hydraulic radius (R) is 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 i s 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 boundari es, such as the boundary of 
experimental conduit used in thi s s tudy, and for Rey­
nolds number greater than 2.5 x 104, the Prandtl-von 
Karman equation [4] 

1 
-= 
fl 

b (3.3) 

relates the friction factor f only in terms of 
the Reynolds number (R ). The constants a and b 
in Eq. 3.3 are determin~d experimentally. Their 
values depend on the selection of the Reynolds 
number length parameter, assuming that the mean flow 
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velocity and the kinematic viscosity are always 
uniquely defined. For open channels, it is conveni 
to express the Reynolds number as 

VR 
\) (3,4 

in which R is the hydraulic radius of the given 
cross section. Equation 3.3 for open channels With 
smooth boundaries becomes 

1 

.ff 
2 log10 (Re fl) + 0.4 (3 . 

In the case of full flow through a circular crose 
section, the length parameter in the Reynolds number 
is the diameter, or R; = VD/v. In this case Eq. 3,3 
takes the familiar form 

.!_= 2 log (R*fl) - 0.8 
.ff 10 e 

(3.6 

The evaluation of f from Eq. 3. 3 for a given 
R requires an iterative procedure, and often excessi 
c6mputations are needed. To simplify computations 
(within practical limits of Reynolds numbers for 
specific conditions) it is convenient to use a 
simplified form of the f to R relation. Thus, a 
practical form of expression fof this relation is 

f (3. 

in which c and d are constants to be empirically 
determined . 

The purposes of the experimental investigations 
of hydraulic resistance in this study were: (a) to 
confirm the hydraulically-smooth surfaces of the 
experimental conduit; (b) to develop a simplified 
expression for the friction factor as it is related 
to Reynolds number, in the form of Eq. 3. 7, and (c) 
to determine the effects of an assumed constant 
friction factor on unsteady flow through storm drains 
and compare these with the effects of a changing 
friction factor related to Reynolds number in the 
same type of flow . 

3.2 Observations on Hydraulic Resistance int~ 
Experimental Conduit 

The experimental conduit and the ins trumentati: 
used are described in Part II (Hydrology Paper No, 
of these series of four papers on flood routing d ill 
through storm drains. A brief summary is repeate 
this subchapter. 

. f . . . . t d of a 3.foOt The experimental ac1l1t1es cons1s e 
diameter, 822-foot long circular conduit wi th a r· 
slope adjustable between O and approximately 4 pe 
cent. Water surface elevations used to study 
hydraulic resistance are measured by hook gages 



!6 positions along the conduit (see Table 
Jocated atl gy Paper No . 44). The invert slope of the 
5.I, ~ydro 

0
carefully determined by means of a precise 

du1t was h · 1 · t o· eon 
1

. g level wit an optlca m1.crome er. 1.s-
seJf-Jeve 1.n desired depth of flow in the conduit was 

e for a · ( b 3 charg d from previous observat1.ons see Ta le 5. 
est11nate Paper No. 44) and established at the conduit 
ffydrologfhe downstream outflow-control gate was 
inlet, d to produce the desired backwater or drawdown 
dJUSte several conditions of non-uniform flow were 

curve . . h d both above and bel-ow normal depth. Hook 
StabhS e , . . 1 . e 

1 
el s at the var1.ous p1.ezometer ocat1.ons were 

ge ev pproximately 1S minute intervals until the 
read_at a stabilized. Hook gage readings, gage zeros, 
read~ng!rt elevations were transferred to punch cards 
nd invith the steady discharge rate and the conduit 

along w Data was then ana l yzed by means of a digital 
slope. 
co puter . 

. 3 Ana lysis of Experimental Results 

The total energy per unit weight flowing in a 
artially full channel is defined as: total energy 

tead = invert elevation + depth of flow + velocity 
head . The difference in successive values of total 
energy head divided by the distance between conduit 
stations represents the rate of energy loss. This 
Joss rate (Ez-E1)/6x, the averag~ hydraulic radius, 
and the average of the velocit y--Keads at the ends of 
the reach, (V2/2g)av , were then substituted into the 
resistance equation to eva luate the friction factor 
f as 

f 
4R av 

cv2 ;2g) 
(3.8) 

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 
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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 approximatel y 3 x 104 to 1 x 10 . 

0 .100 

0080 

006() 

0.040 

0.030 
a: 
~ 0025 
C..) 

~ 

z 
0 

0.020 

- ·-·-·----- ·- ·• 

~ t:, "' i== 0.015 
C..) 

EQU. / 
◊ t:, 

a: 
LL 

0.010 

0.008 

0.006 

0005 
1()4 

PRANDTL vonKARMAN 

2 

◊ 
0 

0 

4 6 

REYNOLDS NLMBER 

0 ◊ t:, 

0 

8 105 

VR 
V 

For the data shown in Fig. 3.2, the values of 
constants a and b in Eq. 3. 3 are 2. 07 5 and o 1/be 
respectively. These will be compared later with.thl4, 
constants of 2.0 and 0.4 in the Prandtl-von Karma e 
equation for the free-surface smooth boundary flo: 
For the values a= 2.075 and b = 0.1434 in Eq. 3 
the mean absolute deviation of the points in Fig. 3 ·

3 

from the line defined by Eq. 2. 3 is O. 00167, With ·2 

standard deviation of 0.0024. The two extremely a 
departing points on the right side of Fig. 3.2 mak 
the standard deviation greater than it really shou~d 
be. 

The two points in Fig . 3.2, which are much abov 
the other points and the curve of the Prandtl-von e 
Karman equation could not be verified as inaccuracy 
of observations or the ensuing data processing . It 
is considered to be reasonable to assume that they ar 
mistakes either in observations or in data processinge 
their values being about two times the expected • 
values on both the Prandtl-von Karman curve for their 
corresponding Reynolds numbers and the expected values 
determined from the curve fitted to all observational 
points. These two points are retained in Fig. 3.2 to 
show that mistakes are often unavoidable in experi­
mental results, and that they should not be arbitraril 
removed. 

To save computing time, the constants c and d 
in Eq. 3. 7 were evaluated and used in subsequent com­
puter programs. The constants c and d in Eq. 3.7 
used for integrating unsteady-flow equations, are 
estimated from data in Fig. 3.2 to be 0.10939 and 
-0.17944, respectively . 
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Fig. 3.2. Variation of Darcy-Weisbach friction factor f with Reynolds number Re based on the slope 
representative of the entire length of experimental conduit. 
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h Eqs 3.3 and 3.7 show a decrease of f 
Alt~ou;ease ;f Re it can be shown that for a 

~.th an inc ge of Re the changing friction factor 
11•itedbraneplaced by an average value or a representa­
f JllllY etrant An investigation, presented in Part I 

cons · 
t ~ve Paper No. 43), was done for the range of 
Hydrolo&Yobserved in this study and shows a relatively 

values h 1 · 1 d e- d"fference between t e ana yt1ca waves compute 
siaall 1 e of the friction factor in Eq. 3. 7 and by 
b)' the us . f . . f fa constant representative r1ct1on actor 
the use o 
fc• 

4 Effect of Depth on Friction Factor 
), -

The Darcy-Weisbach friction factor, f, has 
demonstrated to be a function of Reynolds number. 

beehn gh it is not possible to separate the effects 
Alt OU h f . . f h of velocity and geo~etry on t e r1ct1on actor, t ere 
h e been attempts 1n the past [3] to demonstrate the 
~~ect of depth alone on friction factor. A similar 

ettempt was made in this study to compare results with 
;reviously published results. 

The Darcy-Weisbach equation relat es friction 
factor, depth, velocity, and slope of energy line in 
he general form 

(3. 9) 

The Prandtl-von Karman equation relates the 
friction factor, depth, velocity, and properties of 
I e fluid in the form 

(3. 10) 

By eliminating the velocity V between Eqs . 3.9 
and 3.10, the new general function is 

0 (3 .11) 

so that for a given slope (Sf), a kinematic viscosity 
(v , and a depth of flow (y) the friction factor 
Cf) may be computed. Because S is a function of 

for this analysis of the long 2onduit the slope of 
nergy line is assumed to be equal to the bottom 
lope' or Sf = So . 

Equation 3.2 gives 

V = ( 8g:fR(2 (3.12) 

so that th p 
111 sub . e randtl-von Karman equation becomes now 
and f st ituting Eq. 3.12 for V in R in Eq. 3.5 

bar Sf= S
0 

for the steady flow,ewith S
0 

being 
e 0 ttom slope, 

1 

/f + 0.4, 

and the f 
becomes itted Eq. 3.3 with a= 0 . 1434 and b 

l 
If= 0, 1434 log

10 ( 
(BgS /~R

312
) 

o + 2.075 
V 

(3 .13) 

2. 075 

(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 f 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) is 
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 ~O cubic feet per second± 0.3 cubic 
foot per second. These values will be used in the 
expression for the friction factor 

f = 

2 
BgSfRA 

Q2 
(3.15) 

with s = s f 0 
for the steady flow. 

The errors are ±0.005 foot, ±0 . 00001, and ±0.3 cubic 
foot per second respectively for y, Sf and Q. 
By differentiating Eq. 3. 15, the error equation for 
the assume2 independent errors in the four quantities 
(y, Sf' RA and Q) is 

[
af ] 

2 

aQ E: (Q) (3.16) 

in which E: (f), 

the errors in f, 
2 The error E(RA) 

from the error in 

The derivatives 

2 
E:(Sf)' E:(RA ), and E:(Q) represent 

Sf, RA
2

, and Q respectively. 

is evaluated by means of Fig. 2.3 
the depth (y), given as E(y) . 

af/asf' af/a (RA2) and af/aQ 

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 y, Sf' and 

Q are their respective standard deviations of random 
errors, then the standard error of random errors in 
the friction factor, E(f), is 
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E(f) {(2 .681 X 0.00001) 2 
+ (0.000286 X 0.0997) 2 

+ 

2 ½ 
+ (0.0001787 X 0.3) } = 

{7.18 X 10-lO + 8.12 X 10-lO + 

+ 28.5 X 10-lO}½ = 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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6.6 x 10- 5 may be considered as a lowe~ boundary 
practical evaluations of random errors. 

3.6 Conclusions 

From the consideration 
can be concluded that: 

(1) The boundary of the conduit used in thi1 

experimental study is hydraulically smooth. 
(2) Estimations of friction factors made 

comparing water elevations across short reaches 
in significant random errors (shown by Fig. 3,1), 
using the entire conduit length (822 feet) for 
puting the energy slope the spread of errors is 
smaller (shown by Fig. 3.2). 

(3) The friction factor may be 
practical applications as 



-0.17944 
f,, 0.10939 Re 

(3.17) 

4 6 
ge of Reynolds numbers from 3 x 10 to 1 x 10 . 

for 8 (~r An average Darcy-Weisbach friction factor of 
. considered representative of the smoothness 

0,012 1~oundary of the experimental conduit for the 
of the f R in this study, 
range O e 

/ 
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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 900 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 [SJ 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 90° 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 

( ~:) [ ~: - 1] 
---=-2------2--"-------- ' (4 .1) 

4 ( ~:) [ 2 (~:)-( ~:) (l+cos ~) ~: 1] 
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in which k2 is the ratio of the velocity head 
depth in the branch channel, Q is the branch to 
Qd is the downstream flow, Yut is the depth 

·Yd is the depth downstream, and ~ is the an~s 
branch channel makes with the main channel. ' 

He tested a model junction in which the mai 
branch channels were of equal width and at the sn 
intersecting elevation. He also tested 450 and 13 
junctions for combining and dividing flow. His 
experimental results for a 45° combining flow agr 
well with his theory but there was lack of agreea 
between theory and model for the 135° combining n 
This disagreement was attributed to the distortion 
of velocity distribution below the channel juncti 
and to the flow not being parallel to the channel 

In 1950 the University of Minnesota modeled 
channel junctions for a drainage system to be used 
Whiting Field Naval Air Station (7]. The channels 
were trapezoidal, with a maximum prototype dischar 
of 960 cubic feet per second. Their slopes were 
supercritical, which normally creates hydraulic j 
in both the main and side channels. One of the 
conclusions of this report was that model studies 
this type of junction were necessary until better 
design criteria could be developed. 

Discussing manhole and other junction losses i 
storm sewer drains in 1964, Jens and McPherson (8, 
page 20-31] state "There are virtually no data on 
which estimates of such losses can be based, other 
than those from the recent University of Missouri 
experiments." 

In 1958 a study of storm drain junctions [9] 
conducted at the University of Missouri, It was b 
an analytical and experimental investigation, invol 
full-pipe relation only, with the top of the juncti 
box open to the atmosphere. This work was concern 
with pressure changes across the various junctions 
studied. The results of this study were graphic 
procedures for designing full-pipe storm drain 
junctions. These graphs represented the empirical 
relations between the ratio of lateral flow to the 
flow leaving the junction, and the ratio of pressur 
head lost in the junction to the velocity head of 
either the main or lateral flow. 

Discussing the present state of knowledge con­
cerning channel junctions, Chow [10, page 512] sta 
''The problem is so complicated that only a few simpl 
and specific cases have been studied. The conclusi 
of such studies indicate that generalization of the 
problem is r,ot possible or even desirable." 

4.3 Experimental Facilities 

The evaluation of energy losses accompanying 
lateral inflow into a main conduit having free-surfa 
flow was accomplished on two separate experimental 
facilities in this study. A plastic pipe with a 
six-inch diameter provided a means of economically 
developing the basic evaluations of junction box 1os 
The results were then verified by a limited number 0 

tests in the 3-foot diameter conduit. Agreement bet 
the two systems was obtained based on Froude similai 
relation. The details of the two physical systems 
presented in Chapter 2, Hydrology Paper No. 44. 



the model studies ohf thhedrela
1

~ion of po~er 
In he ·unction toot er y r~u ic ~roperties 

1oss at t ~ of junction box configuration was 
one typ d · 1 onlY_ This junction box ha two lateral in ets 

stud~ed. t elevations above the invert of the main 
at di~fere~he two lateral inlets were studied separate­
conduit, i·n and lateral conduits entering the 

The ma h · d · t f IY· . b x were circular, aving iame ers o 
juncti~n hos and 1.873 inches,respectively. The 
6,2SO inc ~imited to steady, free-surface, subcritical 
study was 
coinbining flow. 

h results of this study are in the form of two 
'. e (one for each inlet) which show the relations, 

equations . h ·- . . .h the power loss int e ·Junction, t e power 
betwe~n the )·unction, the rate of main conduit flow 
entering f 1 1 · fl d . the junction, the rate o atera in ow, an . 
intod th of flow entering the junction from the main the ep 
conduit, 

This particular study is one of the foundations 
for further stu~y 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 cond;i.tions with 
the upper inlet for the two extreme relative discharges 
of lateral inflow to main conduit flow (Qr). ! 

Fig. 4 .1. 

Fig, 4.2. 

Flow conditions for S 
5.56 with lower inlet? 

Flow conditions for S 
8.44 with lower inlet? 

0.000537, 

0 .000537, 
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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 

E 
v2 

z + y cos e + a 2g (4. 2) 

in which E is 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 e 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, e 
is, within the limits of physical observation, 
sufficiently close to zero so that the cosine of e 
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 

Fig. 4.3. 

Fig. 4.4. 

Flow conditions ·for S 
3.30 with upper inlet? 

Flow conditions for S 
7.40 with upper inlet? 

0.000537, ~ = 

0.000537, ~ 
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E z + y 
v2 

+-
2g (4. 3) 

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 

p yQE 

v2 
yQ(z + y + 2g) 

(4 .4) 

(4 .5) 

in which P is the power in foot-pounds per second, 
Q i s 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 
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 
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the junction was computed by multiplying the pro­
jected energy at the center of the junction box 
main flow in cubic feet per second and by the s 
weight of the water. 

The computation of power downstream 
junction was made in a similar manner to 
made for the upstream power. 

Power contributed to the junction box by the 
lateral inflow was similarly computed. In this 
it was necessary to consider both the difference 
elevation between the lateral conduit invert and 
main conduit invert, and the depth of flow in the 
lateral conduit or the piezometric head of the la 
conduit at full flow. 

In the case of the lateral flow with the lo 
inlet, the inlet can be submerged or flowing parti 
full. As all experiments were carried out with 
submerged lateral inlets, the power of lateral i 
was determined by the conditions of full lateral 
flow as existed a short distance upstream of the 
This power is then 

Q2 

P yQ (-R.- + D + z ) 
R. 2 A 2 R. 

g R. 
in which AR. is the area of the lateral inlet 
duit and DR. is the diameter of the lateral con 
The term z is zero since the zero datum was tak 
at the invert rn the center of the junction box. 

Using the lower inlet of the lateral infloV 
the junction box and with submerged flow the pew 
input was evaluated by 

Q2 

p = yQR. ( 7 + y + z ) 
2gAR. 



is again zero. The 
The term z d t d -Y . box is eno e as 

•unction h d" 
iJI thebYJ averaging the depht ~ea ii:igs 
-•ned d stream of t e Junction .. and own 

depth of water 
and was deter­
immediately up­
box. 

stred 
upper inlet of lateral inflow When using the 

the junction box, 
iJ!tO d . t the power 
-in con ui , 

with free-surface flow into the 
input was evaluated by the 

relation 

v
2 

) C + + z 
p = yQR, ( 2g y C U 

(4.11) 

. is the critical depth for the given flow 
in w~i~h /c v is the critical velocity, and zu is 
condiUO~ ' 1 distance from the datum to the invert of 
the vertic~nlet. Critical depth ai:id critical velo-
t!I• upper evaluated by the expression 
citY were 

1 

in which A is the cross sectional 
top width, Q is. the rate of flow, 
pvity acceleration. 

area, 
and g 

(4.12) 

B is the 
is t .he 

Analysis and results. In order to relate the 
energy losses for various flow conditions, the data 
vere made dimensionless by expressing the power losses 
as ratios of power inputs in the form 

y~Em + yQ.e,E.e, - yQdEd 

y~ Em + yQl.e. 
(4.13) 

in which P is the ratio of power lost in the j unc­
tion box torthe power entering the junction, the sub­
script m referring to the upstream conditions or the 
inflow to the junction box from the main conduit, the 
subscript .e. referring to the lateral inflow condi­
tions, and the subscript d referring to the down­
stream conditions or the outflow from the junction 
box. The above Eq. 4.13 is thus an expression of 
efficiency of the gi ven geometry and flow conditions 
at the junction boxes. 

It was assumed that the power loss ratio Pr 
could be expressed as a function of the relative dis­
charge of the lateral to the main conduit flow when 
using . the upper inlet (Qr = Q.e, fQ_). The validity 
~f th7s assumption is demonstrate\!! in Fig. 4. 6. The 
unctional relation between the power loss ratio and 

the disch~rge ratio was developed. The fitted equation 
to the points in Fig. 4. 6 is 

(Pr - 0.77)(~ + 0.55) - 0.482 ( 4. 14) 

cal Equation 4 . 14 was used for all subsequent numeri-

bo computations for losses produced at the junction 
x when 1 t 1 • . 

in let a e:a inflow was introduced at the upper 
~ b · Equation 4 .14 is applicable for values of 
dard etween_o.1 and 6.0. Within this range the stan­
Val error 1n est i mating Pr is 0.0218. For ~ 
ha~e~ less than 0.1, the power loss ratio is less 

depth ·~3· Wh~n there is no lateral inflow and the 
half f: flow in the main conduit is less than one­
the sam l, the power loss through the junction box is 

e as for the straight, undisturbed conduit. 
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Fig. 4.6. The pr 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 

p 
r 

-2.78 + 1.71 D r 
~ + 3.122 - 0.167 Dr 

+ o. 77. (4.15) 

I.0•r---- ----- -----------------, 
0 . P, 

06 
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0 .1 
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. 0 .1, -0.l t 

o, 

1.0 10 

Fig. 4. 7. The Pr versus Qr for various Dr re­

lationship for the lower inlet of laterals. 



The standard error in estimating P for given 
values of Qr is 0.082. Disregarding tfie values of 
Dr of less than 0.5, the standard error in estimating 
Pr for given values of Qr is 0.067. The estimated 
values of Pr apply for the range of Qr from 
~pproximate 0.15 to 0.8. The depth ratio Dr range 
1s 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 

( 4 .16) 

in which z = D r' X = loglO ~, y = loglOPr, and 

al -1.129, a2 = 1.045, a = 0.662, a4 = 0.376, 3 
as -0.753, and a6 = 1. 045. 

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 
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flow. This higher velocity near the solid bo 
increases boundary shear and hence the bounda~dary 
tance. The e~fect persists d?wns~ream until theres 
normal depth 1s approached which 1n this exper· 
was about 50 pipe diameters. 1D1ent 

The second factor is the experimental difficu 
in measuring the water surface due to the transverlt 
waves and longitudinal surges generated by the se 
instabilities in the junction box. In spite of th 
measurement difficulties, the analysis of data sh• 
consistencies in the means of junction hydraulic OW 
parameters, but with relatively wide scattering of 
points about the fitted curves. 

The_observed hy~raulic friction factors of the 
Darcy-We1sbach equation are presented in Fig. 4.8 
for the downstream main conduit section of upper 
and lower inlet postions, as well as for the up­
stream main conduit section. Within the upstream 
:each, with no_ fl~w disturbance produced by lateral 
inflow, the fr1ct1on factor ranges approximately 
betwee~ 0.010 and ?-020. Downstream of the junctioa 
box, with lateral inflow from the upper inlet the 
friction factor ranges between 0.020 and 0.030 with 
a tendency toward the lower end of the range. Down­
stream of the junction box, with lateral inflow fraa 
the lower inlet, the friction factors range approxi• 
mately between 0.010 and 0.030 with a tendency to 
cluster around a value of 0 .020 . 

From the preceding discussion, it is concluded 
that the energy losses resulting from lateral inflow 
into a junction box consist of two components: the 
immediate energy losses during the change in directi 
of the lateral flow and the gradual decay of turbul 
in the channel downstream of the junction. The fo 
has been evaluated and related to the significant 
meters of geometry and flows. The latter has not b 
evaluated in a manner which would permit application 
to general use. 
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The relation of friction factor f versus Reynolds number R : (a) downstream, upper inlet, 
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Chapter 5 

VELOCITY DISTRIBUTION COEFFICIENTS 

Definition of Velocity Distribution Coefficients 
5.1 ;;;...----

E uations which define the velocity distribution 
_q• ents are based on momentum and energy consider­

coefflCl espectively. This may be demonstrated as 
ations, r Momentum due to a motion of an incompressible 
fol~dow!;y be expressed as 
f}Ul 

M / pv lvl dA, 
A 

(5 .1) 

.
0 

which plvldA describes the mass ~f w~ter passing 
1 h the area dA of a cross section in a unit of 
t~roug The integrals in the following text are over the 
ume. A d h 1 . . A . 11 b cross sectional area . an t e imit wi e 
deleted in these expressions. 

One-dimensional considerations give 

(5. 2) 

An approximation to this evaluation of one­
dimensional momentum flux is to represent it in terms 
of the mean velocity V as, 

2 
M = flp V A 

The coefficient fl 

fl 

(5. 3) 

is then defined as 

(5.4) 

The constant in the equation of kinetic energy 
per unit weight correspondingly develops into the form 

a (5. 5) 

d :hus , the general theoretical form of a velocity 
1stnbut ion coefficient of n-th order is represented !0r the velocity v at a point raised to the power 
. by 

/vndA 

VnA 
(5. 6) 

~n Which equation n takes on only integer values. 
:ch\ equa~ ~o. one, the coefficient <j, is unity, 

•, • 2 Y definition is the mean velocity. Values of 
den and n = 3 in Eq. 5.6 give the momentum (fl) 

respec~:&Y (a) velocity distribution coefficients, 
ively , 

Of veiq~tion 5. 6 permits the evaluation of the effect 
d ~city di stributions in a cross section on a 
and S.and the computation of interrelation between 
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5.2 Approximate Relation Between a and fl 
Coefficients 

Consider the time-average velocity at a point as 

v = (l+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 is defined as 

V ¼ / vdA = ¼ J (l+k)VdA V + t: I kdA, 

the integral kdA over the area A must be zero. 

When fl and a are expressed in terms of k 
then 

fl (5. 8) 

and 

a = 

Because the integral of kdA is zero, 

(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 fl . 

(b) For the case when maximum velocity is less 
than twice the mean velocity, the absolute value of 
k will be less than one and in that case O <l/k3dAI < 
/k2dA. 

3 (c) As the value of k approaches zero, the 
k - term bbcomes less significant compared with the 
k2 - term, and hence, as an approximation, 

a -1 = 3 (5.10) TT ' 

or a : 313 -2 

The values of a and fl 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): 

(v-V) = 2 L log10 + 0.88 
v/f Yo 

(5 .11) 

in which v is the point velocity at position y, V 
is the mean velocity for depth y and f is the 
friction factor in the Darcy-Weigbach equation. 
Substituting the value of v from Eq. 5.11 into Eq. 
5.6, and integrating in the limits from zero to y

0
, 

$ - coefficients for values of n = 2 and n = 3 
are, respectively, 

13 $2 = 1.0 + 0.755 f + 0.023 /f + 01 (f) (5.12) 

10,.----.------,----..---~--~--~ 

,oet---+----+---+---+-------4-------l 

a 
·••t---+----+---+---+-------+-------l 

·- .QOI .otl .o .. 
Friction Foctc,r, f 

Circ111 l•r 
"••1111 

.010 .014 

and 

a = $3 1.0 + 2.263 f + 0.035/f - 1.284 f./f + 

in which oJ (f) and a2 (f) represent the ne 1 effects of Boundary layers. In this case th& 
functions are the result of integrating Eq. 5

9

11• 
the limit of the boundary layer rather than f~ 
solid boundary. In each case, however, the vel 
distribution functions of the boundary layer hav 
negligible effect on the respective velocity dis• 
bution coefficients. The plots of these equati 
are shown in Fig. 5.1 as the computed a and 8 
values of partly flowing conduits. Within this 
of friction factors the theoretical dependencies 
a and 13 coefficients on · f are approximately 
linear for values of f greater than 0.004. 

It is interesting to note that the ratio of 
(a-1)/(13-1) lies approximately between 2.5 and 2. 
as shown in Fig. 5.2. The fact that the ratio of 
3.0 of Eq. 5.10 does not agree with the range 2.S 
2 .6 as developed for the logarithmic velocity dis 
bution in an infinitely-wide channel indicates tha 
for that case at least, the integral of the k3 -
must be significant as well as negative. 

For the case of a full flow in a circular 
the following equation has been determined 
experimentally to be the velocity distribution 
tion [4) : 

v-V 

v/f 

1.052 

LOH 

1024 

1.020 

I 010 

L012 

1.001 

1004 

/3 

1.000 1t_ __ ...J_

0
L
04 
__ ---1

000 
___ ...J_ __ _j_ ____ oz"'=o--"iii .... 

· Frictici;;" Foctor;'1 

Fig. 5.1. Theoretical relation and CSU experimental points of velocity distribution coefficients versus 
friction factor f. 
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Fig. 5.2. Relation of a and S versus friction factor f. 

in which the variables are defined as before, and r 
is the radius of the conduit. Substituting the valug 
of v from Eq. 5.14 into Eq. 5.6 and solving for q, 
within, the l imits of boundary thickness (o) and 
r0 one obtains respectively 

a q,2 1 + 0.034 /f + 0.941 f (5.15) 

and 

a= 4> 3 = 1 + 0.051/f + 2.828 f - 2.685 f/f 

The values of a and S from Eqs. 5.15 and 5.16 
are ~lso plotted in Fig . 5.1. These curves approach 
straight l ines for a large range of £-values. Simi­
l~rly , as in the case of an infinitely-wide open 
~ ~nn~l, a and S coefficients depend only on the 
(;:~hon fac~or f . In this case, the ratio (a-1) / 
sh ) ~lso hes approximately between 2. 3 and 2. 4, as 

own 1n Fig. 5 . 2. 

SYJnm Be~ause the velocity distributions are often non 
fk3~trical around the mean velocity, the integral 
negativmay be negative if the absolute values of the 
of th e ~ _are much greater than the absolute values 
dis t ~bpo~it1ve k. This is the case in the velocity 
and ;~eutions ~f both the infinitely-wide open channel 
Whil ~ull pipe flow as given by Eqs. 5.11 and 5.14 
(a- ii u~i~g a lower limit of zero. Therefore, (a- 1)/ 

e1ng smaller than 3.0 is expected. 

The 
With the 
?· 12 and 
in Which 

comparison of curves of Eqs. 5.15 and 5.16 
correspondi ng curves for S and a of Eqs. 
5.13 in Fig. 5.1 indicates that for channels 
the side walls substantially affect the 
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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 S- 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 S and a . 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 
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Fig. 5.3. Isovels (equal velocity lines) for partially full conduit flow. 

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 IO-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 

a r 
+ b 0 + c 0

2 
+ d 0

3 
r r r (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 

(5.18) 

3. For the velocity expression at a given angu­
lar position, the integrals of v6dA, v6

2dA and 
v63dA . are obtained, in which dA was the area re­
presented by a IO-degree sector to the free-water 
surface. 
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4. The results of Step 3 divided by the appro. 
priate relation of the mean velocity and the total 
area resulted in a and e coefficients. 

The root-mean-square difference between the 
observed velocities and the computed velocities 
(based on the polynomial fitting procedure) was coa­
puted for each case of measurement of velocity dis 
butions of partly full conduits. The calibration 
equations for each current meter and propeller were 
included in the computer program so that the veloci 
was computed from the given data before polynomial 
fitting was begun. 

5.4 Results of Experimental Investigations 

Several comparisons of test conditions and ob 
vational procedures were made to identify their ef 
on the computed velocity distributions. These con• 
siderations were reproducibility of results, effec 
of depth, location along the conduit, number of po 
velocities, and length of time for observing the 
velocity. The results of these evaluations are pre­
sented in Table 5.1. This table gives data in th! 
following order : run identification (RUN NO.), dis• 
charge in cubic feet per second as measured by th~ 
inflow orifice (DISCH), depth of flow in feet _at 
measurement cross section (DEPTH), cross sectional 
area in square feet (AREA), mean-velocity in feet 
per second based on the measured discharge (VEL), 
number of point velocity observations (N), averjf) 
number of point observations per square foot (Nd cl! 
ratio of the mean velocity based on the measure 
charge compared to the mean velocity obtained byt 
tegrating the observed velocities (GAMMA), momen 
velocity distribution coefficient (BETA), energy 
velocity distribution coefficient (ALPHA) , the

1 
ci 

mean square difference between the observed ve 0 



Reproducibility and effects of various factors on velocity distribution coefficients f,'BLE 5-__:.l:_· ____________________________________ _ 

RIil NO DISCH 

___ ..,..t\ucibil_& 
~26.340 

X?r,ti2B 26.340 

XlOM2A 16.130 
XIOM2B 16.130 

Effect of Depth 
-x:f2M2A 8.260 

X6MH2A 13.450 
XIOM2A 16.130 
xgr,ti2C 20. 520 
XSr,ti2X 24.240 

DEPTH 

2.210 
2.139 

1. 612 
1.597 

1.064 
1.442 
1. 612 
1.888 
2.079 
2.210 

AREA 

5.449 
5.268 

3.797 
3.754 

2.209 
3.301 
3.797 
4.588 
5.ll0 
5.449 X?!oll2A 26.340 

Effect of Position in Direction of Flow 
-xsMHlA 23. 930 

X8r,ti2X 24. 240 
X8MH3A 24.240 

X9!olllC 
X9MH2C 
X9Wi3C 

20.520 
20.520 
20.520 

XlOMlA 16.130 
XlOM2A 16.130 
XlOM3A 16.130 

2.ll0 
2.079 
2.063 

1.909 
1.888 
1. 880 

1. 617 
1. 612 
1. 611 

5.192 
5.110 
5.067 

4.647 
4.588 
4.566 

3.812 
3.797 
3.795 

Effect of Number of Point Velocities 
X8MH2X 24.240 
X8t-li2Y 24.240 

Effect of Length of Time 
X6MH2A 13.450 
X6MH2A 13. 450 
X6MH2A 13.450 
X6t-li2A 13.450 
X614-12A 13. 450 
X6MH2A 13.450 

X8MH2X 
X8MH2X 
X8MH2X 
X8MH2X 
X8MH2X 
X8MH2X 

xs1,1-12y 
X8MH2Y 
X8MH2Y 
X8 tH2Y 
X8MH2Y 
XS 1H2Y 

24.240 
24.240 
24.240 
24. 240 
24. 240 
24.240 

24. 240 
24.240 
24.240 
24.240 
24.240 
24. 240 

2.079 5.110 
2.094 5.150 
of Observations 
1.442 3.301 
1.442 3.301 
1.442 ~- 301 
1.442 3.301 
1.442 3.301 
1.442 3.301 

2.079 
2.079 
2.079 
2.079 
2.079 
2.079 

2.094 
2.094 
2.094 
2.094 
2.094 
2.094 

5.ll0 
5.110 
5.110 
5.110 
5. ll0 
5.110 

5.150 
5.150 
5.150 
5.150 
5.150 
5.150 

VEL 

4.834 
5.000 

4.248 
4.297 

3.739 
4.075 
4.248 
4.472 
4.744 
4.834 

4.609 
4.744 
4.783 

4.416 
4.472 
4.494 

4.231 
4.248 
4.251 

4.744 
4.707 

4.075 
4.075 
4.075 
4.075 
4.075 
4.075 

4.744 
4.744 
4.744 
4.744 
4.744 
4.744 

4.707 
4.707 
4.707 
4.707 
4.707 
4.707 

N 

146 
144 

91 
91 

33 
70 
91 

122 
140 
146 

148 
140 
144 

123 
122 
121 

94 
91 
91 

140 
73 

70 
70 
70 
70 
70 
70 

140 
140 
140 
140 
140 
139 

73 
74 
73 
73 
73 
73 

d the Vel . . . 
polyn . ocities in feet per second computed from the 
~al i~mial fits (STDDEV), and the observed time inter­

seconds used to compute the mean velocity. 

These result · . They do ro . s were not intended to be conclusive. 
reliabii ~ t vide, however, a measure of effect and 

i Y of the overall results. 

The general observations on these data are: 

(a) The 
0 the mean Ve roo~-mean-square (STDDEV), as a percent 

(b) Th locity, is of the order of 1 percent. 
e easured \computed ~ean velocity is larger than 
H cases. ean Velocity by less than 3 percent in 

(c) The • 
C0nforms relation between a and 8 coefficients 

approximately with Eq . 5.10. 
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N/A 

26.79 
27.34 

23.96 
24.24 

14.94 
21.21 
23.96 
26.59 
27.40 
26.79 

28.51 
27.40 
28.42 

26.47 
26.59 
26.50 

24.66 
23.96 
23.98 

27.40 
14.18 

21. 21 
21.21 
21. 21 
21. 21 
21. 21 
21. 21 

27.40 
27.40 
27.40 
27.40 
27 .40 
27.20 

14.18 
14.37 
14.18 
14.18 
14.18 
14.18 

GAMMA 

1.006 
1.008 

1.025 
1.028 

0.920 
1.037 
1.025 
1.025 
1.002 
1.006 

1.011 
1.002 
1.007 

1.014 
1. 025 
1.024 

1.006 
1.025 
1. 017 

0.999 
1. 012 

1. 037 
1.034 
1.032 
1.031 
1. 031 
1.032 

1.002 
0.999 
0.999 
0 .999 
0.998 
0.998 

1.012 
1.013 
1.011 
1. 010 
1.010 
1. 010 

BETA 

1.006 
1.005 

1.011 
l.Oll 

1.066 
1.005 
1.011 
1.006 
1.009 
1.006 

1.009 
1.009 
1.007 

1.006 
1.006 
1.008 

1. 010 
1.011 
1.011 

1.010 
1.008 

1.005 
1.005 
1.005 
1.005 
1.005 
1.006 

1.009 
1.010 
1.009 
1.009 
1.009 
1.009 

1.008 
1.008 
1.008 
1.008 
1.008 
1.008 

ALPHA 

1.018 
1. 017 

1.030 
1.029 

1.123 
1.019 
1.030 
1. 019 
1.027 
1.018 

1.025 
1.027 
1. 021 

1. 019 
1.019 
1.024 

1. 028 
1.030 
1.030 

1.028 
1.022 

1. 019 
1.020 
1. 019 
1.020 
1. 019 
1.020 

1.027 
1.028 
1. 027 
1. 027 
1.027 
1.027 

1.022 
1.022 
1.023 
1. 024 
1.024 
1.024 

SfDDEV 

0.051 
0.081 

0.041 
0.035 

0.037 
0.037 
0.041 
0.047 
0.042 
0.051 

0.058 
0. 042 
o. 048 

0.094 
0.047 
0.046 

0.044 
0.041 
0.045 

0.029 
0.049 

TIME 

0.037 30 
0.028 60 
0.021 90 
0.018 120 
0.018 150 
0.101 180 

0.042 30 
0.029 60 
0.029 90 
0.030 120 
0.030 150 
0.030 180 

0.049 30 
0.039 60 
0.032 90 
0.029 120 
0.030 150 
0.026 180 

(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 the~~ observations are pre­
sented in Table 5.2. 



TABlE 5.2. Velocity distribution coefficients in the conduit of 2.926 feet in diameter. 

Hydraulic Discharge Mean Re= VR 
Designa- Depth Radius Q Velocity \) 

tion Slope ft R, ft cfs fps X 105 
Cl e 

S1-4 0.000032 2.926 0.732 5.610 0.834 0.4 1.036 1.012 
S1-7 1.547 0.757 11. 980 3.320 1. 653 1. 017 1.004 
S1-8 1. 779 0.818 16.040 3.748 2.017 1.019 1.006 
S1-9 1.984 0.857 19.620 4.042 2.278 1.021 1.007 

S2-2 0.000132 1. 749 0.811 10.080 2.404 1. 283 1.026 1.009 
S2-3 2.064 0.869 15.340 3.026 1.736 1.020 1.007 
S2-4 2.371 0.890 18.940 3.245 1.900 1. 017 1.006 
S2-5 2.630 0.873 19.570 3.073 1. 765 1.018 1.006 
S2-6 1.152 0.620 4.710 1. 915 0.781 1. 040 1.013 
S2-9 0.903 0.512 3.260 1.848 0.622 1.060 1.024 
S2-10 1.785 0.819 16.640 3.873 2.087 1.024 1.008 
S2-10 1.936 0.849 16.640 3.524 1.968 1.021 1.007 

S3-1 0.000520 2.644 0.870 18.350 2.870 1.643 1.021 1.007 
S3-2 2.309 0.889 12.270 2.156 1.261 1. 027 1.009 
S3-3 2.079 0.870 14.100 2.756 1.577 1.027 1.009 
S3-4 1. 740 0.809 10.410 2.498 1.330 1.032 1.011 
S3-5 1.497 0.742 7.960 2.299 1.122 1.055 1. 022 
S3-6 1.154 0.620 6.210 2.519 1.028 1.084 1.029 
S3-7 0.871 0.497 2.040 1. 215 0.397 1.056 1.022 
S3-10 1. 771 0.816 15.970 3.752 2.014 1.033 1.011 

D2A 0.001022 0.810 0.468 4.000 2.637 0.812 1.073 1.024 
D2B 0.817 0.471 4.000 2.605 0.807 1.037 1.016 
D3C 1.964 0.854 8.220 1. 713 0.962 1.027 1.009 
D7A 1. 989 0.858 23.380 4.803 2. 711 1.024 1.008 
D7C 2.357 0.890 23.380 4.028 2.358 1. 021 1.007 
D8B 2.166 0.880 25.620 4.800 2. 779 1.024 1. 008 

X6MH2A 0.001001 1.442 0. 725 13.450 ' 4.075 1.944 1.019 1.005 
X7MH2A 2.210 0.884 26.340 4.835 2.812 1. 018 1.006 
X7MH2B 2.139 0.878 26.340 5.000 2.888 1.017 1.005 
X8MH1A 2.110 0.874 23.930 4.609 2.650 1. 025 1.009 
X8MH2X 2.079 0.871 24.240 4.744 2. 718 1. 027 1.009 
X8MH24 2.094 0.873 24.240 4.707 2.703 1.022 1.008 
X8MH3A 2.063 0.869 24.240 4.783 2.734 1.021 1.007 
X9MH1C 1.909 0.844 20.520 4.416 2.452 1. 019 1.006 
X9MH2C 1.888 0.841 2:J.520 4.472 2.474 1. 019 1.006 
X9MH3C 1.880 0.839 20.520 4.494 2.481 1.024 1.008 
Xl0MlA 1.617 0 . 777 16 .130 4.231 2.163 1.028 1.010 
X10M2A 1. 612 0. 776 16 .130 4.248 2.169 1.030 1.011 
X10M3A 1.611 0. 775 16 .130 4.251 2.167 1.030 1.011 
X10M2B 1.597 0. 772 16.130 4.297 2. 182 1.030 1.011 
X12M1A 1.090 0.843 8.260 3.618 2.006 1.035 1.007 
X12M2A 1.064 0.583 8.260 3.739 1.434 1.123 1.066 
X12M2B 1.372 0.701 8.260 2.668 1.230 1.095 1.040 
X12M2C 1.066 0.583 8.300: 3.747 1.437 1.024 (1) 

D3A 0.001022 1.057 0.580 8.220 3.754 1.432 1.031 1.010 
D3B 1.078 0.589 8.220 3.655 1.416 1.016 (1) 

D4C 1.903 0.843 12.920 2.790 1.666 1. 019 1.006 
DSA 1.605 0.774 16.000 4.236 2.157 1.032 1.012 
DSB 1.601 o. 772 16.000 4.249 2.159 1.037 1.014 
DSC 2.187 0.882 16.000 2.968 1. 718 1.022 1.008 
D6A 1.855 0.834 20.510 4.562 2.503 1.025 1.009 
D6B 1.868 0.837 20.510 4.526 2.492 1.026 1.009 
D6C 2.198 0.883 20.510 3.785 2.199 1.023 1.008 

(1) Computed value less than the minimum value of one. 
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, <;__!!~i~o~n~o=-f....::Ex:.:.pic.e.:..rc..i_· m_e_n_t_a_l_R_e_s_u_l_t_s DiSCU~S 5,S ::---
expected that the velocity distribution 

~t_wa:s would differ with changes in those 
coefficien which determine the velocity profiles. 
par1111etersters which primarily effect the velocity 
The ~araine e the geometry of the cross section, the 
profile _ar of the fluid, the condition of the boundary 

Perues · 1 f pro ( oughness), and the mean velocity. Al o 
surface : ables are encompassed in the Reynolds 
these var(~R/v) and the Darcy-Weisbach friction factor 
11111ber 
(f). 

Because the Darcy-Weisbach frictio~ factor is_ re­
ed to the Reynolds number, one would expect to be 

1•1 to correlate a and 13-coefficients to the f • \ion factor f. The -experimentally observed values 
~ic and 13 in this study are plotted in Fig. 5 .1. 

; . 
0 

the range of the Darcy-Weisbach friction factor 
i~n~:all for the series of data ·in thi: s~udy, ~n~ be­

use the Reynolds number fluctuates within a limited 
~ange, the spread of computed a and 13 coefficients 
is apparently due to other causes. 

Figure 5.4 displays the relation of a and 13 
ith the Reynolds number. These results indicate an 

increase of the velocity distribution coefficients with 
a decrease of Reynolds number. The general trends may 
be represented by two curves. The apparent scatter of 
points around these curves may be assigned to observa­
tional and computational errors. 

The following parameters of the computed velocity 
distribution coefficients remained essentially con­
stant: the circular form of the section, the fluid 
properties (water at approximately 45°F), and 
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approximately the friction factor because the Reynolds 
number varied over a narrow range. It would follow, 
therefore, that the variation in a and 13 could 
be represented as a function of depth and mean velo­
city or slope as a first approximation. Because the 
eff~ct 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. S.S. 
The valu~s 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 13 and a as depth decreases. 
This is ~xpected 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 13 -
coefficient has a value of approximately 1.01 and a -
coefficient of approximately 1.03. At greater depths 
13 reduces to approximately 1.007 and a 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. 

27 



TABLE 5.3. Velocity distribution coefficients as a TABLE 5.4. Velocity distribution coefficients 

function of depth. function of mean velocity. as 

Range 
Depth- Velo-

of Depth 
Run Diameter Depth city Run ,Velocity Depth 

ft. 
No. Ratio y,ft V,fps a fl No. V,fps y,ft a 

0-1.0 D2A 0.276 0.810 2.637 1. 073 1.024 S3-7 1. 215 0.871 1.056 
D2B 0.279 0.817 2.605 1.037 1.016 D3-C 1. 713 1.964 1.027 

S3-7 0.297 0.871 1. 215 1.056 1.022 , S2-9 1.848 0.903 1.060 

S2-9 0.310 0.903 1.848 1.060 1.024 : S2-6 1.915 1.152 1.040 
S3-2 2.156 2.309 1.027 

1.0-1.5 D3A 0.360 1.057 3.754 1. 031 1.010 Sl-4 2.210 2.926 1.036 

Xl2M2A 0.363 1.064 3.739 1.123 1.066 S3-5 2.299 1.497 1.055 

Xl2M2C 0.366 1.066 3.747 1.024 (1) S2-2 2.404 1. 749 1.026 

Xl2MlA 0.373 1.090 3.618 1.035 1.007 S3-4 2.498 1. 740 1.032 
D3B 0.368 1.078 3.655 1.016 (1) ' 

S3-6 2.519 1.154 1.084 

S2-6 0.393 1.152 1. 915 1. 040 1.013 1 D2B 2.605 0.817 1.037 

S3-6 0.394 1.154 2.519 1.084 1. 029 D2A 2.637 0.810 1. 073 

Xl2M2B 0.468 1.372 2.668 1.095 1.040 Xl2M2B 2.668 1.372 1.095 

X6MH2A 0.492 1.442 4.075 1.019 1.005 S3-3 2.756 2.079 1.027 

S3-5 0.510 1.497 2.299 1.055 1.022 D4C 2.790 1.903 1.019 
' S3-1 2.870 2.644 1.027 

1.5-1.8 Sl-7 0.528 1.547 3.320 1. 017 1.004 · DSC 2.968 2.187 1.022 

XlOM2B 0.545 1.597 4.297 1.030 1.011 S2-3 3.026 2.064 1. 020 

DSB 0.546 1.601 4.249 1. 037 1.014 S2-5 3.073 2.630 1.018 

DSA 0.547 1.605 4.236 1.032 1. 012 S2-4 3.245 2.371 1.017 

XlOM3A 0.549 1.611 4.251 1.030 1.011 Sl-7 3.320 1.547 1.017 

XlOM2A 0.550 1. 612 4.248 · 1.030 1.011 S2-10 3.52°4 1.936 1.021 

XlOMlA 0.551 1. 617 4.231 1.028 1.010 Xl2MlA 3.618 1.090 1.035 

S3-4 0.593 1. 740 2.498 1.032 1.011 D3B 3.655 i.078 1.016 

S2-2 0.596 1.749 2.404 1.026 1.009 Xl2M2A 3.739 1.064 1.123 

S3-10 0.585 1. 771 3.752 1.033 1.011 X12M2C 3.747 1.066 1.024 

S1-8 0.604 1. 779 3.748 1. 019 1:006 S1-8 3. 748 .1. 779 1.019 

S2-103 0.609 1.785 3.873 1.024 1.008 S3-10 3.752 1. 771 1.033 
D3A 3.754 1.057 1.031 

1.8-2.1 D6A 0.634 1. 855 4.562 1. 025 1.009 D6-C 3.785 2.198 1.023 

D6B 0.638 1.868 4.526 1.026 1.009 S2-10 3.873 1. 785 1.024 

X9MH3C 0.642 1.880 4.494 1.024 1.008 D7-C 4.028 2.357 1.021 

X9MH2C 0.645 1.888 4.472 1.019 1.006 S1-9 4.042 1.984 1.021 

D4C 0.650 1. 903 2.790 1.019 1.006 X6MH2A 4.075 1.442 1. 019 

X9MH1C 0.652 1.909 4.416 ~,_019 1.006 XlOMlA 4.237 1.617 1.028 

S2-10 0.660 1.936 3 : si4 1. 021 1.007 D5A 4.236 1.605 1.032 

D3C 0.670 1.964 1. 713 1.027 1.009 XlOM2A 4.248 1.612 1.030 

S1-9 0.677 1.984 4. 042 1. 021 1.007 DSB 4.249 1.601 1.037 

D7A 0.678 1.989 4.803 1.024 1.008 I XlOM3A 4.251 1.611 1.030 

X8MH3A 0.704 2.063 4.783 1.021 1.00_7 \ X10M2B 
4.279 1.597 1.030 

S2-3 0.704 2.064 3.026 1.020 1.007 X9MH1C 4.416 1.909 1.019 

S3-3 0.709 2.079 2.756 1.027 1. 009 X9MH2C 4.472 1.888 1.019 

X8MH2X 0.709 2.079 4.744 1.027 1.009 X9MH3C 4.494 1.880 1.024 

X8MH24 0. 714 2.094 4.707 1.022 1.008 I D6B 4.526 1.868 1.026 

D6A 4.562 1.855 1.025 

2.1-2.5 X8MH1A 0.720 2.llO 4.609 1.025 1.009 \ X8MH1A 4.609 2.llO 1.025 

X7MH2B o. 729 2. 139 5.000 1.017 1.005 X8MH24 4.707 2.094 1.022 

D8B 0.739 2.166 4.800 1.024 1.008 X8MH2X 4.744 2.079 1.027 

DSC 0.746 2.187 2.968 1.022 1.008 X8MH3A 4.783 2.063 1.021 

D6C 0.750 1.198 3.785 1.023 1.008 D8B 4.800 2.166 1.024 

X7MH2A 0.754 2.210 4.835 1. 018 1.006 ! D7A 4.803 1.989 1.024 

S3-2 0.787 2.309 2.156 1.027 1. 009 ' X7MH2A 4.835 2.210 1.018 

D7C 0.804 2.357 4.028 1.021 1.007 · X7MH2B 5.000 2.139 1.017 

S2-4 0.809 2. 371 3.245 1.017 1.006 

2.5- S2-5 0.897 2.630 3.073 1.018 1.006 1(1) Computed value less 
S3-1 0.902 2.644 2.870 1.027 1.009 
S1-4 0.998 2.926 2.210 1.036 1. 012 
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Fig. S.S. Velocity distribution coefficients versus depth of flow in a circular cross section. 

e An attempt was made to find a relation between 
effic~:~t velocity and the velocity distribution co­
lodest s · It may be seen from Table S. 4 that for 
oes no~ange of ~epth the variation of mean velocity 

result 1n a consistent variation in a and e. 

frictt~a~se of the limited range of the Darcy-Weisbach 
and a actor _and the mean velocity, the variation in 
er and ar e identified primarily with the Reynolds 

secondarily with the depth of flow. 
5,6 s 
~ 
'I'he res 1 

>'draulicall u ts of this study are applicable to 
Y-smooth circular cross sections flowing 
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partidlly full and having Reynolds numbers between 
0.4 x 105 and 3.00 x 105. In the smaller Reynolds 
numbers, the observed velocity distribution coefficients 
are greater but display greater dispersion about a 
smooth curve. In the larger Reynolds numbers the 
values trend toward invariance with lesser dispersion. 
The relation between a and e has been demonstrated 
both theoretically and experimentally to be expressible 
as (a- 1)/(S-1) = 2.3 to 3.0. The value of 3.0 is 
representative of the experimental results. A 
representative value of a for the experimental 
conditions is 1.03, and a representative value of 
S for the experimental conditions is 1.01. 



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
~ntial equations of unsteady flow. 

5. A moving hydraulic jump, a bore, or a break­
ing wave 1)1.lY 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, in' 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 applied as boundary conditions. 
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The preceding five aspects of boundary condi 
have presumed that the condition of sub-critical 
exists in at least one of the regions of unstead 
For the condition of super-critical flow throupy 
the c~nduit region, including both the inlet and 
flow conditions, both of the required boundary 
tions occur at the same space location. Solvina 
unsteady flows equations require that these b 
conditions relate depth and discharge as functi 
time. An acceptable alternative is an expression 
depth as a function of discharge which in turn is 
function of time. The mathematical representati 
this relation is readily available. However, the 
physical situations that produce these relations 
be of various types. One possible physical rep 
tion of these conditions is an undershot gate wi 
its rate of rise controlling the depth as a func 
of time. To obtain the discharge also as a func 
of time requires a time-varying head on the gate, 
which is independent of the gate opening rate. 
conditions for super-critical flow are not readil 
reproduced in physical experimentation. 

Storm drains for urban or highway drainage 
have any of the above five boundary conditions. 
pumping storm waters into or out of a drainages 
may meet any one of the discussed cases of boun 
conditions. Apart from energy losses at junction 
the boundary conditions discussed in Chapter 4, 
only two boundary conditions discussed in this 
are: (a) the inflow hydrograph, and (b) ad 
time or depth-discharge relation at either the 
or downstream end of the reach. The selection of 
location of this latter condition depends on whet 
the base flow is in the super-critical or the sub­
crifical regime. The following discussion relates 
the sub-critical flow, in which case the second 
boundary condition is at the downstream end. The 
physical condition then may best be expressed as 
depth versus discharge relation. 

For a free outfall the depth was assumed as 
critical depth, so the initial water surface profi 
was that of a drawdown profile. The location of 
critical depth as normally computed does not ~ccur 
the end of the physical conduit but at some d1stlll 
upstream. Subchapter 6.2 describes the _procedur• 
used to evaluate this distance. 

The second boundary condition imposed in ~he 
experiments at the downstream end was that of a r 
stricted opening. This insured that the depth 0 

was always greater than the normal depth. This P 
duced an initial condition of a backwater surface 
profile. Subchapter 6.3 describes this boundary 
condition. 

6.2 Free Outfall Boundary Conditions 

Definitions and assumptions, The free outfal 
at the downstream end of a prismatic channel mar 
considered .. as that -condition for which the tota 
energy of flow is at a minimum for a given diSCb 
Mathematically this condition may be expressed Y 

in which 
width, A 

1 

Q is the discharge, B 
is the cross-sectional 



·t tional acceleration. This expression is 
the gravit:o assumptions, namely, the pressure distri­
i,ased 0

~ hydrostatic, and the kinetic energy may be 
t ion 15 1 · t bU d through the mean ve oci y. 

~resse 

first assumption is invalidated in the 
.. ~e of the free outfall because of the significant 

v1c1n1 Y of streamlines. Furthermore, the pressure 
curvat~~ttom of the end cross section must be 
at t:eheric, or the relative pressure is zero. Thus, 
atllO ptential portion of the total energy head, 
die r ve to the channel bottom, is actually less than 
rela 1ssumed in the development of Eq. 6.1. 
that a 

The second assumption depends on a uniform velo­
cit distrib1;1tion ~n th~ cross section. :he mor~ th~ 

lyci·ty distribution differs from the uniform d1stri-
ve O 1 · h · 11 t,ut • on for the same mean ve ocity, t e greater wi 
b :he true kinetic energy as compared to the assumed 
t1netic energy. Based on the· previous evaluation of 
the velocity distribution coefficient a being close 
to one, it may be assumed that this second assumption 
is acceptable. 

Experimental observations and results. The 
purpose of taking experimental measurements was to 
determine the location of critical depth as compared 
to the depth computed from Eq. 6 .1. 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 ftom O. 000032 to O. 00102 2. 

Table 6.1 presents the 14 conditions of discharge 
and slope and the corresponding ratios of end depth 
to the computed critical depth. Figure 6.1 presents 
the water-surface pr-0files for the same conditions 
along with the locations of the computed critical 
depths. 

TABLE 6 .1. Observed end to critical depth ratios. 
Data values of free outfall (diameter 
2.926 ft). 

Run No . Slope Discharge Y/Yc 

DlA . 001022 2.10 0.731 
52-9 .000132 3.26 o. 746 
51-S .000032 4.14 0.758 D2A .001022 4.58 0.749 Sl-6 
S3-9 .000032 7.96 0. 776 

D3A .000520 7.98 0.764 

Sl-7 .001022 8.26 0.751 
D4A .000032 11.98 0.761 

S3-10 . 001022 12.92 0.740 
DSA .000520 15.97 0.739 
S1-8 . 001022 · 16.02 0.752 
S2-10 .000032 16.04 0. 726 
S1-9 . 000132 16.64 0.753 

.000032 19.62 0.761 

Mean 0.750 
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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 = myn, 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 eievation 
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 /· 35 (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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Chapter 7 

INITIAL CONDITIONS FOR EXPERIMENTS AND NUMERICAL INTEGRATIONS 

· of Initial Conditions ,.l ~inition 

• tegration of the two partial differential 
'.h~s

1
:f gradually varied free-surface steady flow 

equa~io that the initial values of velocity and _ depth 
requires t a given position in time and space. These 
be known a independent of the insuing solutions and may 
vaiue:. :r:i,ily established, Realistically, these 
be_•: 1

1 \nditions should be the result of physical 
in1t1a c . . 
ini tial cond1 uons • 

For this study the initial conditions are the 
-uniform steady flow of the hydrograph base dis­

nohn ge A mathematical expression for this condition 
car . "ff . 1 . is the ordinary d1 erent1a equation . 

*. i':: s,(d__) , 
dy 2gA2 

(7.1) 

in which y is the depth at the position x, x is 
the distance along the channel, S0 is the bed slope, 
Sf is the friction slope, a is the energy velocity 
distribution coefficient, Q is the steady discharge 
of the hydrograph, A is the cross-sectional area, 
and g is the gravitational acceleration . 

The slope of the energy gradient, Sf, was 
evaluated by the Darcy-Weisbach equation based on the 
friction factor evaluation described in Chapter 3. 

Comparisons were made between the computed and 
the observed water-surface profiles for non-uniform 
steady flow. The objective of these comparisons was 
to test the validity of the theoretical and numerical 
determinations of initial conditions. 

7 • 2 Computational Procedure and Results 

Determining the depth at specified positions 
along the conduit was accomplished by a Newton-Raphson 
iteration of Eq. 7 .1 to a tolerance of 0. 001 foot of 
epth. The given information included discharge Q, 
hannel slope S0 , friction factor f, velocity dis­
ribution coefficient a position x along the con-
it f ' 
. . 0 points of observed depth, and observed or 

crittal depth at the extreme downstream position. 
_eh epth of flow in feet was observed at the following 

e1g t p · • . osit1ons with respect to the upstream end of the nduit: 20 00 197 92 10 71 · , . , 406.07, 509.64, 613.20, 
· ' 772. 71, and 821.00. 

h The boundary conditions for the determination of 
e ~a~tl~adhy non-uniform flow as initial conditions were 

ls ed: 

ban ~~) for the mild slope profiles 'lt depths greater 
epth a~ n~rmal depth (M-1 type curves) the observed 

(b) t e 802.71-foot station was used, and 
•ht: trit. for the mild slope profiles at depths between 
COl!putedlca~ ~nd the normal depth (M-2 type curves) the 
Critical ~ritical depth at a position of 4. 5 times the 

epth upstream of the conduit end was used. 

o ser~~ ro~t-mean-square (RMS) deviation between the 
different an computed depths was computed for three 
hree Valu Values of a (1. 00, 1. 02, and 1. 05), and 
tlues we/s of f (. 011, . 012, and . 013). The a-

e 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 a­
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 a- 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 a. 

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 
compune Sf 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 depth 
smaller than the initial depth 

a = 1.00 a = 1.02 a = 1.05 
Run Q Normal Initial•: f 
No. cfs Depth Depth Criti- Criti- Criti-

ft ft cal . RMS Dev. cal RMS Dev. cal RMS Dev. 
Depth Actual Adjusted Depth Actual Adjusted Depth Actual Adjusted 

S3-3 14.10 l.834 2.074 1.205 0.075 0 . 077 1.211 0.074 0.074 1. 220 0.075 0.074 0.011 o. 
S3-5 7. 96 1.269 1.554 0.896 0.034 0 . 034 0 . 900 0.034 0.034 0.907 0 . 034 0.034 0.011 
S3-6 6.21 1.097 1.107 0.788 0.034 0.034 0.792 0.034 0 . 034 0.798 0.034 0.034 0.011 
S3-7 2.04 0.594 1.028 0.446 0.016 0.014 0.448 0.019 0 . 016 0.452 0.019 0.016 0.011 
S3-8 1.42 0.490 0.621 0.371 0.025 0.024 0 . 373 0.025 0.025 0.376 0.025 0 . 025 0.011 
S3-3 14.10 1.893 2.074 1.205 0.066 0.065 1.211 0.067 0.065 1.220 0.066 0.065 0.012 
S3-5 7. 96 1. 303 1.554 0.896 0.027 0.026 0 . 900 0 . 021 0.026 0.907 0. 027 0.025 0.012 
S3-7 2.04 0.608 1.028 0.446 0.017 0.016 0.448 0.017 0.016 0.452 0 . 018 0.016 0.012 
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 0.012 
S3-3 14.10 1.950 2.074 1 . 205 0.061 0.058 1.211 0.059 0.058 1.220 0.060 0.058 0.013 
S3-5 7. 96 1.335 1.554 0.896 0.022 0.021 0.900 0.022 0.021 0.907 0.022 0.020 0.013 
S3-7 2 . 04 0.621 1 , 028 0.446 0.018 0.015 0.448 0.018 0.015 0.452 0.018 0.015 0.013 
S3-8 1.42 0.512 0.621 0.371 0 . 020 0 . 020 0 . 373 0.020 0.020 0 . 376 0.020 0.020 0.013 
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 0.011 
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 0.011 
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 0.011 
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 0.011 
XlOB 16.00 1.599 1.990 1.287 0 . 042 0 . 039 1.293 0.041 0.039 0.011 
Xl2A 8. 20 1. 066 1.697 0.909 0.022 0.024 0.914 0.023 0 . 024 0.011 
Xl2B 8. 20 1.066 1.104 0.909 0.014 0.012 0.914 0.014 0.035 0.011 
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 0.012 
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 0.012 
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 0.012 
XlOB 16.00 1.646 1.990 1.287 0. 050 0.042 1.293 0 . 048 0 . 042 1.303 0.047 0.041 0.012 
Xl2A 8.20 1.093 1.697 0.909 0 . 019 0.017 0.914 0.019 0 . 018 0.921 0.019 0.018 0.012 
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 0.012 
X12C 8.20 1.093 1.109 0.909 0 . 015 0 . 028 0 . 914 0.015 0.028 0.012 
Xl3A 4.68 0.798 0.833 0.681 0.018 0.030 0.012 
Xl3B 4.68 0.798 1.079 0.681 0.013 0.022 0.012 
Xl2C 8 . 20 1.093 1.109 0.914 0.015 0 . 028 0.012 
Xl2D 8.21 1.093 1.053 0.915 0.044 0.040 0.012 
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 0 . 013 
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 0.013 
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 0.013 
XlOB 16.00 1.690 1. 990 1.287 0.060 0.054 1.293 0.060 0.053 1.303 0. 059 0.053 0.013 
Xl2A 8.20 1.119 1.697 0.909 0.0024 0.021 0.914 0.023 0 . 020 0.921 0.022 0 . 018 0.013 
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 0.011 
D6C 20.51 1.883 2.253 1.465 0.040 0.040 1.47_3 0.040 0.040 1.484 0 . 041 0 . 042 0.011 
DlC 2.10 0.516 1.417 0.453 0.020 0.023 0.458 0.021 0.023 0.012 
D2C 4.58 0.784 2.293 0.674 0.011 0 . 010 0.012 
D4C 12.92 1.425 2.225 1.151 0.016 0.016 1.166 0.017 0.017 0.012 
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 0,012 
DlC 2.10 0 . 527 1.417 0.453 0.019 0 . 022 0.455 0 . 020 0 . 022 0.013 
D2C 4 . 58 0.801 'l.293 0.674 0 . 011 0.010 0 . 677 0.011 0 . 012 0.682 0 . 011 0.010 0.013 
D4C 12.92 1.462 2.225 1.151 0.012 0.011 1.157 0.012 0.011 1.166 0.011 0.011 0.013 
D6C 20.51 2 . 006 2.253 1.465 0.027 0.026 1 . 473 0.027 0.026 1.484 0.027 0.025 0.013 
DIC 2.10 0.504 1.417 0.455 0 . 021 0,024 0.011 
D2C 4 . 58 0.766 2.293 0 . 677 0.012 0 . 011 0.011 

*Observed depth at the 802.71 ft. station. 
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TABLE 7.2. The root-mean-square deviations for M-2 type backwater curves with the normal depth 
greater than the initial depth 

Observed a.= 1.00 a. = 1.02 a. = 1.05 

Q Normal values of f Slope 
Run Initial 
No, cfs Depth 

ft Depth Criti- Criti- Criti-
ft cal RMS Dev. cal RMS Dev. cal RMS Dev . 

Depth Actual Adjusted Depth Actual Adjusted Depth Actual Adjusted 

S3-4 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 

S3-4 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 

S3-6 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 

S3-4 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 

S3-6 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 
X8-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-C 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 
X9-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 
XlO-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 . 
XlO-C 16.00 1.599 1.448 1. 287 0.023 0.043 1. 293 0.023 0.043 0.011 
X6-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 
X8-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 
X9-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 
XlO-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 
XlO-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 
Xl2-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 
018 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 0.677 0.050 0.056 0.682 0 . 050 0.055 0.011 
D28 4.58 0.766 0. 724 0.677 0.037 0.040 0.682 0.037 0.037 0.011 
D48 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 
D58 16. 02 1. 590 1.490 1.288 0.032 0.033 1.294 0.032 0.032 1.304 0.032 0.032 0.011 
D68 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 
D78 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 
D88 25.60 2.253 2.029 1.646 0.029 0.029 1.654 0.028 0.028 1.667 0.028 o. 028 0.011 
D18 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 0.696 0.674 0 . 039 0.044 0.682 0.038 0. 044 0.012 
D28 4.58 0.784 0. 724 0.674 0.029 0.033 0.682 0.032 0.033 0.012 
D48 12.92 1.425 1.292 1.151 0.021 0.020 1.166 0.021 0.020 0.012 
D58 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 
D68 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 
D78 23.51 2.170 1.926 1.582 0.025 0.022 1.594 0.025 0 . 023 0.012 
D88 25.60 2.352 2 . 029 1.654 0.024 0.018 1.667 0 . 021 0.018 0.012 
D18 2.10 0.527 0.464 0.453 0.020 0.034 0.455 0.017 0.032 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 
D48 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 
D58 16. 02 l. 680 1.490 l. 288 0.030 0.026 1.294 0.030 0.027 1.304 0.032 0.028 0.013 
D68 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 
D78 23.51 2.250 1. 926 1.574 0. 049 0.048 1.594 . 0.052 0 . 050 0.013 
S21 5. 61 l. 563 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 l. 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 
S2-8 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 
S2-1 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 1.4.75 1. 012 0.684 0.022 0.020 0.687 0.022 0.020 0.692 0.022 0.020 0.013 
S2-7 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 
S2-8 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 

V7locity Velocity 
distribution Friction factor f distribution Friction factor f 
coefficient 0.011 0.012 0.01310 . 011 0.012 0 . 013 coefficient 0.011 0.012 0 . 01310,011 0.012 0.013 

a. Root-mean-square values a. Root-mean-square values 
Unad·usted de th Ad 'usted de th Unad·usted de th Ad 'usted de th 

Loo 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 
L02 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 
Los 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, 
errQrs 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 ~ torm con­
duit is a hydraulically smooth pipe, the relation 
between the Darcy-Weisbach friction factor (f) and 
the Reynolds number (Re) may be well approximated 

. . 0 0939 R -0.17944 . h by a power function, f = .1 e , wit 

the Reynolds number in the range 3 x 104 to 6 x 105 

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 Re· 

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 

p 
r 

-0.482 
Q + 0.55 

r 
+ 0. 77 

and for the lateral inlet with its lower position in 
the junction box the power loss relation is 

-2.78+1.710 
________ r~~ + 0.77 
Qr+ 3.122 - 0.167 Dr 

4, The relation between the velocity distribution 
coefficients, a and e is approximately (a-1)/ 
(S-1) = 3.0 for the experimental results obtained 
under the steady-flow conditions, with representative 
(average) values of a= 1.03 and e = 1.01 for the 
experimental conditions. 
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5. The relation between discharge (Q) 
depth (y) at the controlled outfall of the c 
for steady flow conditions can be well approx~ 
by an exponential function of the form Q = my , 
The values of the constants m and n depend 
shape and size of the arbitrary opening of the 
controlled outfall . 

6. For conduit slope less than 0.001 the 
ratio of end depth to critical depth obtained£ 
conduit free-water outfall and for the steady-fl 
conditions is 0.750. 

7. By examining the sources of experimental 
errors, it is possible to establish boundary and 
initial conditions, with the errors within tole 
limits. 

8.2 Recommendations 

1. For storm drains of circular cross sect 
flow characteristics change significantly when 
flow is at nearly full pipe because of changes in 
pressure. A criterion should be developed to de 
the applicability of partially full flow in cir 
conduits when the water surface approaches full 
duit. 

2. The influence of changes in boundary la 
in the unsteady flow regime on the estimation of 
friction factors and the velocity distribution c 
ficients suggests that further studies of such ef 
would be beneficial, with new ideas, different 
mentation and new and appropriate instrumentation. 

3. The evaluation of flow resistance in this 
study is limited to turbulent hydraulically sm<;>otll 
boundaries. Similar evaluation should be carried 
for turbulent hydraulically rough boundaries. 

4. Because storm drains may have sudden ch 
in physical boundary geometry (such as water drops 
with partial backwater effects of downstream dept 
on upstream flow, use of pumps for removing the st 
water at particular points, and similar), further 
investigations should be conducted to properly 
evaluate these particular boundary conditions. 
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ABSTRACT 

This fourth part of a four-part series of hydrology papers on flood routing 

through storm drains presents computer-oriented numerical methods for solving the two 

quasi-linear hyperbolic partial differential equations known as the De Saint-Venant 

equations of gradually varied free-surface unsteady flow. Formulation and description 

of various finite-difference schemes based on explicit methods include the "unstable", 

diffusing, upstream differencing, leap frog, and Lax-Wendroff schemes. Stability and 

convergence are examined for these va~ious schemes of the explicit method. Using 

various criteria of comparison, the specified intervals scheme of the method of 

characteristics, the Lax-Wendroff scheme, and the diffusing scheme are compared. Of 

the above explicit schemes in using the finite-difference ratios in the two partial 

differential equations, it is found that the Lax-Wendroff scheme with the second-

order interpolation for dependent variables is the most accurate stable scheme. 

The specified intervals scheme of the method of characteristics, using either the 

first-order or second-order interpolations for the dependent variables, is also 

discussed. It is concluded that this scheme, based on the method of characteristics and 

using the second-order interpolations, is the most accurate numerical integration scheme 

of all those studied. Flow charts, computer programs, variable conversion tables, 

and sample inputs and outputs, for the three numerical computer schemes, the diffusing 

scheme, the Lax-Wendroff scheme, and the specified intervals scheme of the method of 

characteri'stics, used in the solution of the De Saint-Venant equations, are given in 

appendices 1 through 3. 

vi 
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Part IV 

NUMERICAL COMPtJfER METHODS OF SOLtJfION 

by 

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

Chapter 1 

INTRODUCTION 

1.1 General Classification of Partial Differential 
Equations 

Partial differential equations of physical pro-
esses fall within one of three forms, depending on 

~he character of the coefficients of the partial 
derivatives. The equations expressing the one­
dimensional gradually varied free-surface unsteady 
flow result in what is termed the hyperbolic form of 
partial differential equations. These equations are 
characterized by the initial conditions of the 
dependent variables being known, given, or independ­
ently evaluated at all distance positions for the 
time selected as zero, the boundary conditions being 
independently established at two distance locations, 
and the process being continued indefinitely in time 
ithin the established boundary conditions. As time 

increases, the effect of the initial conditions be­
comes less influential as the boundary conditions 
dominate the process. 

The hyperbolic partial differential equations 
contrast the elliptic differential equations in which 
the process is not time dependent. In this case the 
initial conditions are the boundary conditions and 
are independent of time. A typical process described 
by ~his. form is a two-dimensional temperature distri-

_ t~on 1n a thin plate with prescribed boundary con­
ditions along the edges. 

The third type of partial differential equations 
are parabolic equations, with the solution require­
ents being similar to the hyperbolic form. The 

simplest parabolic equation is the one-dimension 
eat-flow equation. 

diff In s~bsequent text only the hyperbolic partial 
u /rent1al equation for gradually varied free-
r ace unsteady flow are discussed. 

•2 _Ccmtinu1· ty d M - an omentum Equations of Unsteady Flow -

diffe The ~wo basic quasi-linear hyperbolic partial 
llrast/~ntial equations of gradually varied free-surface 
logy: Y flow are derived in Chapter 3, Part I, Hydro­
reprod~pe~ No . 4~, as Eqs. 3.23 and 3.19, and are 

e con~7 ~ere in their final dimensionless forms. 
inuity equation is 

~ av 
VB ax + :~ + 1 ay _g_ 

V at= VB (1. 1) 

and the momentum equation is 

o.V ~ + ! av+ 
g ax g at 

in which 

A the cross-section area, 

(1. 2) 

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

y the water depth in the conduit as a dependent 
variable, 

x = the length along the conduit as an independent 
variable, 

t the time as an independent variable, 
B the water surface width, 
o. the energy velocity distribution coefficient, 
S the momentum velocity distribution coefficient, 
g the gravitational acceleration, 
S0 the slope of the conduit invert, 
Sf the energy gradient, and 
q the distributed lateral inflow (or outflow) as 

discharge per unit length of the conduit. 

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

(1. 3) 

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

The friction factor (f) is expressed as a 
function of Reynolds number, Re= 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. 

Profess ________________________ _ 
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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, Sf, 
proportional to the square of the velocity or to the 
square of the discharge. Because their coefficients 
are functions of dependent variables (V, y), they 
are non-linear differential equations of the hyper­
bolic type. Because of the inherent mathematical 
difficulties of these non-linear and non-homogeneous 
equations, there is no way to carry out the analytical 
integration in closed form, unless many simplifications 
are introduced. 

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

The use of analytical integration makes it neces­
sary to approximate and simplify both the initial con­
ditions and the boundary conditions by analytical ex­
pressions, which are used in Eqs. 1.1 and 1.2. The 
inflow hydrograph as the boundary condition, and the 
wave profile along the conduit, as the initial condi­
tion, must be mathematically approximated by consider­
ing them to be either symmetrical or asymmetrical 
waves, with functions of bell-shaped curves (gamma­
functions, and others). The channel conditions may be 
represented by the cross section area or width as 
functions of water depth and distance along the conduit, 
with a roughness coefficient usually a constant, and 
the bottom slope being either a constant or a function 
of distance. The lateral inflow and outflow are taken 
as constant or are approximated by simple functions of 
channel and lateral flow characteristics, and of time. 

The great diversity in shape and roughness of 
natural channels, free-surface flow conditions and 
the complexity of the pattern of the lateral in­
flows and outflows tend to complicate the analytical 
expressions that approximate these conditions to the 
extent that the analytical integration of the two 
partial differential equations becomes impossible. 
In summary, the two partial differential equations 
for unsteady flow can be integrated analytically, with 
expressions for wave evolution, by rather restrictive 
and very simplifying conditions, which generally are 
not acceptable for the solution of current practical 
problems. 

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

· and Unsteady Flow in Channels" [1]*, and the 
reference list in Appendix 2 of Hydrology Papg 
43 (Part I of this series of four papers). er 

Graphical solutions. The graphical solut· 
equations for free-surface unsteady flow may bl 
characterized by the following procedure. Thee 
of the disturbance in the distance-time reference 
(x,t) - plane, is computed from the simplified ce 
relation 

dx 
dt 

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

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

dt 1 
dx = 

V ± /gy* 

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

In the discussion to follow the two directi 
of Eq. 1.5 will be referred to as the characteri1 
directions, which are first derivatives of charac: 
istic curves, defined in Chapter 3, Part I, HydrO 
Paper No. 43. Along the characteristic curves, 
wave phenomenon may be expressed by the two ord 
differential equations with two dependent variabl 
as unknowns. Thus, starting from the known values 
of the dependent variables (Vandy) 
locations in time (t) and position (x), . 
direction of the characteristics may be graphical 
plotted. From these plots, the location of_the 
sections in time and position can be determ~n~d. 
the known time (t) and position (x) a f1n1te 
difference solution to the two ordinary differe: 
equations gives the corresponding dependent.var 
(V and y). Repeating the procedure, the 1nte_.. 
proceeds along the time scale for the given 1en1-
channel or conduit. 

This procedure has been used extensive~Y b~] 
Parmakian in his book on waterhammer analysis [ • 
Akers and Harrison presented a similar ana1ysi5

1 free-surface unsteady flow in a circular chan~e 
in their paper on attenuation of flood waves in 
partially full pipes, [4]. 

The limitations of graphical procedures:: 
immediate! evident when one considers the ef 

*[ ] Reference numbers refer to the list of references at the end of this paper. 
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ters initial and boundary conditions, 
rious paramoeblem' Thus the graphical solution has 

iven pr · 
1n a g 1 . at ion at present because of the labor 
!i•ited ap~x~~pt perhaps for the visualization of 
1nvol~e~, 1 omputer schemes and the results to be 
the d1g1 ta c 
presented. · 

· • al solutions. Various numerical procedures Numeric . 
- sed in the past. The excessive number of 

ve bee~ ~s in order to progress the solution in 
calculhatl°ver has limited the application of these 
ti~, owe , 
solutions. 

The two partial differential equation~, _1.1 and 
usually approximated by the two finite-

I 2, are 1 · h · :ff nces equations, rep acing t e increments 
di e~~ dV dy) by the finite differences (6x, 
c::•,w,'t.y)'. At the same t~m~ the_partial derivatives 
are replaced by ratios of finite differences: av/ax 
by t,V/t.x, av/at by 6V/6t, ay/ax br 6y/6x, and 
yf,t by t,y/6t. With 6x and 6t ?iven, 6V 
d t,y are changes of dependent variables which 

:cur for these finite differences. 

The basic characterJstics of the above finite­
difference approximations are: (1) the accuracy de­
pends on the size and relation of finite differences 

t and t.x; (2) the smaller the 6x, the more 
involved the computation work, but also the greater 
he accuracy may be, and (3) the values of dependent 

variables computed for the end of a 6t become the 
initial values for the next 6t. 

With the development of electronic computers, 
which provide fast and relatively inexpensive com­
putations, the past drawbacks in economy of performing 
he operations of the finite-differences method of 

integration are largel y eliminated . The method is 
highly favored inasmuch as it is the most accurate of 
all practical methods of flood routing in channels 
and conduits. The advent of new numerical schemes 
helped this progress in the use of numerical methods 
of solution by digital computers. 

d The resu~ts of integration are given for two 
ependent variables as functions V = F (x, t) and 

Y = F2(x, t). These two functions reprelent surfaces 
n th~ space (V, x, t) and (y, x, t). If there is 

~y discontinuity in the four partial derivatives of 
hs. ~- 1 and 1.2, these discontinuities propagate along 
. e c annel, and the projection of the position of 
1 continu1· t · ( ies at surfaces F and F in the 
:• . t)-plane produces lines thlt are ca!led "character­~~r' • or "characteristic lines". These lines are 
.- st Y_curves, but in application may be replaced 
~d ~aight lines along the finite differences 6x 

ut, 

· The simplified characteristic lines are usually 
iven in the form 

dx = (V ± v'uvgy ) dt 
* , (1. 6) 

Ind 

d(V ± 2 (1. 7) 

b ich are . 
Ydrau1. equivalent to Eqs. 1. 1 and 1. 2. The 

Of y ic depth C y ) should be expressed as a function 
for th * e free-surface flow in circular conduits. 
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Equations 1.6 and 1.7 are usually numerically 
integrated by replacing dx and dt with 6x and 
6t, and d(V ± 2 %) with 6(V ± 2 %) . 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 6t and the reach 
6x, the velocity change, 6V, and height change, 
6y, 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 6x and 
6t, 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 [l] . Since the objec­
tive of this study is to produce research results that 
lead to practical methods in using complete Eqs. 1.1 
and 1.2, or 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 thi s study it has been 
assumed that the functions to be integrated are "well 
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behaved" and may be reasonably integrated by 
assumption of discrete increments of the varial, 
integration. 

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

1.5 Ob'ectives of Studies Presented in this p 

The objectives of this paper are to present 
the results of studies concerning the numerical 
tions by various finite-differences schemes, ei 
for the case of the two partial differential eq 
1.1 and 1.2, or for the case of the four charac 
istics equations, 1.6 and 1.7 . Chapter 2 analyz 
applicability of various finite-difference sch 
the numerical solution of the two partial diff 
equations. Chapter 3 analyzes the various finit 
difference schemes in the numerical solution of 
four characteristic equations. The applicabili 
various schemes is discussed at the end of each 
these two chapters. Chapter 4 is a comparison o 
the best finite-difference schemes in the case o 
numerical solution of partial differential equat 
and numerical solution of characteristic equati 
Chapter 5 presents the conclusions and recommen 
for further research. 



Chapter 2 

INTEGRATION OF PARTIAL DIFFERENTIAL 

EQUATIONS BY FINITE DIFFERENCES 

. · te Difference Methods 
.1 ~1 -

Th f"nite-difference methods of numerical 
~-

0
~ to be discussed refer to the partial 

ntegra ~ial equations of gradually varied free­
differe"unsteady flow. Because these equations do not 
surface . 1 · · . a closed analytical so ution, approximate 
pe?91~ al methods of integration must be employed. 
..,.ericall numerical integration methods are funda-
Since d d · · · •ntallY finite-difference proce ures some is~inctions 
between various methods or schemes are appropriate. 

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

af(x, y) 
ax 

lim [f(x + 4x , ~! - f(x, y)] . (2_1) 
4x->O 

Using the right side of this equation, the partial 
derivative may be approximated as nearly accurate as 
desired by selecting a small difference 4x . 

For solving De Saint-Venant equations 1.1 and 1.2 
difference approximations are made as follows. Since 
here are two independent variables and two dependent 
riables, designation of the time-distance locations 

of the v~riables will be based on the subscripts and 
superscripts of the variables. The subscript will 
refer to the distance (space) location, and the super­
Scnpt to the time location as shown in Fig. 2 .1. 

j + I 

Fig, 2,1, 

i - I i + I 

Distance Position x 

Definition graph for the finite-difference 
scheme. 
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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 fiiay be approximated by 

av _ 
ax -

av 
at 

ay -ax -

and 

b: -at -

V~ 
1

-V~ 1+ ]. 
j j 

xi+l-xi 

V~+l_V~ 
i i 

t~+l_t~ 
]. ]. 

j j 
Yi+l-yi 

j j 
xi+l-xi 

j +l j 
Yi -yi 

j +l j 
t. -t. 

i ]. 

(2.2) 

(2.3) 

(2.4) 

(2. 5 ) 

The unknown quantities in these expressions are 
generally the values at the incremental time locations, 

. 1 . 1 
j+l. Thus V~+ and y~+ are the unknown values. 

i ]. 

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. 

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

av 
Vj +l - V~ +l 

= i+l i 
ax j +l j+l 

xi+l x. 
]. 

(2. 6) 

and 

j+l - j +l 

b:: Yi+l Yi 
ax j +l j +l 

xi+l X. 
i 

(2.7) 

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



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

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

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

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

dt _ 1 
dx - ----­

V ± ✓g A/B 
(2.8) 

in which V and A/B are the average values for the 
specified finite differences, 6x and 6t . 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 part~al derivatives, and the order 
of the truncation error O(ill), due to the approximation 
where 6 is the symbol of increment, either 6x or 
6t, 
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~ubstituting ~hese a~proximations into th 
equations results in a pair of equations Withe 
knowns, velocity and depth, at the end of th ! 
interval. e 

The "unstable scheme" is inherently unstabl 
is presented to demonstrate the simplest scheme 
to permit comparison of stable schemes with thi; 
scheme. 

The diffusing scheme is the simplest stable 
It offers two approaches for computation. One 
consists of the staggered scheme as presented in 
Table 2.1. It uses known values of V and y 
i-1 and the i+l distance positions at time t 
compute the dependent variables at the distant 
i, at time t + 6t. This approach determines 
at all locations defined by i+j equal an even 
number. The other approach is to advance one Ax 
and thus compute the dependent variables at each 
intersection. This approximately doubles the c 
putational time but produces results at one-half 
intervals of the first method. 

In order for the diffusing 
it is necessary that 

< 1---1 __ 
V ± ✓g A/B 

be a condition throughout the computation. 
progresses into the super-critical range, this 
tion is les s likely to be fulfilled unless an 
arbitrary reduction in 6t is made. An additio 
limitation of this scheme is the assumed linearity 
the dependent variabl es within the interval from 
i-1 to i+l. 

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

The leap-frog scheme is an improvement overt 
diffusing scheme in that the time derivative is 
estimated from the computed values of the dependent 
variables at the t - 6t time position. The 
limitation of this procedure is similar to that ~f 
the diffusing scheme. An additional limitation 15 

the required computer storage of computed values •
1
t 

three successive times as compared to two success YI 
times for the other schemes. 

The previously described schemes all depend OIi 
assumption of linearity between the time-distanc~ • 
junctions for the description of the partial deri~ 
tives at the pivot point (i, j). An improvement 
this assumption is to recognize the rate-of-ch~g:hl 
the derivative as defined by the known values 0 

dependent variables at three points. The Lax-Wenis 
method provides this recognition. The procedure')'he 
described in detail in a following subchapter. 1 
consistent reproduction of initial conditions forf 
constant discharge, regardless of the curvattJ:e 0 

water surface, is the benefit derived from this 
method. 

The implicit scheme requires the solutio~ ~ft: 
system of simultaneous equations equal in num e of 
the number of distance intervals plus one. TWO 



COMPUTATIONAL 

TEMPLATE 

x Unknown 

o Known 

au ::::: 
ax PARTIAL 

DERIVATIVE 

APPROXIMATION 

TRUNCATION 

ERROR 

au 
at 

UNSTABLE 

Table 2.1 Various finite-difference schemes 

DIFFUSING 

li t 

UPSTREAM 
DIFFERENCING 

j + I 

j - I 
i-1 

LEAP 
FROG 

2lit 

i+I 

LAX 
WENDROFF IMPLICIT 

i'it=T=t i'i+=l=f 
i-1 i+I i - I i i+I 

Depends on form of j+l j+l j j 
partial different~ Ui+l-Ui-l+ui+l-Ui-1 
ial equation. 4t:.x 

uj+l_uj 
i i 

lit 



these equations involve the boundary conditions. This 
system was not used because of the number of equations 
that needed to be solved simultaneously, for an 
arbitrarily long conduit. 

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

2.3 Diffusing Scheme 

The diffusing scheme evolves from the following 
approximation to the partial derivatives with respect 
to time. The schemes in Table 2.1 is the definition 
graph for the location of significant variables. It 
is assumed that the dependent variables are known for 
all positions at time j. The dependent varia~le will 
be designated as U in this development, and 1t may 
refer either to the V or y dependent variables of 
the two partial differential equations. The object ive 
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 with respect to t is approximated 
by 

(!~]. 
1 

:: ( ~~). 
1 

(2. 9) 

in which 

t.U. U~ +l u~ 1 1 1 (2.10) 

Expressing u~ as an average 1 

j + u1 1 u~ 
Ui+l 1-

1 2 (2. 11) 

then 

uf+1 
j 

t.U. u1+1 + ui-1 
-1 1 2 

(2 .12) 

and finally the finite difference approximation to this 
partial derivative is 

j + uj 
U~ +l Ui+l i-1 -1 2 

tit 

2u{+
1 

- u{+1 - u{_ 1 
2t.t (2.13) 

Similarly, the partial derivative with respect 
to the distance x is approximated by 

(au) :: 
ax . 

1 
(~~). , (2. 14) 
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in which 

so that 

j 

[ 
Ui+l -

t.x 

1 
2t.x 

u~ 
1 

+ 

It is to be noted that both partial derivatives 
approximated for the location i, j. 

2.4 Lax-Wendroff Scheme 

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

. aA ~ d aA .!l. The expressions at = B at an ax = B ax 
relate A, B, and y. Therefore, the equation 
.ccintinuity reduces to 

~ _ A av v ~ 
at - - a ax - ax 

The intended application of the Taylor series r 
the use of second-order partial derivatives. Th 

a2 A a2v a2 
~ = - a axat - V htr 
at2 

and 

a2 A a2v 2 
:!_L_= - a 

ax2 - vU 
axat 

ax2 

The momentum equation, 
the form 

av a V '!!.._ - .[ ~ - _g_ (S - So), at= - a ax 13 ax 13 f 

which gives then 

a2v a a2v .[ a2y 
axat = - a V--

ax2 ax2 13 

Hence, Eq. 2.18 becomes 

a2 a2v 2 
+ VA a2v + a A 1 u) v2 2 ~= a a (av - 2 + g 2 

at 2 ax ax B ax2 ax 

or 



(2 .22) 

Equation 2. 20 then gives 

(2. 23) 

t . g Eqs. 2.19 and 2.21 into Eq . 2.23 yields sut,stitu in 

or 

Putting U as the symbol for any dependent 
variable V or y, then for any U(x, t) and a 
fixed x, a Taylor series expansion gives 

(2. 24) 

U(t+6t) = U(t) + lit~u + (lit
2

/ a2u
2 

+ o [ (lit) 3J , c2. 2s) 
at clt 

in which both oU/ot and a2u/at2 are functions of 
t. Similarly, for a fixed t, 

U(x+6x) •x"u + (lix)
2 

a
2
u 3 U(x) + u -- - + 0[(lix) ]. (2 . 26) 

ax 2 ax2 

and 

U(x-6x) (2 . 27) 

Subtracting Eq. 2.27 from Eq. 2. 26 yields 

:~ - U(x+6x~li~ U(x-lix) + O[(lixJ3J (2.28) 

Add· 
of ~~g Eq. 2.27 and Eq. 2.26 yields the approximation 
res e second-order partial derivative of U with 

pect to x 

U(x+lix) - 2U(x) + U(x-lix) + O[(lix)4]. (2.29) 
(lix) 2 

Sub st· t and . i uting V and y for U, respectively, using Eq 2 ~Ppropriat s · : 17, 2. 20, 2. 22, and 2. 24 for the 
1n Eq. 2 2

e partial derivatives with respect to t 
· 5 produces 

Y(t+6t) = V(t) tit [ av g ay + J - S aV ax+ ox g(Sf - So) 
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(lit) 2 
+-2- -- + .[ -[ ( 

a2v
2 A) 

13
2 13 B 

a
2 

] 3 + Cf+ 1) f V ~ + 0[(li t) ] 
ax . 

and 

y (t+ lit) y (t) - lit C~ av 
Bax 

+ V cly) 
ox 

(lit) 2 AV a2v (~ .[ + V2) +-2- [ cf + 1 J --+ 
B ax2 B fl 

(2. 30) 

2 
.Ll'..J 
ax2 

(2.31) 

Let 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 

and 

au 
ax 

a2u ui+1 - 2u{ + u{_1 

~ = (lix/ 

(2. 32) 

(2. 33) 

Thus, recurrence relations for finding approximate 
solutions to V and y in Eqs. 2.30 and 2.31 are 

j + 1 yJ.· tit [ (~) j cvj vj ) vj (yj j ) J 
Yi i - 2lix B . i + 1 i-1 + i i + 1 - Y i-1 

i 

J . 2 . . . 
+ [.&. (-) + (V~) ] (yJ 2y~ + yJi.-l)} 13 Bi i i+l - i 

(2. 34) 

and 

2 2 . 2 
+ .!_2 (lit) { [ (~) (V~) 

liX f3 i 

+ (~ + 1) I yJ_· ( j - 2yJ.· + yj )} 
13 13 i Yi+l i i-1 (2. 35) 

For those cases in which the products of the 
first order partial derivatives and the derivatives of 
Sf cannot be disregarded, difference equations 
analogous 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: 

(1 - 2y) 
D 

M = ~--:._-_-_-_-_-_-_-_ with D the conduit diameter; -v~ (1 - t) 

N 
'{ B o -1 cos (1-

aB M~ aB 
ax= ax ' at= 

a2v ~(~av+ 
axat =- e ax ax 

and 

A } q) zy'Lo- r.) 
-1 2 2 D [cos (1- /)] D D 

M ay aR N~ , and aR N ay 
at ' ax = ax at= at 

2 2 
V ~)- .[ 2-L - Cl f 

ax2 8 ax2 es 

2 
V 2-L 

ax2 

2Rvav -
( ax 

R2 

v2 

' 

aR 
ax) 

a2v ~(~~+ a2v 2 
.[ 2-.l. - Cl f 

2RV av -
C at 

v2 ~ 
at). 

at 2 =- e ax at v axat)- e axat es R2 

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. In 
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 iet A be 
the solutions with all the derivative terms, a~d A 
be the solutions without the terms consisting of wo 
the product of the first order derivatives and the 
derivatives of the energy slope, and D the solutions 
based on the diffusing scheme. 

An important criterion of any numerical solution 
is the ability to repeat the values of y given at 
the initial conditions as best as possible over a 
period of time under a constant discharge. Under 
this steady flow, a critical x position is that 
which is near the downstream end of the pipe. Figure 
2.2 shows the plots of y versus t at x = 796.7 
ft using the Lax-Wendroff Scheme developed in the 
previous subchapter, and the method based on the 
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diffusing scheme .. In these two methods the tot 
1 number n of x intervals used was 160 or Aa 

L/n = 822/160. It is to be noted that after 17: 
seconds the maximum drops are about 0.01 and o 

0 for Aw and Di schemes, respectively. • 7 

Another important criterion in a numericai 
solution is stability. Paraphrasing material f 
the Journal of Mathematics and Physics [6] stab'l 
is related to the difference between the exact 1 

tion of the difference equations and the numeriso 
solution of these equations. This difference m:y 
called the round-off error. In the Journal stabil 
is defined in terms of the growth of round-off 
That is, strong stability exists if the over-all 
error due to round-off errors does not grow, and 
stability exists if single round-off errors do not 
grow. Strong and weak instability occurs if neit 
of the above is true. Also stated is the assumpt 
that weak stability implies strong stability. 
stability is a measure of error propagation. 

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

Some effects were observed in the second seri 
tests with reference to weak stability, as the in 
error was ·added only to the middle partition point 
Using 81 partition points and observing the solut 
of y at x = 4n - 3 and t = 2n - 1, it was fo 
that the developed solution took 225.3 seconds to 
out to five decimal places, and the diffusing sch 
took 520.9 seconds. 

Of more importance in the matter of stability 
the third series of tests studied. This time the 
constant discharge input hydrograph was replaced by 
a varying hypothetical input hydrograph. An error 
0.001 feet was added to the initial conditions at 
81st point of a total of 160 partition points in bO 
the Lax-Wendroff scheme and the diffusing scheme. 
The solutions of y for the same t and x parti 
points were the same as those observed for the s 
series of tests. After 180 . 9 seconds the error at 
point i = 5 was 0.00001, and the error at the oth 
points has zeroed out to 5 decimal places using!" 
Lax-Wendroff scheme. The diffusing scheme solu!10111 

diq not show an induced error growth either; thlS 
time the error did not stop at zero but became nesa 
tive. 

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

The next consideration regarding comparis0~~ 

solutions using the hypothetical flood inp~t hY Ia 
graph, is that of the effect of interval si~e. sch 
both the Lax-Wendroff scheme and the diffusing f 
6t = 6x/4z, where z is the initial discharge to 
divided by the initial area (A). This is done.th 
insure that 6t will be small enough to fall Wl 1 
the domain of dependence. Figure 2.3 shows the P 
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Fig . 2. 2. Comparison of Lax-Wendroff scheme (Aw) and the diffusing scheme (D . ) in reproducing the 
steady initial conditions along the conduit, at the distance x = 796~7 ft. 

of Y in feet at x = 735. 8 ft versus the number 
n of 6x intervals used (n = 80, n = 160, and 
n = 320) for both schemes and for three different 

i es. The entire length of 822 ft of the conduit was 
divided by n to obtain the corresponding 6x. From 
top to bottom in Fig. 2. 3, the given times t repre­
sent y r· · ( ce isrng upper graph), y near maximum 
( ntral graph), and y falling (lower graph). The 
ffects of the size of the 6x intervals are 

no iceable , and, thus, the corresponding size of 6t 
intervals a 1 . . diff . re a so noticeable, when comparing the 

using scheme tc the Lax-Wendroff scheme. Since 
"r: error in the Tayl or series expansion is on the 
~/;.~: (M) 3'. in which 6t is a function of 6x, 

1 erenc e in y due to different 6x sizes is 
_as profound in the Lax-Wendroff scheme solutions 

h/n the diffusing scheme . Figure 2. 3 also shows 
shownunie;est i~ati~n by the diffusing scheme similarly 

is s ~ ore in Fig . 2.2 in the study of ability of 
tonsta~te~e to repeat the initial condition under a 

input discharge . 

olut:~ 1~st consideration in this comparison of 
he assu! i~volves the Lax-Wendroff scheme but with 

IAw), t/~ion (Aw0 ), or without this assumption 
derivativ a all products of first-order partial 

es and any derivative of Sf are negligible. 

F Using th 
l&s. 2. 4 a e same hypothetical input hydrograph, 
111e t nd 2 • 5 show plots of the depth y versus 

re at posit • spectivel ions x = 409.1 ft, and x = 797.8 ft, 
tesu1 ts fo y. These. figures give the comparisons of 
Ind the Si; 1~e. developed Lax-Wendroff scheme (Aw) 
(\o). Th//fied scheme with the above assumption 
ltaphs Wh ifference occurs in the computed hydro-

en the first-order partial derivatives are 

11 

such that the assumption becomes l ess valid. That is 
for example, ay/ at is negligible only until the 
computed water wave reaches a particular x position 
and causes an increase in y. 

2.6 Conc lud ing 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 dra i ns 
under the conditions of application of Eqs . 1.1 and 
1.2. Taking into account all six schemes, either dis­
cus sed briefly or analyzed, it is concluded that the 
Lax-Wendroff scheme is an optimal scheme between the 
accuracy in the results produced and the computer time 
necessary for the corresponding numerical solutions. 
It is, therefore, considered as the feasible numerical 
computational scheme whenever a gradually varied 
free-surface unsteady flow is computed directly by 
numerically integrating the two partial differential 
equations stated in Chapter 1 as Eqs . 1. 1 and 1.2. 

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

Appendix 1 gives the computation details of the 
diffusing scheme and Appendix 2 gives the computation 
details of the Lax-Wendroff scheme . Each appendix 
contains the following items, (1) Flow chart; (2) Com­
puter program, (3) Definition of variables; this gives 
the conversion table between the mathematical symbols 
used in this paper and the symbols used in Fortran 
language for a CDC 6600 or CDC 6400 digital computer; 
and (4) Sample input and output. 
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Fig. 2 .4. Comparison of the hydrographs at the position x = 409.1 computed with the Lax-Wendroff_ 1 
scheme without the assumption (Aw) and with the assumption (Aw0 ) of products of parti• 
derivatives or the derivatives of Sf in x and t being negligible. 
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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 

INI'EGRATION, OF CHARACTERISTIC DIFFERENTIAL EQUATIONS BY FINITE DIFFERENCES 

3.1 Statement of Characteristic Equations 

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

1 

V + ✓gA/B 

1 

V - ✓gA/B 

(3 .1) 

(3. 2) 

{1~. -i) '· (S -Sf) F; = 0 (3.3) 
0 + ) 

and 

f1(~ _ y_)F; + .!.l dy + 
~VB g - gJ dx 

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 me~hod 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 F; 

1 
first determined from the inflow hydro-

graph an8 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 F;, at the appropriate points 
in · the computational scReme, 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 Q1 , Q2 and Q

3 
in Fig. 3.1 are obtained from the values of 
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depths, velocities, and coordinates (x, t) 
points ~• P1 , P2 and P3, respectively. 

same manner, all values of the dependent variables 
V and y as functions of the independent variabl 
x and t can be computed . 

Fig . 3.1. Network of characteristics in the method 
grid system for the solution of unsteady 
flow equations. 

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

The second category is the specified intervals 
system for independent variables. In this approach1 the dependent variables V and y are known funct 
of the independent variables x and t either as 
initial conditions of t = O or as the results of -,,I 
previous time computati ons. For example, it is as:., 
that V and y are known along distance x_ a~ ttbl 
t. Figure 3.2 represents the rectangular g:1d in ... 
(x, t)-plane with intervals /1,x and /1,t 1n x d 
t coordinates, respectively. In this case, V an 
y at points M., A. , B., ... ,N. are known. The 

J J J J ·cul 
values of V and y at time t + /1,t, and partib 
at points M A B N can then e 

j+l' j+l' j+l'""' j+l' 
puted from equations 3 .1 through 3. 4 and from the at 
boundary conditions. In this manner, V and Y 
time t + /1,t at various points along distan7e e: 15 
also be computed. This process can be continu el 
far as desired or meaningful. This method was 5 

and used in this study because the values of xax ctl1 
· M A B N are e t at points . 1 , . 1 , . 1 , ... , ' +l 

J + J + J + J these 
known, and only the values of V and Y at 
points must be determined. 



t 
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X 

Fig. 3.2. Network of specified intervals for the solution of 
characteristic equations. 

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

3
· 3 Numerical Solution by the Specified Intervals 

.§rstem 

th This section discusses the numerical solution of 
eh equations of free-surface unsteady flow by the 

i~~ od of characteristics with the specified time 
t.x e~al, _At, and the specified distance interval 
(x · t n this method, V and y at point P on the 
initi~iplane _o~ Fig. 3.3 are to be computed from the 
and condi~ions or from previous values of V 

Y at points A, B, and C using two assumptions: 
of th (a) At is sufficientl y small so that the parts 
betwe e tharacteristics between P and R and 
line/nan~ and S may be considered as straight 

P • (b) The slope of the straight line PR at point 
Pos~~i~~e tositive characteristic direction of the 
1 · ' (!';+)C, and the slope of the straight 
ine Ps . 

direct· at point P is the negative characteristic 
ion of the posifion c, (!';_) 
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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 p 
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 (~+)C, (~_)C, and 
the geometry of the grid by 

(3. 5) 

and 

(3. 6) 

in which (~+)C and (~_)C are computed from Eqs. 

3,1 and 3.2, respectively, at point C. 
(2) The values of VR, VS, yR, and Ys are 

determined by interpolation from the Taylor expansion, 
with h the symbol of either 6x or fih, as 

h2 
f(x+h) f(x) + hf'(x) + 2T f"(x) + ... + O(hn), (3,7) 
and h2 
f(x-h) f(x) hf' (x) + 2T f"(x) +. , ,+ O(hn), (3.8) 

For a first order interpolation, the second and 
higher derivatives are neglected. The first derivative 
of Eq. 3,7 becomes, in finite difference form, 

f' (x) = f(x + 6x) - f(x) 
6x 

and that of Eq. 3.8 becomes, in finite-difference form, 

f' (x) = f(x) - f(x-6x) 
6x 

The value of the function (U 
and S are then, from Eq. 3.8 

V or y) at points R 
and Eq. 3.7, respect-

ively, 

(3.9) 

(3 .10) 

For the second or4er 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, 

and 

The 
and 

f' (x) 
f(x+6x) - f(x-6x) 

26x 

f"(x) = f(x+6x) - 2f(x) + f(x-6x) 
(6x) 2 

value of the function (U = V or y) at points 
s are then 

R 

u = UC 
UB-UA 

(~-xR) + 
u8-2UC+UA 2 (3.11) R -2lix 

2(6x) 2 (xC-xR) 

UB-UA u8-2UC+UA 2 
US = UC -~ (xc-xs) + 

2(6x) 2 (xc-xs) 

from which VR, VS, yR and Ys may be computed 

knowing the V and y at points A, C, and B. 

(3.12) 

(3) Then VP and Yp are obtained by solving 

simultaneously the finite-difference forms of Eqs. 
3.3 and 3.4, or by 
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and 

in which the above values of F, 
C are defined as 

(S)c 

in which the above coefficients of the two gene 
partial differential equations (Eqs. 3.24 and 3. 
Part I, Hydrology Paper No. 43) are: A1 = A/VB, 
A2 = V/g, Bl= 0, B2 = 1/g, cl= c2 = 1, Dl 

D2 = 0, E1 = 0, and E2 = Sf-S
0

• Solving equat 

3.13 and 3.14 simultaneously, 

(T+)C (G)c 

(T _)C (G_)C 
Yp 

(F+)C (G+)C 

(F _)C (G_)C 

and 

(F+)C (T+)C 

(F _)C (T _)C 
VP 

(F +)C (G)c 

(F_)C (G_)C 

in which 

and 



utations, velocities and depths at time 
BY these com~btained for all points ·along the channel, 
t + tit /re the two boundary points. The values for 
except dory points are provided by previous computa-
h boun ar d d" . t. e f the known boun ary con i tions. 

uons o 

The procedure in the_solution requires first 
rmination of the intervals within which the 

th! dete R and s lie. A linear interpolation r1nthts performed within the appropriate interval 
15 en . . 

h dependent variables at time t. This linear 
for t elation has the same effect as the linear 
~nte~lation in the diffusing finite-difference 
inhte namely a systematic positive or negative sc eme, 
shift in the computed values V and y. 

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

u =a+ bx+ cx2 
(3.19) 

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

, and C = (3. 20) 

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

(3.21) 

in which 

UP = - ~~/(!~L (3.22) 

The ratio of 6t to 6x is the selected grid 
lies~ ~atio and (dt/dx) is the direction of the 
:s~tive_characteristic+estimated from the conditions 

ocation c. 

. Similarly, the value of the function at location S 1S 

(3. 23) 

in Which 

UN = _ 6t/(dt) 
6x dx (3 .24) 

F· This inte 1 . 
. trst, th rpo ation scheme offers two advantages. 
ls approx~ curvature of the function at a given time 

e Withimate~. Second, it is not necessary to com­
Characterint~hich interval the intersection of the 

sic and the x-axis falls. The assumptions 
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in this scheme are that the functions of velocity and 
depth are continuous and may be app~oximated 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]. 
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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 subcri tical 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 t 'ime t designated by Q(t) may 
be described by 

- (t-t )/ (t -t ) t/ (t -t ) 
Q(t)=Qb + Q

0
e P g P(t/tp) g P, (3. 25 



20.0 
Q {cfs) 

15.0 

10. 0 

5 .0 lg__j 

t (seconds) 

0'-------'-------'----'--...._ ___ _._ ___ ___._ 
0 100 200 300 400 500 

Fig. 3.4. Hypothetical inflow hydrograph of the 
Pearson Type III function, Eq. 3.25, with 
the selected parameters: ~ = 6.21 cfs, 
Qo = 8.00 cfs, t = 100.00 sec, and t 
150.0 sec. P g 

in which Qb is the constant base flow, ~ is the 
peak flow, t is the time from the beginning of 
storm runoff tE 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 Qb' Q, t , and t were used 

0 p g 
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 + fit, can be computed from initial 
conditions at C and B, with the boundary conditions 
given by the inflow hydrograph 

AV= Q(t) (3.26) 

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

Using the previously discussed assumptions and 
procedure of computing velocities and depths at other 
points along the channel the negative characteristic 
direction at point C is also given by the initial 
conditions. The relation between the depth Yp and 
velocity VP at point P can be determined from 
Eq. 3.4 . Substituting the boundary condition of Eq. 
3.26 into Eq. 3.14 gives 

y -s 
(G_)c {~)_ vs} + cs_)c {xP-xs) 

(3. 27) 

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

Solving for y from Eq. 3.27 and substituting 
Yp · into Eq. 3.26 mKkes it possible to determine VP. 

Since Eq. 3.27 is not linear in Yp, a Newton-Rhapson 
interation was used for its solution. 

Downstream boundary conditions - The bouridary 
conditions at the downstream outlet may generally be 
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given by a stage-discharge relation. In this po 
of the study only a free outfall at the end of c 
was asswned. Therefore, a critical flow at the 
stream end exists 

V 
1 

Ff 
where A is the cross-sectional area and B 
top width of the downstream boundary. 

p 
t +M 
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x=o 

t +/1t 
p 

t 

t 
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B 

p 
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X :0 

Fig. 3.5. 

B 

'tical Upstream boundary conditions: subcri ra1 
flow (upper graph), critical flow (cent 
graph), and supercritical flow (lower 
graph). 

Figure 3.6 shows the downstream boundary whe~t 
the critical depth occurs. For the free outfal~,t 
was assumed that critical depth occurred at a d~is 
of 4.5 times the critical depth from the end. 
assumption was also applied to the unsteady ~as~~ 
with critical depth computed from the base disc 
Qb. Therefore, the total distance xL from the 

inlet to the downstream boundary is determined by 



(3. 29) 

. x is the total length of the 
1n i;hich Fritical depth for discharge 
Ye is the c 

channel and 
Qb. 

t•,M 

Fig. 3.6. 

6t 

Downstream boundary conditions for the 
subcritical flow, with xL the computa­
tional conduit length. 

)( 

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

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

by a~p~ying Eq. 3.3. Substituting the boundary 
conditions of Eq. 3.28 into Eq. 3.13 results in 

(3. 30) 

in which A is the cross-sectional 
the top width at P, with both A 
of Yp· 

area and 
and B 

B is 
functions 

Solving Yp 
Yp into Eq. 3 .16 
Since Eq. 3.30 is 
Rhapson iteration 

from Eq. 3.30 and substituting 
makes it possible to determine 
not linear in Yp, a Newton­
was again used for a solution. 

l.6 Summa f - ry o Computational Procedures 

In solv ' h flow E ing t e equations of free-surface unsteady 
syst~m ~r l.l _a~d 1:2 and Eqs. 3.1 and 3.4, by the 
Velocit specified intervals, the steps of computing 
Positio~ V and depth y at various times and 

(l)s along the conduit are as follows. 
•long th Values of V and y at various positions 
constantebchannel for the steady-state condition of 
collputat· ase flow, Qh' are determined from a 

(2)1on of the bacRwater curve. 
evaluated.The upstream boundary conditions are 

(3) The d evaluated. ownstream boundary conditions are 

along(:~ Values of V and y at time t + flt 
Of v e channel are computed from the known values 

(S)d Y at time t. 
long as d/~eps (2), (3), and (4) are repeated as 

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

3.7 Effect of Variations in Computational Parameters 

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

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

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

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

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

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

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

Determination of computational parameter flt. 
The grid sizes of flx and flt 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 flt/flx 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 flt be computed from 

flt = flx/ [V + lgA/B) 

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



in which 
(1) 
(2) 

V is the maximum anticipated velocity, and 
A/B is a maximum for free surface flow. 

Since xL is assumed to be fixed, 
arbitrarily selected as any even number, 
is determined. The smaller the 6x, presllllab 
the more accurate are the results. But also 
smaller the 6x, the greater the required~ 
time. In compromising these two conditions to 
the objectives of this study, several values of 
for the fixed xL were tried. 

Effect of computational parameter 6x. 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 
6x and 6t of Fig. 3.2. In this section only the 
effect of 6x is discussed; 6t will be discussed 
in the next section. 

Figure 3.7 shows the effect of the size of 
on the depth hydrographs at three positions al 
the conduit. The upper graph is the depth hydro 
at a position 50.0 feet downstream from the inl 
for a 6x of 40.91, 20.45, 10.23, and 5.12 f 
corresponding to n values of 20, 40, 80, and 1 
respectively. The center and lower graphs are 
depth hydro graphs at 41_0. 0 feet from the inlet 
771.7 feet from the inlet, respectively. The i 
condition for each computation is the steady-sta 
water surface for a free outfall. 

If n 
conduit and 

Fig. 3.7. 

is the number of intervals along the 
xL is the length of the conduit, then 
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Effect of 6x on hydrographs at various positions along the conduit; (1) 6x = 40.91 ft, (2) 
6x • 

20.45 ft, (3) 6x = 10.23 ft, and (4) 6x = 5.12 ft, at three locations of conduit x = 50,0 ft 
(upper graph), x = 410.0 ft (center graph) and x = 771.7 ft (lower graph). 
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C mparing the depth hydrographs of Fig. 3.7 with 
.0en inflow discharge hydrograph of Fig. 3.4, it 

the g1V 
found that: . 

1115 (l) The critical port10~ of the conduit for 
uting depth hydrographs 1s near the outlet where 

c09P . s the greatest curvature of the water surface 
there 1 . d • ff rofile. The maxim~ 1 erences between the computed 
P hs with t.x being 40. 91 and 5 .12 feet, are 
dept , 
approximately 0.3, 0.6, and 1.0 percent of the conduit 
diaaeter at 50:0, 410.0, and 771.7 feet from the 
inlet, respect1 vely. . . . . . _ 

(2) There is no s1gn1f1cant increase 1n accuracy 

0 005 feet or 0.15 percent of the conduit dia­
over ~-hen t.x is less than 10.23 feet. Therefore, 
aeter ~ t.x equal to 10.23 feet, or n equal to 80, was 
:elected for computation in the other portions of this 

study. 

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

20 
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t, seconds 
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Fig. 3.8. 
C~aracteristics of the depth hydrograph 
~1th TP the time at peak depth, and y 
the peak depth. P 

From the . 
uracy of selected criteria for defining the ace-
as found \~~mputed hydrograph for a given t.x, it 

t the percentage differences of y 
p' 
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X 100 

in which the index "min" refers to the depth y of 
the smallest difference used, t.x = 5.12 ft, ang the 
index "i" refers to depths of any other t.x > 5 .12 ft, 
ranged from 0.0 percent to 2.1 percent for t.x 
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 Yp/D measure for different values of t.x, 
as expectea. 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 Yp to D 
was found when t.x was reduced below 10.23 ft. 

In using the other parameter, Tp, to define 
the accuracy of computed depth hydrographs with 
different values of t.x and various positions x, 
the measure of accuracy was 

(T ) . -(T ) . p 1 p mm 

tp 
X 100 , 

in which the indices "min" and "i" refer to the 
t.x = 5.12 ft and all others t.x, respectively. It 
was found that there were no significant percentage 
differences for values t.x > 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 Tp to tp (which was about 
1.9 percent) when t.x was reduced below 10.23 ft, as 
shown in Table 3.2. 

Tables 3.1 and 3.2 show the percentage differ­
ences of Yp to the diameter D of the conduit, 
and Tp to tp, respectively, with different values 
of t.x and va~ious 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 · t.x was con­
sidered to be small. Larger t.x produced a lower 
and later peak depth. 

As previously mentioned, the sma~ler the t.x, 
the longer the computing time required. For these 
pa:ticular 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 t.x or n values is shown in Fig. 3.9. This 
relation is approximately a power function because 
the nu~ber of co~putational locations in the (x, t)­
plane 1s proportional to the square of the x-positions 
for a constant time position. 



!ix 

(ft) 

40.91 

20.45 

10.23 

tix 

(ft) 

40.91 

20.45 

10.2 

Table 3.1. Difference in Yp computed from various sizes of !ix 

(in percent of conduit diameter D) 

DISfANCE, ft 

0 50 100 150 200 250 300 350 400 450 500 550 600 650 

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 -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 0 -0.01 0 

0 50 100 

1.23 -0.09 0.18 

0.40 -0.09 0 

0.41 0 0 

-0.01 -0.01 -0.01 -0.02 -0.03 -0.04 -0.06 -0.08 -0.09 

Table 3.2 . Difference in Tp computed from various sizes of tix 

(in percent of tp) 

DISfANCE, ft 

150 200 250 300 350 400 450 500 550 600 

0.14 -1. 21 -0.36 -1.62 -2.04 -2.02 -1. 81 -1.09 1.21 -0.96 

0.14 0.05 -0.06 0 -0.40 -0.40 -1. 81 -2.73-0.42 -0.40 

0.14 0.05 0 0 -0.22 -0.40 0 -1.90-0.24 -0.42 
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Fig. 3.9. Relations between n and 6x and the computer 
time, T, required for CDC 6600 computer. 
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-0.94 -1.43 
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-0.14 
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Chapter 4 

COMPARISON OF THREE FINITE DIFFERENCE SCHEMES 
OF NUMERICAL INTEGRATION 

f!_.iteria for Comparison 

The comparison of_three finite~difference schemes 
numerical integration and n~erical computer 

for . and the eventual selection of the most 
sol~tiobnle scheme for particular applications depend 
decira · fl · b. 1 . d • licity stability, accuracy, exi i ity, an 
on simp ' · h h h b lt·ng computer time. Te tree sc emes to e 
resu r~d are: diffusing, Lax-Wendroff, and specified 
compa · th th d f h t · t · intervals scheme in e me o o c arac eris ics. 

The simplicity of a particular scheme is related 
to both the algebraic description o~ it~ numerical 
lgorithm and the computer programming involved. 

~nerally, if the algebra is kept simple for under­
standing the computer programming is usually also 
simplified. Frequently, however, this may lead to 
numerous programming decisions to insure that 
conditions outside the range of the simplified 
assumptions are either included or deliberately 
excluded. Thus, simplified algebra does not 
necessarily infer simplicity in the computer algorithm. 

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

The accuracy of a solution method in this study 
infers that the algorithm will reproduce the initial 
conditions for the steady state boundary conditions. 
~s a corollary, the algorithm should be able to com­
pu~e_the steady state conditions from any arbitrary 
1n~t1al conditions. If the algorithm satisfies this 
criterion, it may be inferred that there will be good 
agree~e~t between the computed and the observed 
quantities. The difference between these two can 
then be attributed to the limitations of the underlying 
~~s~mptions of the theoretical equations and the 
imitations of accurately estimating the geometric 

1nd hydraulic parameters. 

0 
hThe flexibility of a computer algorithm depends 

/ t e range of conditions the algorithm will 
d~~~~date. For the unsteady flow solutions, it is 
tioira le that the algorithm provide for all condi­
exp~~t~! dept~, velocity, and discharge within the 
includ physical ranges. Generally, this must 
condit~oboth t~e subcritical and the supercritical 
requi ~s · Since numerical procedures at some stage 
requi;edinterpolations, a computer decision is 

e to determine the appropriate interpolation. 
4,2 Pr 

!:!.2Perties of Diffusing Scheme 

The d'f . compared 1 fusing scheme is the simplest of the three 
forin. Th ~chemes to develop and represent in algebraic 
Partial dis_can_be seen from Table 2.1, wherein the 
differen erivat1~es are represented as ratios of finite 
however c~~-. Thn-~simplicity, of algebraic form, 

' im1ts accuracy and flexibility. 

Provi~~ stability of the diffusing scheme is assured 
e the ratio of t:.t/t:.x 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 2t:.x. 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 t:.x 
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, 
t:.x. 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 

Known Points 

Fig. 4.1. Effect of characteristic slopes. 



The Lax-Wendroff scheme results in a more accurate 
solution in comparison with the diffusing scheme for 
the same 6x and 6t 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 

C 

10 20 30 40 50 60 70 80 

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

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

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

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

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

D· I 

90 100 110 120 130 140 150 160 

t, seconds 

Fig. 4.2. Comparison of diffusing scheme (Di), Lax-Wendroff scheme (Ai), and the 
specified intervals scheme of method of characteristics (C) in re­
producing the steady initial conditions along the conduit, at the 
distance x = 796.7 ft. 
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Chapter 5 

CONCLUSIONS AND RECOMMENDATIONS 

s. l f£!1clusions 

1 Numerical integration solutions to the 
. f · tial equations of gradually varied free-surface 

dif er:~ flow in prismatic channels and conduits have 
11115tea eviewed, evaluated, and compared, . both by the 
~een ration of the two partial differential equations 
1ntegr f d · h t · t · and by their equiv~lent, our or inary c arac eris ic 
differential equations. 

2. Numerical integration schemes, their solutions 
d their resulting computer programs are compared on :e basis of their simplicity, stability, accuracy, 

flexibility, and _the resu~t~ng computer time needed 
under given physical conditions. 

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

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

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

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

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

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

5.2 Recommendations 

Four recommendations for further studies are 
present in the following: 

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

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

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

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

COMPUTATIONAL DETAILS OF DIFFUSING 

A.I.I. FLOW CHART 

Program NSTDY 

Set 
physical constants s uch 

as diameter. length, s lope 
of conduit 

Se t 
value of friction factor 

Set 
physical parameters such 
as velocity distribution 

coefficients 

Call DCRIT 
to calculate critical depth 

Call DNOR/ot 
to calculate normal depth 

Calculate 
time increment from 

maximum velocity and 
maximlm'I height 

Call INCOND 
to calculate velocity and 

depth for all distance 
at time zero 

Call COMPTE 
to compute depth and velocity 

of even positions at first time 
interval 

Time increment 

Call C(),!PTE 
to compute depth and velocity 
of odd positions at next time 

interval 

Call BONI 
to compute depth and velocity 

at inlet 

Call BON2 
to compute depth and velocity 

at free out let 

Time i ncrement 

Call COMPTE 
t o compute depth and velocity at 

even positions 

No 

SCHEME 

Subroutine B0N2 

Compute 
depth, velocity, disch"arge 

at free out let 
by 

Newton..:Raphson iteration 

( Subroutine COED ) 

I 

Calculate 
coefficients of difference 
equations with diffusing 

scheme 

Subroutine COMPTE 

Compute 
depth, velocity. and discharge 

at end of time interval at 
given location 

Subroutine lNLOND 

Call CIRCLE 

Compute 
steady, non-wiiform flow 

for M-2 (drawdown ) 
(standard step method) 

by 
Newton-Raphson iteration 

ischarge increment 

Subroutine CIRCLE 

Compute 
central angle by given depth 

Compute 
area, wetted perimenter, 

hydraulic radius, top width 

depth "' critical depth 

Subroutine BONI Input hydrograph coordinates 
(Q,t) may be selected arbitrarily. 

,r-Y•-•---- ---i initial discharge 

No 

Interpolation of dischar ge 
for uniform time intervals 

Compute 
depth, velocity, discharge and their 

associated times at inlet 

Subroutine OCRIT 

Initial assumed 
depth "" O. 62 diameter 

depth • normal depth 

No 

• input discharge 

Subroutine DNORM 

Initial assumed 
depth • O. 62 diameter 
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A./.2 . FORTRAN & COMPUTER PROGRAM 

HAIN PROGRAM FOR UNS7EAOY FLOW BY DIFFUSING SOfEME 

PHOGRAi'l NS TOY f I NPUT , OUTPUT , TAPES• J NPUT, T APE6•0UTPUT J 
DIMENSION BLNIC f 1201, PN1C400J , PN2(400J, PN3f400J 
D!MENS!ON TCH200h 0If10C) 
O l MENSICN Qf 4 00 J, HC4C OJ, V (4 00J 
OIMEN5ION GCJ30J 
COMMUN VN ,nl , A , AP , .,;, ,Al , Cl , uJ. ,Cl , oL , .:..c:: , CL , E.c:: , VP , .)TA ,..., T ,nX , i.)C 
CUMMuN D,XO , XF , UH , ALP n A ,&tT ,..,50,r ,n ,V , ..., ,i.JX ,L;T, T, TO, TF , N,FD , FC , o 
CV,"l,"i~i\ ;,, , ;.,M , ,-,.\ii•, ,L, J , Pl:.t<iJ , OiJ T, VA , JC.. , T ..,i ,.; 1 , f\...iC.> 
CCMM~N HA,H~ t VM,HT,VT , NP T,Hh, G, QI I 
COMMON THc.TA,wP,rl:uJt.PTn,VC 
COMMON GIMAX ( 400) , VMAX ( 40 0 ) , rlMAX I 40 1) I 
COMMON TOMAX ( 400 l, TV MAX I 40 0 I, THMAX f '+ 00 I 
INTEGER RUN 
DO 1 I•! , 400 
HMAXIIl=O 
V'i'/1AX ( I l =c· 
QMAXIIJ•O 

1 CO~TINUE 
C---- -IhPUT ~rlICH MAY bE Al ick ~ 

D•2 . 9262 
XO • O. C 
XF•621 . 7 0 
F=li.vl2 
ALPHA•l . 000 
6ETA•l.CCO 
GR•32 . l 75 
Hl=0 . 4*0 

c -----COcF IC I Et.Ts 
Cl•l • O 
El•O . O 
Q2=t:iC:TA/GR 
C2•1•0 

C-----ENO OF CUE.Fl CI c.1'4T .::i 
C-----Rc.AD INPUT hYDROGRAPM 

READ <5 , 12) NQCO 
READ ( 5 ,1 3) ITQIJ),Ql(IJ,I=l,N(.ICD I 
Qll•Oilll 
TQO•O 
TO• O 
T•TO 
TF•2UC 
SO•C . 001 
N•20 
Nl=N+l 
NP0•6 
IXOX•l 
PERD•lZO. 
FNU= 0 . 0000 141 
FB•0 . 03 
FC•O 
PERO•l20 
~T •NPC, 
IO•! 

C-----CALCULATJUN Of C~JTICAL AND NO~~AL ~tPTH AT ~A$~ FLO~ 
CALL DNOR>, 
DX•ON 
CALL OCR IT 
XL=XF - X0- 4 • 5*0C 
FD•SCRTFIGR*A/31 
M=2•N 
FM•M 
MM=M+l 
MMM•M-1 

( -----CALCULATION OF DT FROM MAXIMUM vt.LOCITY AND MAXIWt.. HEIGnT 
DX•XL/~ 
RA•l . 0/12 . 0*VCJ 
OT=RA*DX•0 . 5 
wRlTE 16,14> L>N,VC 
WRITE (b,15) M, OX , DT , XO , XF ,TO, TF,SO , u,F 
'WRITE 16,161 RA , Hl,PERD,FB,FC 
Tl•T+DT 

C-----CALCULA TI ON OF IN IT I AL CONDITIONS 
r-- ---H EIGH TS AT PART I CULAR OI STA~CES FROM I NLeT END 

CALL JNC Qt,D 

NST 
NST 
1,ST , 
NST 4 
NoT 
t,oT 0 
~or 7 
NoT 
N.:>T , 

SJ 10 
N~T 11 
NS[ ,, 
NoT 13 
NST 14 
N.ST 15 
NST 16 
N>I l/ 
r,,..;;1 lb 
NS I l'; ~,, ,(, 
i't::>I <l 
NST << 
N.:>T 23 

or <4 
NST <> 
N::>T 26 
N::>T 27 
NoT <d 
1\i~ T ;;_9 
N>I ,a 
f't.::,T jJ 

Nol >< 
Nol ,, 
i\.:il >• 
NoT ,; 
NST :l6 
N5T ;7 
1\!>T ,o 
NoT ,9 
N.$r 40 
NST 41 
N>T ,, 
NaT 43 
i\::>T 44 
ol 45 

NoT 46 
NoT 47 
NST 40 
NST 49 
NST 50 
NST 51 
,,T ;, 
Nol ,, 
N>T ,. 
Nol n 
N.::iT ,,; 
N.$T :,7 
N>T ,o 
t\l::>T 5; 
NoT 60 
NST bl 
N>T bl 
NST 63 
NoT 04 
N..::iT 6, 
NST 06 
NoT b7 
NoT 00 
t;5T b> 
NST 70 
NoT 71 
NST 7 < 
N5T 73 
NST 74 

DTA•D1 
00 .I. l•l • Mu; 

c.-----CALt.1.1L.ft.T IVlt v~ c...,t.ti l~lc. l& ,. u """"L"'1 li.,,,. ..... vlr-tl .... L, ... t. 1, .. ~ ... 11"'"',a 
Ci-.LL C'-1b> 
CALL cvr,PT E. 
CUNTll'\Vt;. 
OTA•2 . 0•DT 
K•l 
JF (NPO-NT) 4 , 4 , 6 
'IIIRITE l6tl7l T 
•~R ITE 16.18) 
00 5 I=l , flil , IXCX 
WRITE (6 ,1 91 l,hlll,Vlll,Qlll 
CONTINUE 
NT•O 
PNllf...)=HllQ)Yo5 . o 
P~l(Kl=Hto01*85 . 0 
Pflij(K)=Hll501*o5 . 0 
K=K+l 

6 NT=NT+l 
T=T+DTA 
Tl•Tl+DTA 
QA•Ql3J 
HA•Hl3J 
VA•Vl3J 
QM•Q IMM>l l 
HM=HIMMM l 
VM=V I l-iMt-1) 
D(J 1 1=3 , MMf'' • 2 
CALL COED . 
CALL CCMPTE 

7 CONTINUE 
C-----CALC ULATION OF l NLtT tS OUNOARY CONDlTIOh­

CALL COtd 

HX•HIMMJ 
C-----CALCULAT!u~ OF CUTLET bOUNDARY CO~DITICNS 

CALL oor-.:2 
00 b 1=2 , ;it, ,2 
CALL COlcD 
CALL COMPTC. 
CUNT I NuE 
IF ITF-Tl 9 , 3 , 3 
CONT I NuE 
NPG •Nl/5 0+1 
DO 10 I I I• 1 , NPG 
11•50*111 - 49 
IL•II+49 
WRITE 16,201 
WRITE 16 , 211 
00 1::: l=Il , IL 
X=ll-ll*DA 

I n 
al ftJ ,.,..,, , , 

,'l..11 lo 
1'1.:>\ , ., 

li.:>I oO 
t,.::,T o l 

:il o, 
r,.,->l b'., 
N->l b4 
NS l b5 
N::::,T Ob 
N=>T b1 
i...::,T oo 
Nol 
.~::::, I 7C 
N..JT '7 l 
j\::::,r 'H. 

N::::,T i,._; 

NST 94 
N.S T <;S 
NoT 9b 
~51 97 
N::::,T ':,b 

;',!ST 99 
l'i::,T !OC 
N..Jl lC,l 

::::,T !~" 

N.>T .a.C..:> 
l'i.::>T lC,4 
N.::iT !G:> 
N.::iT !Cb 

~T 107 
NST l Co 
N~T lJ~ 
NST 110 
N>T 111 
1"11.::> T !J., 
N.::il J.l., 
r,J.:>1 1 ! 4 

i\.::i T 11:.> 
N::::, T 116 
No T 11 7 
N.::iT U.o 
NST 119 
N~T 120 
NST l<l 
NST ll£ 
j-,.~ T 1£3 
f'tl::,T 1,4 
N.>1 .a.£:> 

WRllt 16 , 22> X,Ht,,1AXI l I ,THMAXl I> , VMAXI 11 , Tl/MAXI I I ,.._,,'1AXI 11 , T,... MA XI 11 
IF 11 , EQ . Nll GO TO 11 

N::::, T lt:O '°T 1<7 
N.::iT 1£0 
N::::, I 1,,-

10 CONTINUE 
11 CALL EXIT 
c-----
12 FORMAT 1131 
13 FORMAT 18F l 0 • 0 l 
14 FORMAT I * DNGo • *El6 . 8//* DCOB *El6 . 8/J 
15 FORMA

0

T I* M a •15// 
l • DX *El6 . 8/ / 
2 * OT *El6 . a/ / 
3 * XO = •El6 . 8// 
4 * XF *El6 • d// 
5 * TO *El6 • d// 
6 * TF *El6 . 8/ / 
7 * SO *El6 . 0// 
8 * 0 *El6 . 8// 
9 * F *El6 . 8/ l 

16 FORMA T l* RA= *El6 . 8// 

17 
ld 
19 
20 
21 

22 

l * Hl = *El6 . 8// 
2 *PERO= *El6.6// 
3 * FB = •El6 . 8// 
4 * FC = *El6 • d> 

FORMAT 11Mlt7HTlME. l~,r:.lb . o , :>n StC • I 
FOR.MAT 12X,:;nPi'IT, 10;( , lrlh,l 7X,lnl/ ,l 7J. ,lrlvl 
FORMAT I lX, 14, 2X , E16 . o , 2X ,r:.lo.o, ,X ,t:.16 . 0 l 
FORMAT (//*l MAX l MVM VALUES AND TIMtS AT ~A(h LVCATIVN*//) 
FORMAT I* UISTANCE:. MAX !:>EPTn Tlr-lt :V.AX Vl:L Tl 1•1c. 

l T IME*l 
FORMAT (F6 . 2 t 3(4X , F6 e2,2X,F7 . 2tl 
END 

i\::::, T l.:>O 
N.::iT l'.'.>l 
NST 132 
NS T l:; 3 
N~ T 134 
N..>T 1:,s 
1-,..::i T l.,t> 
N::::,T 137 
N.::>l l.:>o 
1,::::,T l-'"' 
,-..::,1 140 
NjT 141 

:,T l4.l 
N~T 143 
NST 144 
fl.::,T 14!:) 
NST 146 
NoT 147 
N.::>T l4o 
N::::,f 14'7 
J,i::::,T !:> 0 
N::::, T l::il 
N~T J.:>i 

N::::,T l::i4 
i'-.-=> r 1::i:, 
r,.::::,T l:>o-



N 
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4 

10 
11 

12 

l3 

14 

15 

16 
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3 

SUBROUTINE FOR CCNPlITlNG UPSTREAM BOONDARY COND!Tlc»I 

SUBROUTINE BONl BOI 
DlME~blON TQl2001, Qlli:001" 801 
DIMENSION Ql40U), Ht400>, Vl400) d0l ::> 
OlM<NSlON Gl330l dOl 4 
COMMON ONtHl,A , AP ,OP,Al,Cl,Ul,c.l,c, i,A.:,c.:::: ,1:..:, °IIPti.>TA,1o1T,nA,UC bUl :> 
COMMON O,XO,XF,GR,ALPHA,6ETA,SO,F,n,v,o,i.>x,0T,T,TO,TF,N,Fb,FC,0 oOl 0 
CUMMON M, HM,KMM ,L,I, J,>ERD,Dl>T,VA,lC,Tl..,CH , ti.C.,CO oOl 7 
COMMON HA,HH,VH,HT,VT,NPT,HH,G,OIJ 801 3 
COMMON THETA , •,1p , R , OEPTrl ,VC 601 Y 
COMMON QMAXl400l , VMAXl4001,HMAXl4COI 801 10 
COMMON TQMAXl4CO),TVMAXl40C1,TnMAXl4001 801 ll 
IF llQ.GE.NQCDI 2,3 BOI 12 
QT•Ql INQCD> BOI 13 
GO TO 6 BOI 14 
IF IT.GE.TQ(IQ).ANO.T.LT.TQIIQ+l)) 5,4 acn l, 
JQzJO+l dVl l b 
GO TO I BO! l J 
QT=Ql I IQ I +IQI 110♦ 1 l-Ul I IQ) l*I T-TUI l~ I)/ I Tl.,t IY♦ l 1-T~l lw l l dOl lo 
HN•HI I) 001 19 
THETA-=2.o•ATANF I (SORTF C D•H 12 )-H( 2 > ••2 I I/ I o•o .5-h( 2 1 I I 601 20 
IF ITHETAI 7,8,8 801 <l 
THETA=6.2i318+THETA 601 2.: 
A•O.l25*1THETA-Sll,FITHETAll*ID*DI 601 23 
WP=o•o.s•THETA 801 24 
R•A/wP 801 25 
A2•Vl2l*ALPHA/GR 801 26 
SF= .l25*F*B2*Vl21*Vl2J/R 8Vl i7 
E2zSF-S0 dVl £0 
SQ::SC.,RTFIL>•H~-h"1ttH1"1.) oOl £-, 
TnETA=2 . 0*ATANFI ISWRTF(S(,i) )/10*0•5-nN) J bUl ~O 
If ITHETAI 10,ll,ll 601 :H 
THETAs6.2U3l&+THETA 8 0 1 ;)£ 
AX•0.125•1THETA-SlNFITrlETA)l*IO•DI au1 ~3 
FH=HN-A2•1Vl31+VA-Vlll-OT/AXl-a2•DX/DT•IVl3)+QT/AX-VA-Vllll-C2*1HA80 1 34 

l+Hl31-H(ll)-4.0*0X*E2 801 35 
DAXs0.25*0*0*(1.0-COSFITHETA) I/SQ 801 36 
FPH: 1.0-( A2-B2*DX/DT I+ I QT+OAX/ I AX*AX I I 601 3 7 
HNU•HN-FH/FPH 001 Jo 
IF IAbSFIHNU-HN>-0•00011 13,12,l.C:: oUl ;)~ 
HN:11:HNU dUl 40 
GO TO 9 dUl 41 
Hll)=HNI.J d0l 4£ 
Q(l)•QT ovl 43 
VllJ•QT/AX BO! 44 
IF (Hlll,LT.hMAXIIII GO TO 14 dOl 45 
HMAX I I) •H 111 ao1 46 
THMAXCll•T B01 '+7 
IF IVlll.LT.VMAX(l)) GO TO 15 ao1 4S 
VMAXlll•Vlll 801 49 
TVMAXllJ•T BOl 50 
IF IC.11),LT,QMAXllll GO TO · l6 801 '>l 
Qfo\AXlll:11:Clll :Sol:>~ 
TC.MAX I l> :11:T oVl :>J 
RETURN ao1 >4 
ENO dLH :> :1 -

SUBROUTINE . FOR CXldl?UTING CRITICAL DEP1ll 

SUdROUTINE DCR·l T OCR 
DIMENSION T012001, 011200> OCR 
DIME~SION 0140 0 1, '1140 0 >, Vl400> vCR 
DIMENSION Gl3301 OCR 
COMMON DN ,Hl,A,AP, dP ,Al,Cl,Ol,tl,02 , A2,C~,E2,VP,VTA,WT,nX,OC OCR 
COMMON O,XO,XF,GR,ALPHA,BETA,SO,F,H,V,Q,OX,DT,T,TO,TF,N,FB,FC,B OCR 
COMMON M, MM , MMM ,L, I ,PERO ,DOT ,VA, IQ, TQ,Ql t NOCD OCR 
COMMON HAtHM,VM,HT,VT,NPT,HH,G,QJ l OCR 
COMMON THETAtWP,R,OEPTH,VC DC~ 
THETA=2.0*ATANFt ISQRTFIO•ox-ox••211110•0.5-DX) I OCK 
IF ITHETAI 2,3,3 DCt< 
THETA•6o283l& ♦THETA OCR 
A•O.l25•1THETA-SlhFITHETAl)*ID*DI OCR 
S•O•SINFHHElA*0•51 OC.K 
OC•DX-t &* I A**3 I-ALPHA*{ t o*Ol l l** 2 l llJK l / t :-;. o•t I o•A I**£ )-1 L•v* l A••:, JO'-.~ 

l*C0SFITHETA•0.511/tSlNftlHETA•0•~l I I OCR 
lF tA&if'"C.-ox-1-0.0001, !>, .. ,,. oc~ 
OX•OC. OCR 
GO 10 1 D<:R 

•fH I& DCA 

. 
3 
4 , 
6 
7 
8 , 

10 
11 
!< 
!3 
14 

4 
5 

10 

11 

12 

SUBROUTINE FOR CCNPUTING OOWNSTRENI BOUNDARY CONU!Tlc»I 

SUB ROUT !NE BON2 802 
DIMENSION TQl200l, Q11200) 802 i: 
DIMENSION 014001, Hl4CVI, Vl40 0 l 80it 3 
DIMENSION GI 330 I o<.I< 4 
COMMON DN ,~l, A,AP,oP,Al,CltO!,cl,bi,A.c::,~,,c,,VP,1.1TAt~T,hX ,VC dU.C:: :> 
COMMON D ,XO,XF ,GR ,ALPHA ,bETA, SO, F trl, V ,Q ti.IX t OT, T, TO, TF t N, Fb ,FC td 002 o 
:CMMON M,MM,MMM,L,I,PERO,ODT,VA,H,hlYtUl,t.QCO 80£ 7 
COMMON HA,HM,VMtHT , VT,NPT,HH , G,Oll 802 o 
COMMON THETA,wP,R,OEPTH,VC 80.c:: 9 
COMMON QMAXl400l,VMAXl400l,HMAXl4CC) 802 10 
COMMON TQMAXl4001,TVMAXl4001,THMAXl4001 802 11 
HP•HIMJ 802 12 
VP•VIMI 802 13 
THETA•2 • O*ATANF I ( SORTF I D*HP-HP*HP I I/ IO. 5•U-HP I 1· 602 14 
IF ITHETAI 1,1,2 ao2 1, 
THtTA=THETA+6.lo;)l8 o0£ lb 
AP•O•l25*(TriC:TA-SlNF(TrltTA)l*IV*UI 60£ 17 
BP=D*SINFIOo5*THETAI 802 lo 
THEJA.a2.o•ATANFIISORTFtO•HX-hX*HX))/ID*C•5-rlX)I ao~ 19 
-IF (THETA) 4,5,5 30.2 2:0 
THETA=6.283lb♦THETA ao2 <l 
A•0.125•CTHETA-SlNF(THETAll*l n•o) 802 22 
B•D•SJNFITHETA•0 .51 602 23 
VX•SQRTF I A*GR/B l 802 .:4 
CTN•COSFITHETA+0,5)/SlNFITHETA•0.5) BOL •5 
FORG.aAP/ <BP•DX I• I VX+VIMMI-V IMMMJ-VMl +VP/UX• IHX+HIMMI-H IMMM.I • "iMI +IHB02 26 

lX+HIMMM)-HIMM)-HMI/DT 802 ,7 
FPRI=AP/tBP•OX*2•0*VXl*lG~-A•U~•£•0*CTN/lc*Dll+YP/DA+l• C/OT 8U.c:: io 
DC•HX-F ORG/FPR I &0.1 <9 
IF IABSFIDC-HX)-0.00011 7,6,6 B0.1 30 
HX•DC dU.1 H 
GO · TO 3 ao2 3.1 
HI MM I =DC 802 :,3 
THETA•2.0*ATANFIISQRTFID*DC-DC*DCl)/ID*0•5-DCII 802 34 
IF !THETA) 8,9,9 aoi 35 
THETA•6.28318 ♦THETA 802 36 
A•0 ,1 25•1THETA- SlNF(THETA)l*ID*DI 802 37 
B•D*SINF-1.fHETA•O•~ B02 38 
VIMM>=SQRTFIA*GR/61 bOl :,9 
acMM1=A•VIMM) b"l 'tO 
I •MM oU£ '+l 
IF (HCl).LT.HMAXCII I GO TO 10 80£ 42 
HMAXI I )•HI l 1 80< 43 
THMAX I l I =T 80L 44 
IF (VlllollollMAXll)) GO TO 11 dOL 45 
VMAXI l )•VI I l BOl 46 
TVMAX I l l·=T 802 4 7 
IF 1011>.LT.QMAXIIJI GO TO 12 802 48 
QMAX I l l •QI l l 802 49 
TQMAX t I J-•T 802 50 
RETURN 802 51 
ENu au~ ,2-

SUBROUTINE FOR a»IPUTING GEl>IETRIC PARAMETERS OF CIRCULAR SEGIENT 

SU8ROYT !NE CIRCLe 
DIMENSION TQI 200 I, QI 1200 I 
DIMENSION Q(40 ci ), D14 0 01, Vl4 00 1, Xl33 0 1 

CIR 
CIR 
CIR 

COMMON ON ,Hl , A ,AP , dP ,Al tCl, 01 t El ,0 2 ,A2, (.£ , C.i, VP , UTA ,..,T tt1X, DC 
COMMON O IA ,XO ,XF ,GR, ALPHA, BET At SO,F ,O, V ,Q ,OX ,OT, T, TO, TF , N ,FD, FC ,& 
COMMON M,MM,MMM,L, I , PERO,OOT ,VA, 10,HhQI ,NQCD 

CIR 
C[R 
CIR 

COMMON HA,HM,VM,HT ,VT , NPT ,HH,X ,06 
COMMON THETA,WP,R,OEPTH,VC 
THETAz2.0•ATANF((S~RTFIDlA•DcPTH-DEPTH**Ll)/(OlA+0 .5-VEPTH)I 
If (THETA) 1,2,2 
THETAz0.2b318+THETA 
A•O • 125* ( THETA-S l NF (THETA> l * ( VI A*O 1 Al 
WP•(OJA•0.5)*THETA 
R•A/1111P 
d•OJA•SJ NFC TMET A/ 2• 0 J 
RETURN 
END 

CIR 
CIR 
CIR 

Cl" 
CJ,, 
Cl~ 
CIR 
Cl~ 
CIR 
CIR 
CIR 

0 

7 
d , 

lu 
!l 
12 
l3 
14 
l> 
!6 
H-



N 
\0 

4 
5 

b 

7 

_,_ 
,ILIOHOC.,fl"-t. ..,, .., CUL 
OJ~t.,.:,JCJN TC.,liUCJI . ~, ,~ou, CU&. 
0IHEN~I0flt Of'-0(,J , Hl~c.o, . l/l'-001 Cul 
011-tf.N!JION GI.HCJ cut:. 
COM/rtON ON , Hl , A , AP , oP,I.J , Cl , Ol , El ,o2 , AZ ''" , E.! ,VP . , . .lTA ,wT t hJ< , vc cot:. 
CO"'-MON O , XO , XF , GR ,ALPHA , BE T A , SO , F , H , V , 0 , L>X , OT , T , TO , TF , N , FB , FC , ti COE 
CO.MMON M, MM , il-1,"tH ,L,J, PERO , OOT , VA ,J 0 , T1.. , 0 J,r,. {.>CO COE 
COM"10N HA,HM,V"'4,HT , VT,NPT,HH,G , O JI COE 
CCMMON THETA, wP , R u .>CPTH , VC eve. 
VT.afVfl+lJ+Vfl - l J )*C , 5 COE 
HT•(H( l+l l+rl( 1-11 l*0 , 5 (1,,1c. 

THE TAz2 , O•A T ANf t ( ::,c..R TF I O*M T-HT**" I J / I 0 *0, 5 - t, T J J CVl 
IF (THETA) 1,2,2 eve. 
Tt1ETA=0,2o3lo+THE TA COC 
Asu , 125*CTHETA-SINF(Tnc.TAIJ*CO*OI CVt 
WP=O*C , S*THETA C.JE 
R•A/WP COE 
S•O• S JNFCTHETA* 0 ,51 COE 
Al•A/(VT*Bl COE 
01•1 . O/VT COE 
A2=VT*ALPrlA/ GR COE 
SF= ,1 25•F*d2*VT•VT/R COi 
E2:s:SF-SO eve. 
RE TURN COc 
ENO c ue. 

SUBROUTINE FOR COIPUTING OEPTI! 6 VELOCITY AT END OF TIME INTERVAL 

SUBROUTINE COM PTE COM 
DIMENSION T0(2 00 I, 0 11 2001 CO>I 
OlMENSION Cl400 I, Hl4CCI , Vl4 00 1 CO,✓• 
DI MENSI ON Gl330I CO,', 
COMM ON DN , Hl , A,AP,bP,Al,Cl,Ol,~l,d2 , A2 , C£,E£ ,VP , OTA ,wT, MX , OC COM 
COMMON O , XO , XF ,GR , ALPHA ,dETA,SO,F , H , V ,0,LJX , OT, T • TO , Tf ,N , Fb , FC , d COM 
COMMON M, MM , MMH ,L,l, PE:.RO , OOT , VA,JQ , h.,. , V J,1"4l.)CD COM 
COMM ON HA,HM,VM,HT,VT,NPT,HH,G, Q (l COM 
COMM0 1"4 THl:. TA , Wi-> , ri. , L>iPTh , VC CUl'l 
COMM ON OMAX l 400 I, VMAX ( 400 I ,nMAJC I 4 00 I CCJ111 

COMMON TwMAXl4CV I ,TV fw'1AX(400 1,TMMAX('+OOI CO, .. , 
HI I I =HT- I DT/ I 2 . o•ox•Dl I I• (Al* IV I 1 + l I -v l 1-1 I I+ I t1 I I +l )-HI 1-11 I I COM 
VI I I z-VT- l OT /B2 I* I I A2* IV I I +l I -v I 1-11 I +HI 1 + 1 I -h I 1-1 I I / I 2 • o • ox I +E2 I COM 
VP•Vl 11 COM 
Ql l) =V IIl*A COM 
IF lHlll.LToHMAXllll GO TO COM 
HMAX I I I :s:H 111 COM 
THMAX 111 aT COM 
IF IVllJ.LT.VMAXllll GO TO CCl"i 
VMAXl I l•Vl 11 CuM 
TVMAX 11 I =T CUl"l 
IF lOllloLT•C.,MAXllll GO TO 3 CUM 
OMAXt I l•Ot 11 COM 
TOMAX l I l •T c o~ 
RETURN COM 
ENO COM 

SUBROUTINE FOR CCMPlITING NOl&IAL DEPTII 
SUB ROUT I NE ONORM 
DIMENSION Tel2001, 011200) 
OIMEN;JON 014001 • Hl400J • Vl400J 
DIMENSION Gl330J 
COMMON ON ,Hl ,A ,AP ,oP ,Al ,Cl ,Dl, t. l, 0£ ,Ai ,Ci ,Ei, VP 11,H A ,...iT thX ,- UC 
COMMON O, XO, XF ,GR ,ALPHA ,BETA , so , F ,H, V , ·c.i ,vx, OT, T, TO , TF, N ,FO, FC ,8 
COMMON M,MM,MMM,L, 1,PERO,OOT ,VA, 10, TU,Ql ,NQCD 
COMMON HA,HM,VM,HT,VT,NPT,HH,G,QII 
COMMON THETA,WP,R,OEPTH,VC 
THETAa2•0*ATANFIIS0RTFlO*Hl-Hl**211/l0*0•5-Hlll 
IF lTHETAJ 2,3,3 
THET A•O• 28316+ THETA 
A•O. 125• l THETA-SI NF l THETA l l * l o•o I 

ONO 
or.to 
ONO 
01'U 
ONv 
01'0 
01'0 
ONU 
ONO 
ONO 
D~O 
ONO 
D 0 
ONO wP: IO. 5*0 I •THETA 

R•A/WP o~o 
B=V•S1NFlTHETA*0•5) UNu 
Dh"Hl-l wP-1 f*QI-1 •WI 1) / I a.o•GR•SO*"-*l'l*A I ) / I l 3 . o•o I /K-, • C/ .:,1 NF l Tht. TA DNu 

l•0.5)1 D,iV 
If IABSFIDN-Hll-OoOOOll 7,4,4 ONu 
IF lD-DNl 5,!;., f ONO 
ON•ON•0.5 OhO 
GO TO 4 ONO 
Hl•ON 01'0 
GO TO l ONO 
RETURN ONO 
ENO ~O 

< 
J 
4 

> 
b 
7 

10 
'1 
1, 
D 
<4 
l, 
ib 
17 
lb 
1 9 
20 
d 
d. 
0 

<4 
0 

; 
4 , 
b 
1 
0 

' 10 
H 
1 2 
D 
14 
15 
16 
17 
lcl 
!Y 
<0 
d 
;, 
l3 
<4 
<5 
2b: 

d 
\, 

10 
11 
l< 
13 
14 
15 
lo 
17 
ld 
1\, 

:.:o 
21 
22 
23 
24 
25 
lb-

SUBAOUTlNE POR CO,U,\TT'lNG lNlTlAL O)NOITION 

SU~ROUT I NE I kCONO 
OlMEN!)lON TV(2 00 h OlllOO) 
DIMENSION Cd40C ) • l.> l4C(J ), Vt 4 00 1, )l\., ., C) 
C0 .. 1MOh ON, Hl , A, AP , oP , Al , C 1, 01 , C. l , ol , Al , Cl ,E ~ ,VP , .;1 A ,..,y , MX , 1,K 
COMMON 01 A ,XO ,XF ,GR ,ALPr,A, BE.TA , 50 , F , D ,V , Q ,OX , OT, t • T\J, l F , N • Fb , FC , o 
COMMON M, f{1M , MMM ,L' 1 , PERO , ODT , VA , 10, Tu , al , t,,QCU 
COMMON HA,H M,VM,HT, VT , NPT , HH,X , OB 
COMMON THETA, \•;P , R , OEPTH ,VC 
DTOL•0 . 00001 
IF I ON- CC I 1 , l , 2 
~-1 
GO TO 17 
0 J N = I DN + DC ) •C. • ~ 
DEPT Hz-CC 
CALL CIRCLt 
VV=(;.o/A 
VH=IVV*VVl/12. 0*GR ) 
S l>=F*VH/14. 0*RI 
EEl=OC+ALPHA*VH 
Ol2*N+ll•DC 
0 I 2 •N+ 11 =06 
Vl2•t-t+ll=VV 
NCOUNT•t, 
00 16 L=l,f',i 
OEPTrl=OIN 
CALL C IRCLE 
HFTH=O.!>•THETA 
OTnET •4. 0 /lDIA*SINFlhFTrll J 
OAREA=O • ll5* 0 I A*D IA* ( 1. 0 -COSF I THc.. TA) ) • OTnt. T 
ow=o .5•DIA*OT HET 
ORA=IWP*DAREA-A* OWl/l'WP*WPI 
OENG=l•0 -1 0B*US/IGR* lA** 3111*0AREA 
OSLO=-F•06*0o•12. o •R*A*DAR EA+IA••21• DRAl/(8.0•Gk•(IR*A**2)•*2)) 
VV•Qo/A 
VHalVV*VV)/12.0•GR) 
S2=F*VH/(4.0*RI 
SFa1 S l+S21*0•5 
El:.2=01N+ALPHA*VH 
Fri.AT IO= I El:.2-c.E l +~ . o •ux• I SO- Sr ) l / l Ct.NU + l tc..2-C.C. l 1 *vSLU/ I !)V-~i'") l 
oco~•OIN-FRATIO 
IF IDCOMI 5,4,6 

4 WRITE lbol91 
GO TO 18 

5 OCOM=ABSF l DCOM I 
b IF (AoSFlOCOM-OINI-DTOLI 15,15,7 
7 IF , o .a 2•DJA- DCOMI 8 014,1 4 
8 OIN=OCOM•C .5 
9 If ( 0 .ti2•0JA- DIN) 10 , 10 ,ll 
10 D11'=DIN*0•5 

NCOUNT=NCCUNT+l 
GO TO 9 

11 IF INC OUN T-2 G I 12,1 2 ,D 
12 GO ~O 3 
13 WRIT~ _l_b,2 0 1 

GO TO 18 
14 OIN•DCOM 

'GO TO 3 
15 OIN•OCOM 

51•52 
EEl•C:E2 
llz:2*1N-Ll+l 
Dl 111 •DIN 
Vl I I l•VV 
Ol 11 J•OB 

lb CONTINUE 
GO TO 18 

17 WRITE lb,2 11 K 
18 RE TUR: c-----
19 FORMAT I* OC01v, EQUALS ZERO * I 
20 FORMAf l25H 02 MUCH GReA TER THAN OJAI 
21 FORMAT I* STOP *,l~) 

ENO 

l C 
INC 
l~C 
l ~C 
INC 
I NC 
INC 
INC 
INC 
INC 
1,~c 
I NC 
l~C 
1,,c 
I111C 
rr.c 
11'C 
I NC 
INC 
I NC 
I NC 
l il4C 
1,-.c 
l ~C ;.~, 
I NC 
1;,;c 
1,,c 
I NC 
I NC 
INC 
INC 
INC 
l ~C 
INC 
INC 
INC 
!NC 
l~C 
I NC 
I NC 
INC 
INC 
I NC 
I NC 
I NC 
l~C 
1,-.c 
INC 
IN~ 
INC 
J1' C 
INC 
INC 
11'C 
11'C 
INC 
I NC 
INC 
lhC 
11'C 
I NC 
INC 
INC 
INC 
INC 
INC 
I NC 
I NC 
li'~C 
I NC 
INC 
ltK 

' 3 
4 
s 
0 
7 
b 

" !G 
11 
ll ., 
•4 
l, 
l b 
17 
ld 
19 
20 
,1 
« ., 
,4 ,, 
<b 
d 
<b ,~ 
30 
;i 

3,£ 

33 
:,4 
35 
~ 6 
:n 
,o ,, 
4 0 
41 
42 
43 
44 
43 
46 
47 
40 
4;, 
,o 
51 
52 
53 
54 
55 
56 
,1 
:>d 

•• 
o O 
bl 
6< 
b 3 
b4 
b5 
bb 
b1 
6ij 

•• 70 
71 
1, 
7:, 



A.1.3. DEFINITION OF VARIABLES 

NAME DEFINITION STATEMENT NUMBE O 
A ARF.A OF C!OCULAR SEGMENT DNO 13 DCR 13 COE 15 80 1 23 IL Ill NS T 121 

B02 22 B02 37 CJR 12 IQ Ill NS T 53 80 1 I 6 
ALPHA VEL. DISTRIBUTION COEF,-ENE"GY NST 24 1x9x PRINT OUT LIMIT NST 46 
AP AREA OF CIRCULAR 5EGMfNT 802 17 K Ill NST 82 NST Q3 INC II 
AX AREA OF CIRCULAR Sf GMENT 80 1 33 M NO. OF COMPUTATION INTERVALS NST 60 
Al COEFFICIE ~T COE 19 MM NO. OF COMPUTATION POSITIONS NST 62 
A2 COEFFICI EN T COE 21 BO! 26 MMM NO. OF COMPUTATION INTERVALS NS T 63 
8 FREE-<;UR FACE WIDTH UNO 16 OCR 14 COE 16 B02 23 N NO. OF LENGTH INTERVALS N'i T 43 

P02 3B CIR JS NCOUNT Ill !NC 23 I NC 'iO 
BETA VEL, DI STRI BUTION COEF ,-MOMENTUM NST 25 NPG I 11 MST 11 6 
BP FREE-SURFACE WIDTH 802 16 NPO 11> NS I 45 
82 COEFFICIENT NST :11 NT ( II ~IST 52 NST ~9 NS T 94 
CTN COTA NG ENT OF l /2 THETA ~02 ~5 Nl PRINTOUT INT ER VAL NS T 44 
CJ COEFFICIENT N<; T 29 PERD (21 NS T 47 NS T 5 1 
C2 COEFFIC !ENT 11.1sT 32 PNI (2) NS T 90 
D DIAMETER OF CONDUIT N<;T 20 I NC ~o I NC 62 PN2 (2 l NST 91 
DAREA DERIVATIVE OF AREA SITH OEP TH I NC 29 PN3 (2l NST 92 
OAX DERIVATIVE OF AREA •ITH DEPTH 80 1 36 0 DISCHARGE I NC 21 I NC '4 COM IS AD I 43 OC CRITICAL OEPTH OCR IS H02 ?9 802 40 
DCOM COMPUTED DEPTH INC 40 I NC 44 QA DISCHARGE MST 97 
DENG DERIVATIVE OF ENGERY WITH DEP TH I NC 32 Oil DISCHARGE l\j$ f 37 
DEPTH ASSUMED DEPTH OF FLOW I NC 14 I NC ?5 QM DISCH•RGE NST 100 
O!N INITIAL OEPTH ASSUMED I NC 13 INC 47 I NC 49 I NC Sb QMAX MAX, DISCHARGE NST 17 COM ?3 BO ! 52 H02 49 

I NC 58 OT DISCHARGE OF LAST POI NT ON HYD RO , ~0 1 13 80 1 l~ 
ON NORMAL DEPTH ONO 17 ONO ?l R HYDRAULIC RADIUS ONO 15 COE 17 80 1 25 CIR 14 
DRA DERIVATIVE OF HYO, RADIUS WITH OEP THI NC 31 RA 12l NST bb 
OSLO DERIVATIVE OF SLOPE WITH DEPTH I NC 33 SF FRICTION S~OPE I NC 37 COE ?2 80 1 27 ..,. 
DT · TIME INCROMENT NST 6 1 SO CHANNEL BED 5LOPE NST 42 0 
OTA TIME INCROMENT NST 75 NST qJ SQ (2) RO I 29 
DTHET DERIVATIVE OF THETA WITH DEPTH INC 2~ SI INITIAL FRICTION SLOPE I NC 18 I NC <;9 
OTOL TOLERANCE IN APPRO X, DEPTH INC 9 S2 FINAL FRI CTI ON SLOPE INC 36 
OW DERIVTIVE OF SURFACE WIDTH WITH DEPTH I NC 30 T TIME ~ST 40 NS T g5 
DX INCROMENT IN X-POSIT ION NST Sb NST ,5 DCR 18 TF TOTA~ TIME OF INI EGRATIO~ NS T 41 
DI COEFFICIENT COE 20 THETA CENTRAL ANGLE OF CIRC, SEGMENT ONO 10 ONO 12 DCR 10 OCR 12 EEi ENERGY SLOPF. AT POSITION l INC 19 I NC •o COE 12 COE 14 BO ! 20 80 1 22 EE2 ENERGY SLOPE AT POSITION 2 INC 38 HO ! JO BO ! 32 A02 14 802 16 EI COEFFICIENT NS T 30 ~02 19 802 >l 802 34 8(12 36 E2 COEFFICIENT COE 23 BO ! ?8 CIR 9 CIR 11 F OARCY-WEISAACH FRICTI ON FACTOR NST 23 THMAX TIME TO MAX, DEPTH CO• 18 80 1 47 002 44 
FB FRICTION FACTOR COEFFICIENT NS T 49 TO INITIAL TIM E NST 39 
FC FRICTION FRACT OR EXPONENT NST 50 TQMAX Tl~E TO MAX, DISCHARGE co• 24 801 <;3 B02 50 FD CELERITY OF WAVE NST 59 TOO TIME OF INITIAL DI SCHARGE NST 38 
FH 12l ROI 34 TVMAX TIME OF MAX, VELOCITY COM 21 80 1 <;O 802 47 
FM NUMBER OF PO<;!TION INTERVALS NS T 61 Tl TIME AT END OF TIMF. INTERVAL NST 11 NS T 96 
FNU ~!NEMATIC VISCOSITY NS T 48 V VELOCITY INC 22 I NC 63 COM 13 80 1 44 FORG 12l B02 26 HO? 39 
FPH (2) BO ! 31 VA VELOCITY ~ST 99 
FPRI (2) 802 28 VC CRITICAL VELOCITY ON cO FRATIO (2) I NC 39 VH VELOCITY HEAD I NC 17 INC 15 GR ACCELORATION DUE TO GRAV !TY NS T 26 VM VELOC ITY NS T 102 
H DEPTH OF FLOW COM 12 801 42 802 33 VMAX MAX , VELOCITY NST 16 COM >O BO ! 49 80 2 46 HA DEPTH OF FLOW NS T 98 VP VELOCIT Y COM 14 802 13 
HFTHl/2 THETA I NC 27 VT AVERA GE VELOCITY COE 10 
HM DEPTH OF FLOW NST 101 VV VELOCITY OF AASE FL OW I NC 16 I NC 1 4 
HMAX MAX, DEPTH OF FLOW NST 15 COM 17 80 1 46 80 2 43 VX CELERITY OF WAVE A02 24 
HN DEPTH OF FLOW-INITIAL 80 1 19 80 1 . 40 WP WETTED PERIMETER DNO 14 COE 16 BO ! 24 CTR 13 HNU DEPTH OF FLOW-COMPUTED 80 1 38 X POSITION NS T 125 
HP DEPTH OF FLOW B02 12 XF TOTAL LENGTH OF CHANNEL NS T 22 
HT DEPTH OF FLOW-MEAN COE 11 XL INTEGQ ATION LENGTH NST 58 
HX DEPTH OF FLOW NST 109 802 31 XO INITIAL DJST•NCE NS T 21 
HI ASSU•ED DEPTH NST 21 ONO 23 (I) 00 LOOP COUN TER OF VARIABL E 
I (I) 802 41 (2l INTERMEDI•TE VA RIABLE 
11 (11 NST 120 INC '1 



A.1.4. SAMPLE INPUT AND OUTPUT 
SAMPLE INPUT I 

,, .... ···································· ····································· fo,_.t N•-~ x ix (Nt1nbllr j)f Dis, hprg, •• I Pein I elsaribi1a hfh, ~!,<Ir Qr<PI I I 
IZ D sl~b,01 jTln I D s harac Tin 1 1 ~ I htnll, I1 lnil ID 1, hlull1 i1111 

13 
' • I I • •I I • I • • • • I 

5 
. o 

200 . 0 
4, 0 

4.0 

TF . 
~D • 1. tb•Sl37€-0l 

so . 
UC ·~ ~ • 

b . ?d9'1J71l~E - Ol 

" . •• 
.J!l • ;,. o47J. 7J8~E•Ol 

UT • 1 .3S7'1t1t:..., ,,£ + 01I 

10 • n, 

., . p,2! 7UO~OOF.•U2 

TO • n . 

Ti"< IS 0 , 
P-'~ T n 

I 

• • 
I P 
11 
JC 

10 ., ..... .. 
19 

•• ,1 

7, lZbtH 97F, t.- l) l 
7.37.0c,d6.44t.-Ol 
7,3?off'tl33t.-al 
7. J2C.b"122?t.- 0 l 
1. 3.?b~b~94t.-O 1 
7 hn&o6zAC.•Ol 
7,J?09Ul?6t.-OI 
7 • 32bt1 ~~lf'd:.-u l 
7, ·12bttjo 22&- o 1 
7, 32bA•2~4<-v I 
r. 320"l~ 1112t:.-u 1 
Z 32b7;>A J 2t,-c, 1 
7, 3?o6>3o&t-o I 
1.J~b!:14:! o7s£ -O1 
]1];:'b 'jo775t.-Ql 
7,3?bi.Vl6I t-Ol 
1, J2e,o,.nor.- o 1 
7,32>7.lBQof-Ol 
7 .J?::,'+:, o~,4.t:-0 l 
7.3?,1t'ilo,4.79E-Ol 
7 324215•5£-al 

l . 6i9t>S~Q0l•O l 

0 

F = 

RA . 
HI 

PERU 

F6 . 
Fe 

y 
J. o35 7 082sE •o o 
1.c,3:>7 il 7t13£•0 0 
J ,,~sz1nc:c:E•oo 
l,n3570H5E•on 
l,nl~7030Jt::•no 
,. 1357179oE•oo 
, • . ,1:,74"-l~t::•oo 
1." J ':>1a031tC:•o o 
·1, ., ··67J;.!91 E • on 
"!. n3:l72(\57E•oo 
~. •n570AilE•oo 
·3, oJ576739E•on 
1. n1!::>ao&c,q!::.•oo 
1.ri ·,SJ.191JlE•o o 
3, ""5001 ·r3F.: • o ,, 
1,n3bOdO7ot::•oo 
--..f'l:101'17361:.•oo 
3, " :3t>30339E • 00 
1.t'!~65~141E•o r 
1.nl07-i5CQE•oo 
3 •ll/ob9n.3E •oo 

30 , 0 10, 0 

z • oooouooE•o. 

.ooououooE-o3 

2.92~2ouoo~•oo 

1.zoooouooE-O< 

,J2667U36~-ol 

7. 326';3•o6E- O I 

1.200uoooOE•02 

J 1 00QU0UOQE-2£ 

n. 

Q 
•• ooooooo oE•o o 
1. ~999946 IE• 00 
A,OOOQQQOQE•oo 
l,9Q999830E•00 
4,000VOOOOE•oo 
+,0000141J5f•oo 
..ooooooOuE•oo 
4.oooot999E•oo 
"-•UOOOOQOQF•go 
3,999Q7636E•oo 
4,00000000E•OO 
3, 9Q9969bOE+ 00 
4.OOOf)OQOOE+oo 
3.9s9s5493E•oo 
4•OQCtUQQOQE•oo 
3,99996207E•oo 
•• ooooooooE•oo 
3 ,99991391E•oo 
4,00000000E•OO 
3,99996 ?.31E•oo 
4,000Q OOO OE•oo 

T!~E IS 
P•T 

" 0 I 
2 

9 .5Jlljh23~- 0J. 4.-,1 uc.io s1+et::•ou 1.t!5-;,1O9 d1E•OO 
9.J84li556l-Ol 4.::i, n d .l666f)E+oo 7.6694:15 17E•oo 
8 9S,Z~15Jf-o1 3 93"'n9726E•oo 6 8}3212d1F•oo 
d • H•ij•i97<- 0 I , • 0?0!, 0~05E+OO 6 • ~3375R 13E •oo 
8,35:,7oS•6<-0l 1.~ • <33572E•OO ~. 7204865ZE•OO 

- • H 2>M,Z+?6t;-u1 3 61 1-,zi,eaE•oo s,!!t:85925'tAE•on 7 7 •8.:lilH•7A ?.t'. - tl l 1.1 l'lo7~~Q o f•Q1) 4,ij294OQO3E•OO 8 
,.7-d!>~l'34t.-ul ]. ~?.'IIQJ6~EtE•oo 4.6A080602E•oo 

- y 7 So}9..,b86E-ot 3 l 'i"'no'tS?t::•no A,21576Q09E+QQ 

1
' 7 ,J209<1 1•e- 01 l,n,0299C2E•oo •.oooo3•71E•oo 

l7 7 ,J2:,070S3e.-01 J.f' .J044?.31E•oo 4,OQOOC:SSSE•oo 
~--;

1~•~·=-~,~-0~z~a~•~·~-c00.i.1 __ 33.,o.Jn0.:Jl.!9!.16..JJ'Ji8l!IO~li:E.!.•.o.n.o.n _ _,41.,,,JOl..ln1.tOLCOLCc:.66c.QQ.88fE.!.•ll.OQ_Q 7 • 32 4 bo24qt:: - 01 l. n1 b';o ub74E•oo .. . ooon1s'+2E•on 
lo ,. :n-.2c?J4?.t.- 0 1 1. 1 H 2tt 1?6E•n o 4.00001676E•oo 

-4__ __ ,......,,-.2sa;c:,5-'1.Q2?♦il.1Zlt;..:-:JQ).JJ __ ~3.._.o,,·;,.,7]Joe,.;•~9t.JPl!5ifEc!•:.11ol!IOc__/i. ... ,Oo..oru0DJ0il.JPU8!.lic.Z~E:.!•JJQcll..O 

!~~ l~ 3 • 2~9!o•~I E,vl 

I 1 • • 7••;27A<•Uv 
1, 011cussot.•oo 

i; 4Jc; C. ♦ 
1•1\J~o,•oot.•Jo 
1. OOOb .l\,4.l t. • C,tl 

7 d t.-

1. 'lfiJY?~iibE • l)Q 
, ,. ,,'id 74t4t34E• Of} 
, ,, •Jqost::c,E•ao 

so .o 

SAMPLE OlTl"P\11' 

31 

10 , bO, O 4,U 

TIME IS •,Sdt~6471E+Ul ~FC, 
P1'4T 

I 
c 
:, 

• 
5 
b 

lb 
17 
18 
IY 
<O 
<l 

T!Mi:: IS 
~NT 

I 
< 
J 

10 
II 1, 

19 
2 0 
2J 

T!Mt. IS 
PNT 

I 
2 .. 
• 
5 
6 

10 
II 
12 
13 
14 
15 

TIMt:: IS 
PNT 

I 
2 
3 

• 
5 
b -, 
ij 

y 
10 
II 
12 

16 
17 
16 
19 
~o 
21 

n 
1.10..190•03t.•!.n) 
l.09'12Uosqt.+OO 
I, Q8'17.,~:!9?E • Q 0 
!,08•2v!33t.•00 
l•D7.l2b9)2f:+Q0 
1 06DMU,7of +OQ 
1.osc:~=>2e11:.+oo 
l • 041tel5727t.+OO 
1 O?t>3?O93ittlO 
l .Olb404QC,l:.•00 
9,9n•Z7oso1:.-01 

a .eoos~o·1a1:.-01 
tt,4:l~1146~t.•ol 
8 l2b7C) 16t.•Ol 
d.Ol'14'tQf,tiE.-Ol 
7, 93::,~~356t::-o 1 
z,zozn£t,6gt.-QI 

6,5itiC}QfolE•t.ll 
rl 

9 • YO J<';Jzo[-O I 
9. ~A::s~Uosfit.-ll l 

~b ·t~ "E• 0 
l.02tfb2640t:.•OO 
I, 04 7-~1031:.•00 

1. f)51HHil4At.+oo 
1. os62.,1 sst.•·oo 

d ,.; t::• 
l,05J809871::•00 
l,0476~22ol:.•00 
1,o;!Ql!t9<>~•QQ 
1. O2d3JA49t.+ 00 
l,02U7139?t.+OO 
l,QQ::S7l?9Ri:..•QO 
9,9•Y61Z9!E-Ol 
Q,731838391:.-0l 

9.3~,7~774t. -01 
9. 23f •J~9~1:.-o I 
A,91 l90QQ}t.-Ql 

V 
•• ,65!l98SE•oo 
4.1oi• 7?7763E•oo 
♦ ,.,57tt4206E•nn 
••~•c33678E•oo 
,.~5193921E•oo 
• 6173J641E•oo 
4.f>'.\oo8796E•oo 
•.Fil'i49992£•on 
♦ s~-+a?l!iJE•nn 
4,S6c9S8S♦E•oo 
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APP NDIX 2 
COMPUTATIONAL DETAILS OF LAX-WENDROFF SCHEME 

A.2.I. FLOW CHART 

Proar• LWTH.EO 

Set 
physical constants such 

as diameter, length, slope 
of conduit 

Set 
value of friction factor 

Set 
physical parame\.ers such 
as velocity distribution 

coefficients 

Read 
inflow hydrograph 

Call DCRIT 
to calculate critical depth 

Call DNONM 
to calculate normal depth 

Calculate 
time increment froa 

maximw1 velocity and 
maximum height 

Call INCOND 
to calculate velocity and 
depth for all distance 

at time zero 

Call COED 
to calculate coefficients of 

difference equations 

A 

A 

Call COMPTE 
to compute depth and velocity 

of even positions at first time 
interval 

Time increaent 

Call CO-IPTE 
to compute depth and velocity 
of odd positions at next time 

interval 

Call BONI 
to compute depth and velocity 

at inlet 

Call BON2 
to compute depth and velocity 

at free out let 

ime increment 

Call COMP1c 
to compute depth and velocity at 

even posit ions 

No 

Subroutine IOH2 

Compute 
depth. velocit,-, discharge 

at free outlet 
by 

Newton-Raphson iteration 

Subroutine COED 

Calculate 
coefficients of difference 
equations with diffusing 

scheme 

Return 

Subroutine COMPTE 

Compute 
epth, velocity. and discharge 
at end of time interval at 

given 1-ecation 

Subroutine IN COND 

Compute 
steady, non-unifol'Dl flow 

for M-2 (drawdown ) 
(stand&rd step method) 

by 
Newton-Raphson iteration 

ischarge increment 

Subroutine CIRCLE 

Compute 
central angle by given depth 

Compute 
area, wetted perimenter • 

hydraulic radius, top width 

Subroutine INFLOW 

Compute 
inflow hydrograph from 

Pearson Type III distribution 

depth • critical depth 

,. 

.">-='-------iinitial disch&T&e 

No 

Interpolation of discharge 
for uniform time intervals 

Compute 
de'pth, velocity • discharge and their 

associated times at inlet 

Subroutine OCRIT 

Initial assumed 
depth • 0. 62 diameter 

· depth • normal depth 

No 

• input dischnge 

Initial assumed 
depth • O. 62 diameter 



A.2.2. FORTRAN :rsz:: COMPUTER PROGRAM 

MAIN PROGRAM FOR UNSTEADY FLOW BY 'LAX-WENDROFF SCHEME 

PkOGKAM L~THEOllNPuT, OU TPUT,TAPE~=JNPUT,TAPE6=0UTPUT} 
DIMENSION rc13:;co1, 0113300) 
DIMENSION Cl400), H(400 1, Vl400) 
DIMENSIO~ Gl3301 
COMMO,... ON , Hl , A ,AP ,oP ,Al ,Cl ,Dl ,E 1 ,b2, A2 ,Ci ,E2, VP ,CT A ,QT, Md• DC 
COMMON O,XO , XF,GR , ALPHA,BETA,SO , F,HtV , C,JX ,DT,T,T O,TF,N,F~,FC,B 
COM/J'10i'<i M, 1'-,1-i , M:-t~u L, I ,PERO ,DJT, VA, IQ, JI'.;, , O 1 ,NOCV 
COMMON MA,HM,VM , HT,VT,NPT,Hrl,G,011 
CCMMCN TMETA,w?,R,UtPTM,VC,J,H,...,VN 
COM M0N ~MAXl4CLl,VMAXl4COl , rlMAXl4COJ 
COMMON TOMAX I 400 I , TV MAX 1400) , THMAX I 400 I 
INTEGER F<uN 
00 l I=l,400 
HMAXI I 1=0 
VMAXlll= C 
QMAX l l l =O 

I CONTINUE 
c-----INPUT WHICH ,"IAY aE ALTERED 

0=2, 9262 
S0=0 . 00 1 
Cid=lO, 
T= O. O 
XO=O,O 
XF=821 , 7C 
F=0.012 
ALPHA=l.00 
BETA=l,00 
GR=32 .1 75 
Hl=0,4*0 
10=1 

c-----END OF INPUT WhlCH MAY oE ALTEREO 
C----:INTIAL TIME, FINAL TIME,INTIAL HEIGHT , NUMdER Uf PDl~TS PEk RO• 

TO=O• 
TF=.200. 
N•20 
Nl=N+l 
!XOX=l 
NP0=6 
FB=O• 109394 
FC=-0.17944 
NT=NPO 

(-----CALCULATION OF CRITICAL AND NORMAL OEP TH AT BASE FLCW 
QI !=06 
CALL ONORM 
DX=ON 
ONQb=ON 
CALL DCRIT 
ocas=oc 
XL=XF-X0-4 • 5*0C 
FD=SQRTF I GR*A/B l 
FM=N 

C-----CALCULATION OF OT FROM MAXIMUM VELOCITY A~D MAX IMUM HEIGHT 
OX=XL/FM 
RA=l.0/(2 . 0*VC> 
DT=RA*OX 
OT=OT•0 . 5 
DO 2 J=2,3300 
CALL INFLOW 
NQCO=J 

2 CONTINUE 
WRITE l6,ll) DNOB,DCCB , ON,OC 
WRITE l6,12l N,OX,DT,XO,X.F,TO,TF,SO,D,F 
WRlT.E 16,13) RA,Hl,PERD,FS,FC 

c-----CALCULAllON OF INlllAL CONDITIONS 
c-----HElGHTS AT PARTICULAR DlSTAhCES FROM INLET ENO 

C.O.Ll.. lNCON.D 
OlA•Ol 
lf Ut.PO-Ml \ .. , .. ,f.t 
-.ial1L l6,\.,.\ 1 

:t•O 

u~r 
LWT .£ 
LWT 3 
L_,;T 4 
L•T 5 
LWT 6 
LWT 7 
LYl' T o 
L,.;T 'i 
U,T 10 
LwT 11 
L,lil it 
LWT 13 
L-.,T 14 
LWT 15 
LwT 16 
LwT 17 
LwT lb 
L:,. T 19 
L...-T t..O 
LWT ill 
un "t.. 
Lt/T ":; 
L"NT .t4 
L\tq 25 
Lwl £6 
L•T 27 
Lv.T 28 
LwT .£9 
LwT 30 
L 't,IT 31 
LwT :,2: 
LWT :,:; 
L,. T j"+ 

LWT :,5 
Lid :,Q 
L""' T 'j7 
L''" T 3o 
LWT 39 
LwT 4 0 
LNT 41 
LWT 4£ 
L·,.r 43 
L,._ T 44 
LwT 4;) 
LtoT "+b 

L" T 4 "t 
Lt\'T "+ci 
LWT 49 
L•T 50 
L• T 51 
LwT 5t.. 
LWT 53 
LWT 54 
UH 5:> 
L-Nl 56 
LwT ':>7 
iiT 5b 
L"NT 59 
LwT 60 
L~T 61 
LWT 62 
UriT 03 

•• 

NT=NT+l 
T=T+OTA 
QA=Ql21 
HA=Hl21 
VA=Vl21 
OM=vlNI 
HM=HINI 
VM=VINI 
QN=OI N+ll 
HN=H I N+ll 
VN=V(N+ll 
DO 7 1=2,N 

(-----CALCULATION OF COEFFICIENTS AND SOLUTJON OF DIFFERE~CE E~UATIONS 
CALL COEO 
CALL COMPTE 

7 CONTINUE 
c-----CALCULATlvN LF I NLc T bOUNvAkY CONO ITI LNS 

CALL bONI 
Ho=HN 

c---~-CALCULATlvN OF UUTLET dvUNDARY CvNulTI~N, 
CALL c0N2 
IF ITF-TI 6,3,3 
CONTINUE 
NPG=Nl/50+1 
00 9 I I I= I , NPG 
I !=50*1 l I-49 
IL=ll+49 
WRITE 16,171 
WRITE 16,181 
DO 9 I=Il,IL 
X= t 1-l l*DX 
WRITE 16,1•9 ) X ,NMAX I 11,THMAXI l l 1V1'-IAX( I I ,TVMAX I i I ,l'.,,r1AX I l I ,T1.i1 MAX I l l 
IF 11.Etl.Nll GO TO 10 

9 CONTINUE 
10 CALL EXIT 
c-----
11 

12 

13 

FORMA T C*lDNCB = *El6 . 6//* DC06 = *El6.6// 
I * DNPF = *El6 . 8//* OCPF = *El6.B/I 

FORMAT I* N = *15// 
l * r'IIC *El6 . 8// 
~ * DT •ETI-. &Tl 
3 * XO *El6 . B// 
4 * XF *El6.8// 
5 * TO *El6 . 8/ / 
6 *· TF *El6 . 6/ I 
7 * SO *El6 . 8/ / 
6 * D *El6 . B// 
9 it F *El6 . 8/ l 

FORMAT I* RA= *El6.8// 
1 * Hl = *El6.8// 
2 *PERO= *El6.8// 
3 * F6 = *El6 . 8// 
4 * FC = *El6 . 81 

FORMA T 11Hl,7rlTIME 1s,~10.a,~H SEC . ) 

LWT 75 
LwT 70 
L•T 77 
LinT 70 
L~T 7"J 
L.-. T bO 
LWT ol 
LAT 0~ 
L""T b:> 
LWT 64 
L~·T o~ 
L.-. T 86 
LWT b7 
LwT &8 
LwT l:S9 
L""'T 90 
LwT ,l 
L.-. T 7t. 
Lit T -; ., 
LWT '74 
L11tT 95 
LwT 9b 
LWT 9 7 
LwT 9d 

14 
15 
16 
17 
18 

FORMAT 12X,3HPNT,l OX ,lHH,17X,lHV,17X,lHOl 
FORMA T I lX, 14, 2X ,E16 .b ,£X,Elo.o .~x ,El6. l:S l 
FORMAT 1//*l MAXIMUM VALUES ANO TIMES AT EACH 
FORMAT I* OISTANCE MAX DEPTH TIME MAX 

LOCA TIGN*//1 
VEL TIME MAX C 

L~T 99 
L•T 100 
LwT 10 1 
LwT 10£ 
Lo11T lC.:, 
L'o\T 104 
Ll'l'T iO:> 
LWT 100 
LWT 107 
LwT lOo 
LWT 109 
LWT 110 
LWT 111 
LWT 112 
LwT 113 
L~T 114 
cw( 115 
LWT l lb 
LwT l 17 
L~ T 1 lo 
L•T 119 
L""T 1.::0 
L•T 121 
LST 122 
LWT 123 
L" T 124 
LoT 125 
L\lfl 1£6 
LwT 127 
L~T l~o 
LWT 1£ 9 
LWT DO 
LWT 13'1 
LwT 130:: 

19 

1 
2 

1 TIME* I 
FORMAT (F.S . 2,3(4X,F6.2,2X,F7 . 2l) 
END 

SUBROOf!NE FOR C04PUTING GEOMETRIC PARAMETERS OF CIRCULAR SEGMENT 

SUoROUTINE CIRCLE 
DIMENSION TOl3300I, vl133001 
DIMENSION G/14001 , 0(400), \114001, Xl330) 

Lwl 133 
LWT 134 
LWT D5-

CIR 
CIR 
CIR 

COMMON DN,Hl,A,AP,oP,Al,Cl,Ol,El,82,A2,C~,E2,VP,DTA,~T,No,DC 
COMMON D I A ,XO , XF ,GR,ALPHA , BETA , SO ,F ,D ,V ,O ,OX , OT, T, TO, TF ,N,F6 ,FC ,6 
COMMON M,MM,MMM,L,l,PERD,OOT,VA,IO,TQ,QI,NQCD 

Cl« 
CIR 
CIR 

3 
4 

COMMON HA,HM,VM,HT,VT,NPT,Hrl,X,08 
COMMON THETA ,WP ,R ,DEPTH, VC ,J ,HN, VN 
THET A•2 • O•ATANF ( I SOR TF ( 0 I A*OEPTH-DEPTH**2 J JI( DI A/ 2 • 0-0EPTH J J 
IF (THETA> 1,2,2 
THET A•6.28318+ THETA 
A•Oel2~•t THETA-SINF t Htf TAJ J•tOlA•OlAJ 
WP•IDIA/2•0J•THl:TA 

CIR 
CIR 
CIR 
CIR 
CIR 
CIR 
CIR 
CIII 



.,. 
u, 

IJflTIAL ITI 

LldH.JurlNl , .... ,'"'"' 
OPttl\~l(JN rwtJ.H>OJ, /JI flJOOJ 
01MEN5lON 0(4001, 0f400J t V(400J , )(fllOJ 
C01"1Jllt.JN ON ,rfl ,A ,AP , aP ,Al , Cl t Ol , E.l ,o2 ,Al. ,C~ te.J. ,VP , VTA , tl T ,rt c;hVC 
CCII-IMOr-. OJA ,XO,XF , GR , ALPHA , BETA , SO ,F , t) ,v, o , ox , OT t T 'TO, TF ,N, Fd , Fe , a 
COMMON l'-' , MM , MMM , L, J ,PERO ,DOT , VA , JO, TO , OJ ,NUCO 
COi'-1,'•IO r-. HA ,H I'-' ,VM ,HT ,VT ,NPT , HH , X , 08 
C0,"1,"fON THETA .,,,p , R , DEPTH , VC ,J ,HN, VN 
DTOL=C . 0000 1 
ELEV•lCO . O 
XX=4 . 5*DC 
ELc. V=ELEV+So•xx 
IF (Dfl.-OC> ltl,2 
~=I 
GO TO 17 

2 OIN•l.7~•DC 
DEPTH=DC 
CALL CJ RCLE 
VV=OB/A 
VH=(VV*VV)/12 . 0•GR) 
Sl=F*VH/14 . 0*R> 
EEl=DC+ALPhA*VH 
XIN+ll=XF - XX 
OIN+ll•DC 
QIN+ll=QC 
VIN+ll=VV 
NCOUNT•O 
00 16 L=l,N 
XX=XX+OX 
OEPTH=OIN 
CALL CJRCLE 
HFTH=o.s•THETA 
OTHET=4 . 0/ ICJA■SINFIHFTHl l 
OAREA=0 . 125•UJA*VlA•(l . O- COS r(Th~TAll*UTnc.T 
OwzQ . 5•DJA•DTHET 
WP=O• ~•DI A*THET A 
DRA=l~P•DAREA-A*Dw)/{wP•wPl 
DENG= l • 0 - I OB*Ol:3/ I GR* ( A**3 I I ) *OAR EA 

k osLO=-F•c~•aa•c2 . o•R•A•DAREA+tA••21•uRAJ1te . o•Gk• l< R•A••2 1••2 1, 
VV=OB/A 
VH= I vv•vv I/< 2 . O•GR l 
S2=F*VH/(4 . 0*Rl 
SF=(Sl+S2l/2 • 0 
EE2=0 I N+AL?HA•VH 
FRATJO=IEE2-EEl+CX* I S0-5F ll/lDENG+I EE2-Etll ■DSL~/ISD-5Fll 
OCOM•OIN-FRAT!O 
IF (OCOMl 5 , 4 , 6 

4 ~RITE 16,191 
GO TO 16 

5 OCOM•ABSF I OCOM l 
6 IF I ABSF I OCOM-0 IN l-0 T OL l 15, 15, 7 
7 IF (0.82•DJA- OCOMI 8 ,1 4 ,1 4 
6 OIN•DCOM/2 . 0 
9 IF , o .s2•DJA-OINI 10,10 , 11 
10 OIN•DIN/2 . 0 

NCOUNT=NCOUNT+l 
GO TO 9 

11 IF tf'iCOUNT-20) 12,12 , 13 
12 GO TO 3 
13 WRITE 16,;0J 

GO TO lf 
14 OIN=DCOM 

GO TO 3 
15 OIN•OCOM 

51=52 
EEl=EE2 
ll•N-L+l 
Xllll•XF-XX 
DI l_l l•DIN 
V( l I) =VV 
QI l I l•OB 

16 CONTINUE 
GO TO 16 

17 WRITE 16,211 K 
16 RETURN 
c-----
19 FORMAT I* OCOM EQUALS ZERO + l 
20 FORMAT 125H 02 MUCH GREATER THAN OJAI 
2 1 FORMAT I* STOP *,131 

ENO 

I C 
1111( 

INC 
INC 
INC 
INC 
INC 
JNC 
JNC 
INC 
H~C 
!NC 
INC 
lt'tC 
INC 
INC 
INC 
INC 
INC 
INC 
I C 
l~C 
Ji\C 
JNC 
INC 
INC 
I C 
INC 
INC 
INC 
INC 
JI',( 

INC 
INC 
li\C 
JNC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
!NC 
I C 
INC 
INC 
I NC 
JNC 
I C 
INC 
!NC 
INC 
INC 
INC 
INC 
INC 
I NC 
INC 
JNC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
JNC 
INC 
INC 
JNC 
INC 
INC 
INC 
INC 
INC 
JNC 
INC 
INC 

' 3 

• 
5 
6 
7 
0 ., 

!O 
II ,, i, 
14 
l, 
16 
17 
16 
l> 
20 
<I 
« 
<3 
<4 
0 

lo 
n 
28 
29 
:,o 
:;1 
'>< 
>3 
,4 ,, 
,o 
,7 
,0 
39 
40 
41 
4 2 
43 
44 
45 
40 
4 7 
40 
49 
,o 
,1 
;; 
53 
54 
55 ,. 
>7 
00 ,, 
oO 
61 
62 
63 
64 
65 
66 
67 
60 
69 
70 
71 
7< 
B 
74 
75 
76 
77 
78 
"/9 
oo-

$ A ''"' '"''L.0• OIM h ll,N T~l).J i,l- 11))00} 
OIMEN!»ION C.d-.0\:H , H(&t",Q), Vl'-OC) 
DIMENSION Gl .HOI 
CVMMON ON ,Hl , A , AP ,uP , Al , Cl , L>l , c.l , o~ , A~ , C, ,c., ,!JP ,UT A ,uT ,no ,UC 
COMMt.N O , XO , XF , C.,k , ALPMA 10E. TA , .::.,O , F tM ,V , c., •~ "- , DT , l 1101 IF ,N ,F" ,FC.,b 
Cv,-,,MUN t,,., 1-l+M , 1-.M1-1 , L, 1 , PEM.L> , OUT , VA, IC., 1 T1..1 , t. l , /\o...iCO 
COMMON HA,HM , VM , hl tVT,NPl ,Hrit(u Ub 

COMMON THC.TA, ,1,·P , R ,VC.PTti, VC, J ,MN, VN 
00•!0.0 
TP=lOO. O 
TG•l50.0 
UU=TP/ITG-TPI 
AJ=J 
TQ(J)=IAJ-1 . 0l*DT 
Ql IJ I zQE+CO*I EXPF I- I TOI J 1-TP I/ I TG-TP I I I•< TO I J l /TP l **UU 
RETURN 
ENO 

SUBROUTINE FOR CG!PUTING DEPTH & VELOCITY AT END OF TIME INTERVAL 

It 
INF 
INF 
I F 
INF 
lhF 
INS 
INF 
I F 
INF 
INF 
INF 
INF 
INF 
INF 
INF 
INF 
!NF 

SUBROUT J NE COMP IE COM 
DIMENSION Gl330l Cu,s 
OJMENSHlN TG/(3:;coi, 1.11133001 co,, 
OlME"1SJON 014001 , Hl'i-00), Vt't-OCI COr', 
COMMU"1 ON ,Hl ,A ,AP ,bP ,A l , Cl , 01 , C 1 ,o.£ ,A 2 , Ci ,£2, VP , UT A ,...,T ,nd u>C Cuf"I 
COMMON D, XO ,XF , GR , ALPHA , SETA ,SO , F ,h, V , C , ~X. , OT , T t TO, TF ,N, F8 , FC , d COM 
COMMON M, MM , MMM ,L,I, PERO , OOT,VA , lG,TCl,;;l,MKD COM 
COMMON HA,HM,VM , HT , VT,NPT,Hn , G,Oil COM 
COMMON THETA, WP ,R,DEPTH,VC ,J,HN, VN COM 
COMMON QMAX(400 1,VMAXl400l ,HMAX(4 00l COM 
COMMON TQMAXl40 0 1 ,TV ,✓. AXl40C> , THMAXl400) COM 
Zl=OT/OX CDM 
Z2=A/b CUM 
Z3=ALPHA/OETA cv.~1 
l4=GR/bETA CUP, 
HI J I =h ( 11-0 • 5*L l * 1 l2* IV I I+ l I -V ( 1-1 I I +VI l) *IHI l + l )-r1 I l-11 I I+• 5* ( Z l *CUM 

1211 • I ( l3+1 . o I •V ( l l*Z2*( V 11+11-2.o•v I l )+V ( J-11 )+ (l.2*Z4+V ( l) **2 I *(hi COl"i 
21+11-2.o•nl J )+HI 1-l I I) COM 

VI l l=VI J I- 0 . 5*Zl*IZ3*VI I )*IV( J+ll-V( 1- 11 l+Z4*1hl l+l I-HI I-1 l 1+2eO*DCOM 
lX*Z4*E21+ 0 . 5*Z l* Z l*IIZ3*Z3*Vll1**2+Z4*Z21*1V(I+ll-2•0*Vlll+V(l-lllCOM 
2+1Z3+l • Cl*Z4*Vlll*IHIJ+l)-2. 0*H ll)+rlll-lll1 COM 
Qll)=V(Jl*A COM 
IF IHlll.LT.HMAXllll GO TO COM 
HMAXl!l•Hlll COM 
THMAX <II =T CU.Ii 
IF (V(lJ.LT.VMAX( lll GO TO 2 co,~ 
VMAXI I l=VI l l CUM 
TVMAXlll•T COM 
I F ( Q(lJ.LT, U,~AX llll GO TO 3 CO,s 
QMAX I l 1=01 l l COM 
TOMAXlll•T COM 
RETURN COM 
END COM 

SUBROUTINE FOR COMPUTING aJEFFICIENTS IN DIFFERENCE EQUATIONS 

SUB ROUT I NE COED Cuo 
DIMENSION TOl3300l , 0 !133001 COo 
DIMENSION 0140CJ , Hl400l , Vl400l COE 
DIMENSION Gl330 l COE 
COMMON ON 1Hl , A,AP , ~P , Al,Cl,Ol,El , d2,A2,C2 , E2 , VP , UTA,OT,HB , DC COE 
COMMON D' XO' XF ,GR , ALPHA , BET A. ,SO,F , H 'V , a ,Jx , OT ' T ' TO' TF ,N ,FD , FC ,a COE 
COMMON M, MM , MMM,L ' I ,PERO,OOT , VA, JQ , TC , CI ,NQCO cot:: 
COMMON HA , HM,VM,HT,VT , NFT , Hn,G , Qll COE 
COMMON THETAtWP,R,OEPTH,VC , J , H/11,VN COE 
THETA•2 . 0*ATANF I I SCRTF I D*H I l J- HI l l**2 l l / I 0/2 . O-nl Ill l CUE 
IF ITHETAl 1'2,2 . COE 
TMETA•be283lo+TnETA COE 
A•0.125*1THETA-S1NF(TnETAll*ID*OI COE 
WP•I0/2,0J ■THETA COE 
R=A/WP cue. 
B•D*SINFITHETA/2 , 0l COE 
Al•A/1Vlll*6l COE 
Cl=l , O COE 
01•1 . 0/V ( I l COo 
El=O . O COt. 
B2zdETA/GR C0t. 
A2•Vlll*ALPhA/GR COE 
c2z1 . o eve. 
SF=.l25•F*62*V(ll*VIJ)/r( cue. 
E2•SF-SO CVt. 
RETURN cot 
ENO COE 

' l .. 
s . ., 

10 
li 
12 
13 
14 
15 
16 
17 
16-

< , 
4 
:, 
6 
7 
d ., 

10 
11 
l, 
13 
14 

"' 16 
17 
ib 
19 
20 
d 
22 
23 
<4 
25 
<b 
d 
<0 
<> 
:,o 
,1 
:,, 
33-

3 
4 
5 
6 
7 
0 

10 
- 11 
i, i, 
14 
15 
16 
17 
16 
19 
20 
d 
a 
<3 
<4 ., 
<b 
<7-



A2.3. DEFINITION OF VARIABLES 

I Cl I 802 41 
IXOX t 11 LWT 37 
II tll LWT 100 INC 67 
IL ti) LWT IOI 
10 t II LWT 30 B01 16 
K ti I INC 14 

NAME DEFINITION STATEMENT NUMBERtSl NCOUNT ITERATION CONTROL COUNTER INC ?7 INC 56 
A AREA Of CIRCULAR SEGMENT ONO 13 OCR 13 COE 13 BO! z~ N NUMBER Of DISTANCE INTERVALS L~T 15 

ROZ 22 B02 37 CIR IZ NT TIME INTERVAi_ PRT OUT CTROL COUNTER LWT 4} LWT 70 LWT 75 
~X INTERMEDIATE AREA BO! 33 NPG PR INT OUT CONTROi LWT 9ij 
AJ t?) INF 14 NPO TIME INTERVAL PRINTOUT LIMIT LWT 38 
ALPHA VELOCITY DIST FACTOR-ENERGY LWT 26 NOCONO. OF INFLOW DISCHARG~ VALUES LWT 59 
AP INTERMEn !ATE AREA 802 17 NI NO. Of X-POSITIONS LWT 36 
A I 121 COE 17 Q COMPUTED DISCHARGE INC ZS INC 71 COM 22 801 43 
AZ tZl COE 22 801 26 RO Z 40 
B FREE SURFACE WIDTH ONO 16 OCR 14 COE 16 B02 23 QA INTERMEDIATE DISCHARGE I WT 77 

802 38 CIR 15 QB BASE FLOW I.WT 21 
BETA VELOCITY DIST FACTOR-MOMENTUM LWT 27 01 INTERPOLATED DISCHARGE INF 16 
BP INTERMEDIATE FREE SURFACE WIDTH BOZ 18 Oil INTERMEDIATE DISCHARGE LWT 43 
82 12) COE 21 QM INTERMEDIATE DISCHARGE I WT RO 
CTN COTANGENT Of ANGLE 802 ZS QMAX MAX. DISCHARGE I WT 16 COM 30 801 52 802 49 
Cl tZl COE 18 QN INTERMEDIATE DISCHARGE I WT 83 
CZ (21 COE 23 00 EXCESS OF PEAK O OVER QR INF 10 
D DIAMETER Of PIPE LWT 19 INC 24 INC 69 QT INFLOW DISCHARGE 801 13 BO! 18 
DAREA DERIVATIVE OF AREA WITH DEPTH INC 34 R HVORAUL IC R40IUS ONO 15 COE 15 801 , ZS CIR 14 
DAX DERIVATIVE Of AX 801 36 RA RATIO Of DT TO DX LWT 54 
DC CRITICAL DEPTH OCR 15 802 29 SF AVERAGE FRICTION SLOPE INC 43 COE 24 801 27 
OCOM COMPUTED DEPTH INC 46 INC 50 50 CHANNEL 8EO SLOPE I_WT 20 
DCQB CRITICAL DEPTH LWT 48 SQ 121 RO I 30 
DENG t?I INC 38 SI FRICTION SI OPE INC 21 INC 65 
DEPTH DEPTH OF FLOW INC 17 INC 30 S2 FRICTION SLOPE INC 42 
DIN INITIAL VALUE Of DEPTH INC 16 INC 53 INC 55 · INC 62 T TIME IN SECONDS LWT 22 LWT 76 t,.i 

INC 64 TVMAX TIME Of MAX. VfLOC!TY COM 28 801 50 802 47 ..... 
ON NORMAL DEPTH ONO 17 Tf Tl ME ti MIT FOR SOL UT I ON LWT 34 
ONQB NORMAL DEPTH LWT 46 TG TIME TO C. Of G. _Of!NfLOW HYOROGRAPH INF 12 
OijA DERIVATIVE OF HYO RADIUS WITH DEPTH INC 37 THETA CENTRAL ANGLE 0~ CIRCULAR SEGMENT ONO 10 ONO 12 OCR 10 OCR 12 
OSLO DERIVATIVE OF fN SLOPE WITH DEPTH INC 39 COE 10 COE 12 801 20 801 22 
OT INCREMENT Of TIMf LWT 55 LWT 56 801 29 801 32 802 14 802 16 
OTA INCREMENT OF TIME LWT 67 ROZ 19 802 Zl 802 34 802 36 
OTHET DERIVATIVE Of THETA WITH DEPTH INC 33 CIR 9 CIR 11 
DTOL MAX ERROR IN DEPTH CALCULATIONS INC 9 THMAX TIME Of MAX. DEPTH COM 25 B01 47 802 44 
OW DERIVAT·IVE Of WP WITH DEPTH INC 35 TO (l·l LWT 33 
DX INCREMENT Of DISTANCE LWT 45 LWT 53 OCR IB TP TIME TO PEAK INFLOW HYO. DISCHARGE INF 11 
DI (21 COE 19 TQ t21 INF 15 
EEi ENERGY AT KNOWN DEPTH INC 22 INC 66 TQMAX TIME OF MAX. DISCHARGE COM 31 BO! 53 802 50 
EE2 ENERGY AT UNKNOWN DEPTH INC 44 uu (?) Hlf 13 
ELEV ELEVATION INC 10 INC 12 V VELOCITY INC 26 INC 70 COM 19 801 .... 
El tZl COE 20 qo2 39 
E2 t21 COE 25 801 28 vv VELOCITY INC 19 INC 40 
F DARCY-WEISBACH FRICTION f4CTOR LWT 25 vx CELERITY Of WAVE 802 24 
fB FACTOR IN REY. NO.-DARCY FUNCTION LWT ]9 VA INTERMEDIATE VELOCITY LWT 79 
fC FACTOR IN REY. NO.-D•RCY FUNCTION LWT 40 vc CRITICAL VELOCITY OCR 20 
FD CELERITY Of WAVE LWT 50 VH VELOCITY HEAD INC 20 INC 41 
FH 121 qnl 34 VM INTERMEDl~TE VELOCITY LWT 82 
FM NUMBER OF DISTANCE INTERVALS LWT 51 VMAX MAXIMUM VE LOCITY LWT 15 COM 27 BOI 49 B02 46 
FORG 121 qo2 26 VN INTERMEDIATE VELOCITY LWT 85 
FPH 121 ROI 37 VP AVERAGE VELOCITY R02 13 
FPR! (2) R02 28 WP WETTED PERIMETER INC 36 ONO 14 COE 14 801 24 
FRATIO l?l !"IC 45 CIR 13 
GR ACCELERATION OF GRAVITY LWT 28 X POSITION ALONG CHANNEL UIT 105 INC 23 INC 68 
H DEPTH OF FLOW COM 16 BOI 42 B02 33 XX POSITION OF CRITICAL DEPTH INC 11 INC 29 
HA DEPTH OF Fi. OW LWT 78 Xf TOTAL LENGTH Of CHANNEL LWT 24 
HB DEPTH OF FLOW LWT 93 B02 31 XL WORKING LENGTH OF CHANNEL LWT 49 
HFTH ONE-HALF THETA INC 32 XO INITIAL POSITION ALONG CHANNEL LWT 23 
HL INTERMEDIATE DEPTH BO! 19 ROI 40 Zl (21 COM 12 
HM INTERMEDIATE DEPTH LWT 81 Z2 121 COM 13 
HMAX MAX !MUM DEPTH LWT 14 COM 24 BOI 46 B02 43 Z3 121 COM 14 
HN INTERMEDIATE DEPTH LWT 84 7.4 (21 COM 15 
HNU COMPUTED DEPTH BOI 38 111 DO-LOOP COUNTER OR VARIABLE SUBSCRIPT 
HP INITIAL DEPTH BOZ 12 (21 INTERMEDIATE VAPIABLE 
HI INITIAL DEPTH LWT 29 ONO 20 



A.2.4. SAMPLE OUTPUT 
{ No i nput required ) 

TF . l,C,uOOijQOOF.• ·.l < 

ONQij & 1 !2c:!~582t 7~•00 
T !Mt: IS .:.1-1 f 33340SE•Ul ~,c . 

so • I, OuOOOOOOE-,,3 PNT ➔ 
,, 

OCQd • l•007854i,d~•00 
I l •J6 .. otJ2'Hf•0U 4.86t::'l477':1t:+00 

0 . c:!.'i,b20000E•"u l l•lt05779~<;t+UO 4,20',6lsHE•OO 

ONPF . 1.2c?~582\7~•00 
3 l•~544~l0qt.Oll 4.J~627;,5SE+OO 

F . 1.2uouooooF.-o< 4 l,J37'i30971:.•00 4.2479n,tt,E+00 

OCPF . l,0079546dF.•00 
s I .Jlol9048e•OO 4, 1,,s33:,1tSt.+no 

RA• l,0<61Jt85E-ol b l•l97099l2E•00 4,o"':ld044-i+JE+no 

N • 2n 
7 J ,,r,;~)45?.C:+OO lt.Clb4~:,54E+OO 

HI . l , 2<8590o7E•n0 d l,<6>042lJE•OO 3,95::>2'l'P34E+OO 

DX • •• o~S82J27E•ol 
9 l,c!Si~l210t::+OU 3,9o 5 1:1J156E+no 

PE?l>,;: -4, iJd .. Odo-19~ 10 l,c:!42155b2t.+UU :;,86875.>St+E+OO 

OT • 2,U!b29670~•i,O 
11 I ,~33b!B1Jt::,OO J,a•3•B,B4E,oo 

FB • I. 0~394000E-ol 12 I ,22b•276dE•00 l,R29o?a39E,nO 

XO • o. 
13 I , <2JOS247Eo1JO 3,ft2<t-;.?f:14-lBE+OO 

FC • -1, 7,; .. ooOOE-n I 1• 1.q3932a,c:.uo 3,Ell844t:;06t:+00 

XF • 8,2; 700000E•,, 
IS l •~074829~t::+00 J,0413"1IE•OO 
10 1, l99'i9430E•UU 3,9bJ87733E•OO 

TO • o. 
t7 l, l90'9050E•OO 3,80091 o77E+OO 
18 1 , l7b49469E•'O 3,9i:;~43n5BE+no 
\9 I d53'6d22t.00 c.. 0 73SF>'-20E+no 
20 l,l00370~6••UU 4.2 ~ ttS2~c?3E+no 
21 I , y0969596t•UO 4 .• 87778:;91E•OO 

TIME IS 0 ! SE C, Tlo•t:: IS o,OJlll20lf.•01 SF:; C. 

PNT " • u P~T .. • 
I l•<27S!ISJE,OO l. n•6qHBE, oo J,OOOC,UOOOE•OI 

1. ,1so1 Hst,oo '+. 77':,76Qo~7E•OO 

2 l•~27i547l:l!:.•OU 3,71172<1"E+ OO J,OOOOOOOOE•ol 2 1 ... 9b .hS02~.vo 4-.;;•H:i9Ac;36t:+00 

3 t,22b93597t,OO 3.7J~OnH5E+OO 1,0000UOOOE•nl 3 I • •39<! 743e,OO ... 1oosqose,E.oo 

• 1•<2653979<+00 3. 7'060~2•E+nn 1,0000UOOOE•ol • l,<+26J!,07dC:•\JO •.s65Bn•20E+OO 

s I -~260H05E.oo 3 , 74lS01bBt::+OO J,OOOOOOOOE•OI s l ••OUi7i74c.+UO 4,SOOS~o91Eo00 

6 l•i:25433~0••00 3.74'>0~'7~4E•n0 1.ooooooooE•l'll 6 1,J774-~<Jd3t..uo 4.11-lb6\;.lb3E•nO 

7 l•~2•078B3E,OO 3.74~1S~59E•n0 1 , 00000000E•o1 7 I ,>54 70B3Jt•UO 4,3347,._,~7E+ OO 

8 I •~237J9Sst-:,OO 3,7SI9••~2E,oo I • OOOOOOOOE•n! 8 l .J3ldl44-3Jt.• 0 0 4.2S 3 35F>57€.oo 

9 l,2U56764Eo00 3 , 7Sb73~b9E+00 1.ooouooooE•o1 9 I• h2063B]t.OO 4 . }7S42'-l7E+n0 

10 l , ~2ll0173E•OO 3, H27U30E•OO 1,00000000E•ol 10 l • ~92d}26E,E+UO 4, !OH~o•7E+OO 

II l•~l92620Bt+OO 3, 7702•~•BE+OO JoOOOOUOOOE•ol 11 I , ~7SJIOIJE,UO 4.040~04.32E•OO 

12 t ,llb943bBEoOO 3 , 779770IOE,no 1,00000000E•ol 12 l •~59"14440t•Uti 3.9~tN7;17E.no 

13 l , <l•OOS89E+OO 3. 7019 0 qOOE+OO \•OoooooooE•nl 1J l •t45b.J914t'..+OU 3.9496t-h4.6E•OO 

1• l•~I0236l~t,OO 3,R07so ,5SE•OO 1,00000000E•o! 1• I ,<3Jl4072t•OO 3 . 92.,794 7Jt::+ 0(1 

15 I •~0',43223Eo00 3 . B27Hq29E,oo 1.ooooooooE•ot JS l•,2i4)404C.+OO 3,9120Jq89E+OO 

1• l o l99IJ617<•00 3 . 8:>453:?tHE+OO 1,00000000E • ol Jb l+~0"7lll1E+UO 3,91SSS794Eo00 

I 7 lo!907SB71t - oo 3,89066717E+OO 1.00000000E•o1 17 Io l9bb9l62f.•UO 3.93~28~57E+00 

18 l, ! 7929145t.+OO 3,04\2Jo02E•OO t,OOOOOOOOE•O! 18 1 , l Hl!&l•E•OO 3.9q140l70E.•,"10 

19 1 , l627B53Re+OO ct.Olt>04l54-t..oo 1,000000UOE•ot I~ I• l52d6219<•UO 4 . ] 0 '177l7lf.+ OO 

20 I, l3bo55J8to00 c.. \4U24c;ttSE+ OO J,OOOOOOOOE•OI 20 J,lO•b730JE,OU 4.3 2 /4\q~Je:.no 

2.1 l+U07d5468E.+UO 4,B727'•27E+OO 1,000COOOOE•nl 21 I ,u!000437E,OO 4 • 87d6~i'ltHE+OO 

TIME IS 1!25777802,:•0I SEC . T!Ml IS 6!28d9900'iE•01 Sf.C, 

PNT .. V Q PNT ➔ V 

' I ,oJ•JI 75E+OO 4.0074c;l ,4E•OO ,.o'IObo;662f. •ol I t ,aJJ93203E+OO 4 . 7'1-l40c;25E+OO 

2 J , 24<33409<•00 3.RlU'iJ]Q23E•OO 1. 029051,n •o 1 2 t,56•3929sE,OO 4 . ~7 J4n,39E.+OO 

3 I ,,3,039J)E,OO 3 . 7Bl357HE,oo J ,0!63201 !E•ot 3 1.020793S~E.OU 4,03051128E,oo 

• l•~307753SE+OO 3,7~282,SIEoOO t , 00829123E+OI 4 I• >l206340t,00 4 , B0524>87E+OO 

5 l • <28l5 19JE,OO l, 75372 \ 46E+ no 1.00•0345Sf•o1 5 J,4848!239E+OO 4,769SOl•OE+OO 

b I • ~2643♦ 531:.,00 3,75043137E+OO 1-Dol88642E•ot 6 l • '+62'112460t.+C,u 4.700J!'lnlBt:•nO 

7 1,z2s 12ea2E,uo 3,7506l471E+OO 1,000~4 ♦ 71F•ol 
7 I ••HollOOE•OU 4 , 63•44J33E+00 

8 1,,2H249Qt,OO 3, 7SJo7qObE,oo \ ,00035452E•ot 8 l••l6l2990E•OO • . S638l934E+no 

9 1+~2i2t:i261SE+UO 3, 757211BBE+OO !o00012d04E•ol 9 1,j92a5a'l2E,OO • . •90B6474E, oo 

10 l•22l09HJE,UO 3, 7~29~q7BE,oO l•00002206E•ot 10 t,J69SB417E+OO 4.416JQ~77E•IJO 

II 1,21922238<•00 3, 77031407E+OO 9,99~6B795E • oo 11 t,.i46SB65SE•OO 4 • 34214118€.• 0 0 

12 I -21687BIRE.uo 3 . 11-,17q~2sE.no 9.9v~J6699E•oo 12 I• 3241035SE.OU 4.270424S"E•on 

13 l•~l39!552t-:,OO 3, 7919nJIE•OO 9,9.,~l< l l~E•oo \3 t,J02J7067E•OO 4.204t2c;l5E+OO 

14 l • <l01364SE•OO 3, RO '/5J>OBE• O 0 9,9'19B5979E+OO 1• I •~Bb2962t:,OO 4 , t4o4b\05E•00 

15 1 , 2052689?.E+OO 3.B2783\9IE,oo 9,998SS630E•oo 1s lo2615H22Eo00 4 , JOI07>7BE+nO 

16 lol9891042E•UO 3 . PS,.67Q•BE.•t)0 9 , 99B22386E•oo 16 1,24l8371BE•OO •,0722~o68Eo00 

17 I ol904270Jt.OO 3,B9I08031E+OO 9 , 9979212aE•oo 17 l .~2lt7844E+OO 4 , Q679oa68E+OO 

18 t , 1786S937E•UO J,0•2n126E,oo 9,9984697BE+OO IB I• <967871 JE,00 4.10053«-75E+(10 

19 1,l6UHI00••00 4. 0 26q64'57E.+QO 1,000d8499E•o1 19 I, lb45!6ol<+UO 4 . t97?8:,24E • 00 

20 t, ,21a4ol~E+OO 4,2172t•~9E+OO l ,00334580E•ol 20 l•J.l37U489E+UU 4,3~183>•2E+nO 

21 1,01.1. 7521 lt::+OO 4,RB339nHE,oo t,00h7613E•OI 21 loOl~892oSt+OO 4.89739~57E+00 

TIME IS 2!5155560ttF:•Ul Sl:C • 
TIME IS 7,5466681 IF•UI Sf.C, 

PNT " V Q PNT ~ V 

; 1.26389703••00 4,61171 o07E+OO t,2827213oE•Ol ; J,b808600tE•OO 4,82K~l l62E+00 

2 I • 30d•J092t• 00 4 . Q2043lb7C:+QO 1, lo5370JOE•Ol 2 1•~10448901:.•00 S.03261 o9IE,00 

3 I ,~H91237E+OO • . olI5R>96E,oo 1, ll272947E•ol 3 t,587014B6E•OO 3 , 0257! J 58E+OO 

• l •~660 ♦ 725E+OO 3 , 03593'54E•OO !o08722562E•OI 4 t ,5805~699EoUO 4 , Q32H>39E+nO 

5 1 - ,5350423<•00 J,8R089J71E+OO J,0600l9J2E•OI s } ,:>51t92461E+UO 4 0 927HH8Eo00 

• 1,i:43d0276E+OO 3.A38J'3;U~E+ OO J,03-ISSl26E+Ol 6 l , >3670B02E,OO 4 . R7d41:,~SE.no 

7 1+~3b"'7SlSt.+00 3,80~59017E,oo },011dUb2'i1)E•Ol 7 l•:>l:>-.768JC:.OO 4 . P.HlJ~:HE•nO 

8 l • ~3103'02E•OO 3,7b96~7l3E+n0 1,Ct530666E•OI 8 l •~91tl517~t..OU 4 , 7dd7~c;.:t9E+OO 

9 I ,?2690571E•OO 3 , 77944730E•OO 1,00902771E•OI 9 I , ~7232A65E+OO •• 7371J060E+OO 

10 l•~235B08Bt::•UO 3, 77SORA69E+00 1 , 00S! .. lOE•ol JO l,4 ♦ 98&2J9t::.uo 4,6Bl87;07E+OO 

11 I , l20607 ♦ tt.OO 3, 7778~s91E+OO I, 00i82383E •o I II 1-•2682953E,OO •.62362422E+00 

12 J , 2t76113St:,OO 3 0 7840 0 A69E•OO l ,OOl47614E•OI 12 I , 40323775<•00 4,56314~1BE•OO 

13 I • ~1•2~81 )E,UO 3.79'+2Ql~7E+ OO }+00U703b9E•Ol 13 l+J79094-l ♦E+OO ct.5016q~~7E+nO 

14 1. ,1ol65Sse,OO 3,8089~3>1<+00 J o000273•3E•ol 14 I • ~54390JSE+OO 4 . 44-l3t1424E+nO 

1s l,?OS2556JE,OO 3,P.287Hl9E+no l!OOOo2l•SE•OI tS l • ~2904766E•OO 4,JBSJl412E +00 

16 ! ,l9d77SO!Eo00 3 , BSSS5~8BE,oo 9 , 99865818E•no 10 l,30264633E+OO 4, 3391542 7E+OO 

I 7 l • 19UIJ00Je,OO J,~021018BE,oo q . 9v86SOHE•oo I 7 1,2H2162ot.oo 4-,31269:,bS E+OO 

!d I , i 775971sE,OO 3 . 9'+73nn51E.no q . 9~8733B9E•oo JS t , ~4IJB424Eo00 •,Jl99aa 2 bEonn 

\9 I, !5726467E•UO 4,04'2!S75E+00 l•00260689E•OI 19 I •~Ol09247E • OO ... . 38]7'5Q3lE•1lO 

20 l +ill4?!!252t.•00 •,l669toOBE+00 I; 00l54592E+O I 20 I, 14o71362E,UO 4 . S43o o ,73E+OO 

21 t,0!042234E•OO 4, ~797-.3SE+ oo 1,U0'492244E•ol 21 t,u4321629E,OO 4,96884t91E+OO 

38 



II"' IS 
0 I 

; 
l 
) 

• 1 

• • •• II 
Jl 
1J 
1• 
1• 
Jb 
17 
1• 
Ji 
lO 
21 

II"' I> 
• I 

l 
) . 
5 

• 1 
I 

• 
10 
II 
Ii 
)) 
1• 
1• 
1• 
J1 
JI 
1• 
lO 
21 

i 
It 
II 
12 
ll 

I 
11 
l l 
I) 

I • 
I\ .. 
II 
I 
h 
l 
II 

l:l • d'-'"'44t,iJr•Ul .. 
1.oBJi735SC:•O O 
l•o♦ l.,qS b~t•LtO 
1,oJJd~7!,"'t•J O 
1.ozooJ664~• iJO 
1 ,oO•O?od3l+ OU 
1,:,9ulb4~QE• ~O 
J ,:, /iJ:;7••~ • i>O 

1,:,51tJ7061C.• :J U 
1,:, J':>O~'ild2c.•UO 
, .,10Jl2➔ J<• 0 • 
t••~bObGl•-3t•CI V 
J, ,.7•diJSJc.• U~ 
t , •5Zo5d1 8t.• UO 
1 • 2'1'l"i317i:. • 00 

1 : .. otto-.9o~i::. ~o 
J ,J7b~iJbJE• ..iJ 
J ,J♦ :,!:,53511:.•UU 
J , JQo,192751.:..• uu 
J,CbJd5J7Jt.•JO 
t , CO:,d:;1"001'- • :,u 
J,U9~d?6'561:.• 00 
j,0U"?2i(dr• 02 
- .. 

1. 0810)47dt• UU 
1 .obdfUS\ t.• \/0 

1,o64'1'5974E+ OO 
l•05513o9Jt•U U 
} , bJOU~o2Uf+ Uu 

1• 0z:,~J"9 "'c.•O v 
1,oO,icl~e:;9E,UO 
1,:,9:,Jl§&42E•UU 
1,079721•5E• OO 
1, :,6Jj~;:!6JE•UO 
t,:, ♦ b':,02~Jt::•00 
1,::i28~!,549t.+OO 
l ,:,O'i:t20 77t.. CO 
l • •d~UqJ58l• UU 
l,•6676•29E.OO 
l ,,.U71580 t•U0 
l••l25650Jt. Ou 
I , J71bH27t•OU 
l,J3J➔ 6J>7<•0U 
J,'781~8d4E,OO 
J,17 ~E- 00 

" 
4 . =1-i":>J,?:..7::IE • 'JO 
3 . ('~':1174 >1 ~7€ + ,1,) 
3.f'.IJ JJ.17 1 :ib~ + ()i) 
... ~~1Jl:.d'1E+ ,ltl 
.. . ~7,.,bl 1 -.JE+ no 
·•. q4, J~:;.,,~'Ji + ,lfl 
.. . q 7 ~ 1 l ,,"i lC:t-:lr} 
1t . µq;-.1;},iV3E+ ,l0 

... µ6-.- ·tn":150E +1H1 
,. .q J fti 'J':1 /4C:• n•J 
4 . ~02190~~ E. r,o 
• • 7~':i''-1 lOE • •ln 
•• 7 237:1.aLE+ ,l0 
.. . t,..i:iz.., ,-,sE+ :in 
... f,41;, l 1'.l 7ctE+ O~I 
'-' . 6l?b? 775E• ll0 
4

0
=iQ('l', ,C,, :,tHSE'+ ,1U 

~ . S~ri4l-u)8f+ t10 
+ • f,~'t~ '.'7} 9C: • ()0 
4 . 77h~91lldE + OO 
:", . t21Z?~:J2F. • O\J 

" 5 . r.~-'54 -l~2E•O '> 
• . ~tJ ,-,7\ 1 lZE +:lO 
4 . ~'S(ll",7~ 6E+ OO 
r. _93.J )Cf. 1~91:. +00 
... ~S4-51:t 1:) 4E+ n0 
~ . 9J J4l i;~tiE +,"f0 
4.9~ 09 -il 13E+ Ofl 
4 0 9lb31=? 7!::IE• OO 
4

0
0 0 -+J ? ,iOE• t"O 

4 0 A8Q9}4d9E • OO 
4 • "1739~.c.,;•E •n O 
4 0 @.5b5 i 7 tl 2 E+ OO 
4 . R3H l I =i03E+ iJO 
4

0
1:U "-17::>~!,lE+00 

4, 8D 310,.Ht:,no 
4 . 7Q297q8 7f+ OO 
4.7~46n1b6E+no 
4 0 1:n 777:,:l3E+ OO 
4 . ~7 l 3.,,162E••l0 
4

0
Qq57~ ; 0 l C: • OO 

s .120 4~n~u=::.()o 

./ 

1 • I.J,j .. ':) 1447f.. • O l 
1 - 9~~41'.>2lnE • o 1 
1 • Qi:0315t3 1E• Ol 
1 , 8,olcJ~~t:•n1 
l • S t>~<.Jldl\ f: • Ol 
J 0!:!J ,.-,1od l-,E• Ol 
t • 80 1,.c,t 7 Rt. •Ol 
l, 1t>'.> :> l 7 74E •n l 
} , 7,:,7nCOdJE•('ll 
J ,f,d'i2J~ litE •Ol 
l•b4bt,J7Jqr-: •ol 
1, 60 3(!(141,F• Ol 
1 . ~ :,d-1~9QJ~_•()l 
t • S.li~~S-lqF' • (ll 
) ,4t>S7l'1d oE •nl 
t , 417..J1717E•Ol 
J.31 1) U21AE•OI 
1,3,3~1.u·:lnE•C'll 
1,27o?3 1dSE•o1 
t,?.3C7U40QE.•t"ll 
J , l dJ28 B9E•Ol 

y 

1,Q'il..Jiol4 ♦ E•ol 

\.9"1H•3•0E•OI 
J ,941815~1E'OI 
J•90od,d3F•ol 
1,90nt!ll7E•ol 
1 , 80:iOHI IE•OI 
1.eolJ7"9SE•ol 
I • 83•92o24F.•ol 
J•80746055F.•OI 
I• 7783•2~7E•OI 
J•7 • 7oDl~SE•o! 
l • 7 l:i!573nE•o! 
J,6dUH Ol3E•OI 
1,biio:>Oi4J2E•Ol 
J,60736ldOE•o! 
t • 5o~0b98JE •0I 
I .s.107&J4E•ol 
1•48~ 6b814E•ol 
1,•3ai,21 IE•ol 
1 • 3H I •&q?.E •DI 
1•3•2S2848E•0I 

<l 
1,9c,+('11:JQ01i!::•01 
l • 9o bi4448E • 0 l 
1•9~02464AE•ol 
1 ,93b5J4r.!hE•Ol 
l ,9,:,1 J ♦ t+SQE•Ol 
\ , 9 0 231tBJ.2E•l)l 
t • 8d ...,7tt9{,tE•ol 
I•8t>49b7d7E•Ol 
},84451879E•Ol 
l•BU7d77AE•nl 
I • U9908J5E•Ol 
I ,77S/7523E•ol 
J , l,03•178E•OI 
l • 7 05592?.E •DI 
1•69538lb8E•OI 
1.6osno➔ 1E•o1 
I •63H34b7E •OI 
I •b0129120E•OI 
J ,56"0bl:i7E•OI 
!•5i!5 1IUJ4E'OI 
1••sa1•01aE•o1 

Q 

l•~ .. •7lJ111E•Ol 
l • ~•d03882POI 
J ,93b00776E•OI 
l•92736&12E•ol 
J,915-,7l8E•OI 
J.90ISo293E•ol 
l•8:l8&c973E•o1 
J .d7.l32ooJE•Ol 
l•Bo773755E•ol 
\•8•00bl94E•OI 
1,B23J223bE•Ol 
t ,80"71417E•ol 
J ,7t:hlS442E•0l 
J.7o•&3741E•ol 
l • 7•314542E•OI 
l • 72063579E•OI 
1 ,69677870E•ol 
J.6/123404E'OI 
J • 643!c9"f3E•OI 
t ,6113Jlo2E•Ol 
J .58779542E•ol 

<l 
J• 6dB87 567E•OI 
1,9J2.o78~E•Ol 
t • 90JB3087E •ol 
t,90l306J7E•ol 
1 . 8,3sss;sE •o1 
t •8 !3SS3 ,2♦ E •() l 
J,871i•7i!3E•Ol 
J•8bo•S8•2E'OI 
J . 8 ,:i3b972E•OI 
J•8•29lb63E•OI 
1•8295923BE•ol 
!•tll:i29111E'OI 
!•80D11676E•Ol 
J,7d4I I057F.•ol 
I• 7o7303&3E'O I 
I•74~6'-57IE•Ol 
1.1309,Jb9E•o1 
I • 7 l06J~<7E•Ol 
1 , 6t!92•075E•OI 
1 , 6&3,Sl~IE•Ol 
I • 6•~8 797SE•o I 

39 

TIM< IS l•5U'll')33 t,C~•\J2 
?NT 

2 
3 

• s 
6 
7 
8 
9 

I 0 
II 
l< 
13 
1• 
JS 
lb 
17 
)8 
)9 
20 
21 

-< 
I, fOOd444JE,OO 
l • 0d1t':>~tld8t.•DO 
1.ii9l36287E.OO 
l•b8IJ0299E.00 
l • 0771:JBOi]E+ OU 
1.ou;102♦i::,uo 
l ,bo-.o&435t.•OO 
l ;bStH0970t.• UU 
1.05"005271::,00 
1 ,04J.616'-ot: .Oo 
I •b3c09&66E•OO 
1.0211ass1t.oo 
I ,bl•J3131 E,OO 
t,::,974S879E+OO 
,.,0no221t,oo 
J .>6>49226E•U O 
1.,.s1107ot,oo 
1.,2os22s1E.oo 
l•'t8dd9908E,OU 
l • 437-+Sl DOE+ OU 
I ,J2273776E•DO 

TIME IS I •63511142[•02 
? NT 

; 
2 
3 

• 5 
6 
7 
tl 
9 

10 
11 
ll 
13 
14 
1s 
)6 
17 
18 
19 
20 
21 

-< 
1,08Ulil0992E+OO 
1.tlt,71t086,,l:.+OO 
l,077'+00lOC:+OO 
1.06dl0747<,00 
1. 0602&100E,oo 
l•06J17830E•UO 
1._;S87J•37E,OO 
I ••S•5S348E,OO 
l,04dl271SE+t.,0 
1 •••1 ➔ o ♦ 02E,OO 
1.0343S385E.OU 
l•b2599062E,OO 
I • bl6H378E,0D 
1.00,17794t,OO 
I •>9l06096E• OD 
I• >7bo072 9E ,OO 
l•o5789700t,OO 
,.s3H2002E.oo 
l•>DJ:i6SiqE,UO 
l•1t4'17453 ij E.OO 
l,~3J.49916E+OO 

TIME IS l •7b088¥?.3E•02 
?NT 

I 
2 
3 

• 5 
b 
7 
8 
9 

10 
11 
12 
13 
1• 
JS 
lb 
17 
18 
19 
20 
21 

-< 
1,o570q791 t•OD 
I• b4d>9336<•00 
l • bSd97684E • 0 0 
l••S"b5596E•OO 
1,o533716•E.DO 
l .64ii4605tE+LlO 
,.0469173~••00 
l ,b4'-l 7284E+OU 
,.oJ96D5'17E•uO 
1.03;256lSE,OO 
,.029•s109i::.oo 
1.6229•80•E.oo 
l•bl:>OS0281:.+00 
l••D50!702E•OO 
,.o9423358E•OO 
1.,00••991E,ou 
J.5635S099E,UO 
l,:>4157922E,iiO 
l•>lU37461E•OO 
I ••5435322E,uo 
1.:iJ434358E,OO 

TIME IS l•88066703E•02 
?NT . • 

, l•03:d84O1E+UU 
2 1,,2791091E,uo 
3 J.03H2•J86E•OO 
• l•b31Jol3SE•D0 
5 1,03517986E,OO 
6 l,o3~3S375E,OD 
7 1.bJ!d~l62E+UO 
8 l••300!25SE•OO 
9 I. b2699•86E • UU 

10 l•b240375•E•u0 
II l•bl9&•SO•E,OO 
12 1.&1•,;6494£.DD 
13 l•b08U8119E,UO 
l"' },bO\Jll40AE+OU 
JS 1.5902•Sl5E,OO 
)6 1.07800338E•UO 
11 1.,62♦0653E.oo 
18 l,j4JJ7494E,UO 
19 1.,0¥5•306••uO 
20 1.•S180l38E•u0 
21 · 1.:.Jl2•3loE,uU 

MAXIMUM V!LUE~ ANU IISES . IT 

DISTO NC~ 
0,00 

♦ 0.86 
01.u 

!U.57 
163.•3 
2 Q4.i!9 
245, 15 
286.01 
320.87 
367.72 
4 0a.!;tt 
♦4'11,44 

490.30 
531,16 
572.U./ 
612,87 
653. 73 
694.59 
730.45 
77&.31 
817.16 

MAX OE~T-< 
1.73 
1.7D 
1.7D 
I .69 
I .&d 
1.67 
1,66 
1.66 
1.65 
l.64 
I .6J 
l.6J 
1.62 
1.61 
1.59 
1 .sa 
1.56 
1 .s• 
I.SI 
1.45 
1 .33 

TIM€ 
13•,l6 
129. 97 
136,2n 
136 , <o 
1-+i .Sc; 
14• . 64 
1•8,d4. 
b0 ,93 
l~S.ll 
157.2> 
101 ,41 
103,5 1 
167,7 0 
109 , 80 
173.99 
176.09 
lb0.2~ 
182.3ij 
180 . 2~ 
178, 19 
176.0~ 

SH. 
V 

'+,47~J~ClliE+OO 
•,62029l28E• OD 
•.58975•69£,oo 
4,63•30110E,oo 
4 . 6•188~79E•nO 
4,655977:SBE+OO 
•• ,11011•6E,oo 
1t .. 1,~57q162E+OO 
4,701617S3E•OO 
4. 7l28742SE.oo 
4. 72565n65E,no 
4. 73A36lb5E,no 
... 7~274c;43E+nO 
4. 11001111E,o o 
4.792•6>35E,oo 
4,82232ol&E,oo 
4,862SS,l3E,OO 
4.9P5n<;lbE,no 
s.o93Bs,s1E,oo 
3, 1-"'Y3O118E ♦ OO 
5. 71086QS1E+OO 

SEC. 
V 

4,31 ➔3;01/E,oo 

4.4970~723E,00 
4.4b5J4.c,,ft5E+OO 
4.S2034201E,QO 
4,S2b40Q4-2E+OO 
4.55l30~47E,oD 
4, S /1t21159E+ OO 
4,5S9! 1oi1E,no 
4.61O1uq!,8E+OO 
4.6Z7l'ln•5E,OO 
•.6458!<;82E,oO 
4- ,66411114E+ on 
• . 68444899E,no 
4, 7076:;1,e,6f+OO 
•• 73570~0IE,OD 
•.77o5•73•E•OO 
4 , 815bn76E,oO 
4./,J7494,&6E+ l) O 
4.0715P75E•OO 
5, I 58D9154E•OO 
s. 733B6>2DE. oo 

SEC. 

" 1t, ?1'd 6Q135E+OO 
4.37065036E•OD 
4,3450A•79E•OO 
4,•D50~133E,no 
•.•OY77S74E,OO 
4 . 4•252n08E+OO 
4.4647~.,85E+OO 
4.4S48'44SBE+no 
4.5D99,173E•OD 
•.SJ03,1)8E,oo 
4 . 55381 t 63E,oo 
•.s7695757E, oo 
-.. • 60:?561 SlE+ nO 
4.b3J2n,;91E, no 
4.6646Jn83E,QO 
.r., 70446q23E+OO 
4, 75•!6n58E,oo 
•.a211n ,~9E, oo 
4.~.H59n4YE+()0 
s.13893n76E, no 
5. 741J6~!>4E+n O 

SEC. 
V 

t. ,\490l n7BE+00 
'+ . 2S5167Y4E+OO 
4.2376)05&~+()0 
•.29731•12E,nO 
•.3D053S~7E,on 
4.33B3o,79E,no 
4.JSS4?"i3OE+ OO 
•.J826H06E,oo 
.. . .. oqooq4Bf•oO 
4.4319•,85E•00 
4,45844539E+ OO 
4 . 48477.c,2!,E+nO 
4.51•197~0~•00 
4,54b79qJ8E, OD 
4.SA•211•SE, oo 
4,628]7,SSE~ oo 
4. 683s,s95E• no 
4,759 ♦ c;QQ9E+ OO 

4- .Fl 84~1173E+ OO 
5. 1O99RQ76E+ rl O 
5, 73322:,57E+ 00 

EACl-l 1..VCATION 

~6,X. IJ ~ I. 
,. 00 
s . 06 
s. 03 
•. Y6 
•• ,0 
4.95 
4.Y3 
•.92 
-.. • iO 
•• s9 
4.88 
4 . ~1 
4.8b 
•.Bo 
•.37 
•.•a 
4 .'11 
4.96 
5,04 
5.18 5.,. 

T l•F 
9b•Sj 
83,85 
79•66 
a ,.95 
QO.J• 
•2•2• 
94,33 
98.53 

l 00 , 62 
I0./•72 
I 00 •91 
I 09 • 0 1 
I I 3 • ?. O 
11~•3D 
119•49 
121 • ',9 
125• 7R 
l27,d7 
129•97 
136,26 
17&,D9 

u 
1 • sa562,•E•o1 
J•8o520726E•ol 
I. 85087567E+OT 
J ,8;516H8E•Ol 
l•8>286565E•OI 
J•85096738E•Ol 
J•84797l2SE•ol 
I .9425774?.E•Ol 
J•83673361E•OI 
! •82916306E•Ol 
1-8c06129SE•o1 
l •8108779!E•OI 
!•8D013965E•Ol 
1•7b845•74E•ol 
I. 77588499ETOT 
I• 7b23/b38E•OI 
1;74703317E•Ol 
J.73179381E•ol 
l•71:ib7794E•ol 
J•6S5!399SE'OI 
J.686J032SE+DT" 

u 
I• 7:,066l 14E•O I 
1,78•0•37,E•OJ 
l • 78400SjzE•oT 
l • 79364802E•ol 
1,79:i5827JE•ol 
1,79~372•8E•ol 
1.00111137E•ol 
J ,80l05987E'Ol 
I .8 004;818E•OI 
l • 79d04808E•ol 
l • 79•6o9a2E•Ol 
l • 7Bi97H8E'OI 
1 ;1s•19346E•o1 
J•777J23d2E•ol 
l • 769"1432E•Ol 
l • 76038839E•OI 
l • 7502522•E•OI 
J•73il6~05lE•Ol 
I• 72777923E•ol 
I• 7 I 1996HE•OI 
1. 7o75134oE•o1 

u 
! •6769ol6AE'OI 
J•71035431E•OI 
l•713B2843E'OI 
J•726•dl97E•OI 
1;73110763E•OI 
J.7388l796E•Ol 
1•7•37Zl22E•OI 
1•74176!98E•ol 
I• 7:,11778SE'~Ol 
1•7530l019E•ol 
l • 7s•08306E•o 1 
I• 7:,39282•E•ol 
l • 7o279950E•OI 
1 • h061782E•Ol 
l•h/39366E'Ol 
I• 7•30i29SE•ol 
I• 7376142SE•ol 
I• 73097392E•ol 
I• 725oJ226E•Ol 
l • 71Hb448E•ol 
l • 7l45238!"E•ol 

Q 
J•6042d432E•Ol 
l•6•D11513E•Ol 
J•6•;9&77SE•Ol 
! •6o022696E•ol 
J.66669654E•OI 
1,olb902"6E•ol 
1•6d36BR ·•~E•Ol 
J•69051l59E•OI 
!•6•~•91•2E•ol 
1•701Z•672E•OI 
1.103406S6E•o1 
J•7086l938E•Ol 
J.711D3Jb4F.•Ol 
1.71254d'l4E•ol 
J•7131"1648E•Ol 
1•7l282500E•Ol 
J.7t17J976E•Ol 
l • 70•797&9E•Ol 
l • 70YU4.39E•OI 
1, 7v26o500E•o1 
l •70090972E•Ol 

~A< Q 

20,00 
19.H 
IS,52 
19.37 
19;2 1 
1~. O• 
18•89 
18,73 
IH,59 
ld,44 
IH,30 

'" ,16 rn ,0 2 
11.a-1 
17,76 
17,6J 
.i. 7.~l 
17,30 
I 7 ,29 
17,! 5 
17,15 

Tl lo4~ 
100•62 
I00,62 
106,91 
111.io 
115 ,3 0 
I l 9. 49 
121 • 59 
125-78 
l 29,97 
\J4•l6 
1]8.36 
14D••S 
144,6• 
1•0.0• 
133• 03 
1ss.13 
159,32 
163•5I 
167. 70 
171 .90 
176•09 



APPENDIX 3 Subroutine BOUND2 Subroutine INFLOl 

COMPUTATIONAL DETAILS 
SPECIFIED INTERVALS 

OF FINITE - DIFFERENCE 
SCHEME OF THE METHOD Call CIRCLE 

OF CHARACTERISTICS 

A. 3.1. FLOW CHART 

Proara.m UNSTDY 

Set 
physical constants such 

as diameter, length, slope 
of conduit. 

Set 
coefficients for computing 

friction factor from 
Reynolds number. 

Set 
physical par&J1eters such 
as velocity distribution 

coefficients. 

Set 
downstreu control constants. 

Read 
inflow hydro graph . 

Set 
initial conditions from the 

inflow hydrograph . 

Print 
inflow hydrographs and 

system parameters. 

Call DCRIT 
to calculate critical depth. 

Call DNORM 
to calculate normal depth. 

Calculate 
distance increaent. 

A 

Print 
distance and time increments. 

Call INCOND 
to calculate velocity and · 
depth for all distance 

at ti.me zero 

Print 
depth, velocity, and 

discharge vs. distance 
at time zero . 

In~I::ent 1---------~ 

Call BOUND I 
to compute velocity and 

depth at inlet 

Print 
depth, velocity and 
discharge at inlet 

Call COMP 
to compute velocity and depth 

Print 
depth, velocity and discharge 

at one distance. 

Call BOUND 2 
to compute velocity and 

depth at outlet. 

Print 
depth, velocity and 1---------' 
discharge at outlet 

Subroutine CIRCLE 

Compute 

Compute 
positive characteristics 

central angle by given depth Second order interpolation No 

Subroutine INCOND 

Compute 
Steady non-lDliform flow 
( standard stop method) 

by 
Newton-Raphson iteration 

Subroutine BOUNDl 

Call lNFLOI 

Call CIRCLE 

compute 
negative characteristics 

Second order interpolation 
for depth and velocity 

Call DCRIT 
to compute c;ritical depth 

Call COEFF 

Call CIRCLE 

Coapute 
depth and velocity 

by 
Newton-Raphson iteration 

Compute 
area, wetted perimenter , 

hydraulic radius. top width 

for depth and velocity 

Call COEFF 

Call CIRCLE 

Compute 
depth and velocity 

by 
Newton-Raphson iteration 

Compute 
Call CIRCLE maximum depth, velocity, discharge 

and their associated times 

Calculate 
coefficients of the 

two partial differential 
equations 

Al, A2, Bz, cl, DI, E2. 

Return 

Subroutine COMP 

Return 

No 

I s 

Yes 

Interpolation of discharge for 
regular time intervals 

Return 

Initial assumed 
depth ~ 0. 62 diameter 

Compute 
positive and negative 

characteristics 

second-order interpolation 

Compute 
velocity and depth 

at end of ti.Die interval 

Subroutine OCRIT 

Initial assumed 
depth = 0.62 diameter 



A. 3.2. FORTRAN Ill COMPUTER PROGRAM 

MAIN PROGJWI FOR UNSTEADY FLOW BY Mf1ll0D OF CHARACTERISTICS 

PROGRAM UNS TOY UNS 2 
J ( INPUT ,OUTPUT• TAPF.5= INPlJT • TAPE6=0llTPUT > UN~ 4 

C-----ATTENUATION ANALYSI S - CI•CllLAR CROSS S~CTJON UN5 6 
C-----M l INITIAi CONDITIONS UNS 8 
c-----DETERMINATION OF HYnROGRAPH AT THE SPFC!F!C POINT WITH TWO CONTROLUN5 10 
C-----1 AT UPSTREAM AND OOW~STREAM l HY THE METHOD OF CMARAClfRISTICS UNS 12 
C-----FDTCTION COEFFIC!f.NT F VA~lfS WITH REYNOLDS NlJMHE> IJNS 14 

OTMEN~JON 0(~00), nnrc~on,. O~AX(200), (J(500 >• OOTl500) LINS 16 
0TMF.N5TON Qll200l, OMAXl200l UNS 18 
OJMENSION TOMAXl200), TQ(20ij) , TOMAX.(?00), rv~AXl?OO) UNS 20 
DIMENSION Vl500l, VOTl~OO), V~AAl2ll01, XISnO> UNS 22 
COMMON A,AR,AC,AO,Af,ALP~A,H,~c.~ n -~F.TA,CO, CO , D, Dr,ODT UNS 24 
COt.1MON OEPTH,OO,OIA,OTN, OM , 1H-Jt,,.(, lJ N,[)OIIT,IH,UlOL , l)v ,EO UNS 26 
COMMON F,fB,fC,fO,FNU,r;R, I, f rn. J 10 t: , rx.o, IA OC ,J,P'4C,N,NUCO UNS 2A 
C0"4MON NT ,Nl ,o,ne,anr ,01,QIN, QMA)( ,(Jt-',()Q,R,RE't , SO, r, TOMA)( UNS 30 
COMMON TF•THETA,TIO,TP,TO,T•J~AX,TVMAX,V,VOT,VMAX,v~,WP UNS 32 
COMMON X, XE, XF, XX UNS 34 

C-----PHYSICAL CONSTANTS OF TH~ SYS TFM UNS 36 
0TA=2.q26? UNS 38 
X,=821.70 UNS 40 
SIJ=0.001 UNS 42 

:-----COfFFICIENTS FOR C(>MPllT l "IG F FQOM THF REYNOLUS NUMBER UNS 44 
FMJ=0.0000141 UNS 46 
FR=0,J09Jq4 UNS 48 
FC=-0. I 7944 UNS 50 

C-----PHYS I CAL PARAMETERS UNS 52 
GP=32 • 175 UNS 54 
ALPHA=J.00 UNS 56 
BFTA=l .OO UNS 58 

C-----DIJWNSTQEAM CONTROL r.ONSTANT~ UNS 60 
Cn=O, 0 UNS 62 
En=l .35 UNS 64 

c-----CnMPUTATIONAL PARAMfTEQS UNS 66 
N=?O UNS 68 
IX0=2 UNS 70 
TF=200 • UNS 72 
T !0=20, UNS 74 
DTOL=0.00001 UNS 76 

C-----lNFLOW HYOROGRAPH UNS 78 
RF.AO 15,200) NQCD UNS 80 
RF.AD 15,210) ITQ(!).Q!Tll,J=l•NQCO I UNS 82 
QR=UI 111 UNS 84 
QP=QI l?I UNS 86 
TP=TQl 2 l UNS 88 
VOL=IOP-QBl•TP UNS 90 
QRA=QB/QP UNS 92 
NI =N• I UNS 94 
DO 10 !=!,NI UNS 96 
OMAX(li=O,O UNS 98 
VMAXll)=O,O UNS 100 

10 QMAX(!)=O,O UNS 102 
WRITE (6,220) UNS 104 
WRITE 16,2701 UNS 106 
WPITE 16,?301 QR UNS 108 
WRITE (6,250) QP UNS 110 
WRITE (6,?601 TP UNS 112 
WRITE lb,3201 ORA UNS 114 
WRITE 16,2401 VIJL UNS 116 
WRITE (6,7.701 UNS 118 
WRITE 16,?801 UNS 120 
WRITE (6,?901 sn UNS 122 
WRITE (6,1001 ALPHA UNS 124 
WRITE (6,3101 q~TA UNS 126 

'11 t4\•1'Yftl \I 
••ttt •••''"• ... 1• .,,..,,o ",,o 

c-----cn .. PUtATIO ... nr,.. •h••L ti Pl,, .. ,.\ ( 11 C"Al \H It, o .. , \)l 
00 ■08 UNc; \ t. 
CALL OCRtT UNS \ "U, 
CALL ONORM llN"; \ lb 
lf" CON-DC) 20,20.10 UN'; \40 

20 WPTTE lf,-140) UNC. \42 
GO TO 1'10 UNS \ 44 

30 I~ lCO) 40,50•40 UNC. \4b 
40 Mr=l UN<; \48 

XX=O.O IJNS \SO 
OOUT=(QB/f:0)**11.0/Fll) UNS 15 2 
GO TO hO UNS 154 

SO MC=2 UNS I Sb 
XX=4,S•OC UNS 158 
OOllT=OC U"IS 160 

60 XF=XF-XX U"l5 162 
AN=N UNS I 64 
Ox=XE/AN lJNS I 6n 
WRITE (6,lSOl QN ,OC UNS 168 

c-----COMPUTATION OF nr I r1 ,-. 1: JMCPfl.lt NTI IJNS 171) 
QQ=UP UN5 172 
CALL OCRIT UN5 174 
DFPTH=OC UNS 17n 
CALL C TRCLE UNS 17P 
VC=QP/A lJNS 18~ 
DFPTH=O.A?•OJA UNS 1R 2 
CALL C !RCtE IJ"15 I 84 
DT~AX= < DX*2 . O•RFTA) / ( vr:• ( ALl-'HA +f.(FT Al •<;tJtJ ff ( I I /\U'Hll -Hf:_ TA I **2 > i>\lr•vCUNC. l an 

1•(4.0•RETA•~R•O~))) UN~ 188 
DT=DTMAX*.5 UNC. lQO 
CO=-DT /OX UNS 192 
NT=TF /IJT UNS i 94 
ITO=T JO/OT UNS I% 
WQtTE 16•160) ox.nT UNC. JQH 

c-----COfrilPUTATION OF VELOC.ITY AN!) OFPTH HIQ Al.L PJSlANC~<; X AT Tl"1F n .n lJNS 200 
Oi"l=IOOtlT•ONll?.O UNS 20? 
DF.PTM=OOUT UNS 204 
CALL INCOND UNS 206 
QIN=QA UNS 208 
T=TQ(Jl UNS 210 
WP!TE 16,1701 T UNS 21? 
WQTTE (6,1~0) IJNS 214 
WRITE 16,390) UNS 216 
DO 70 !=I ,NI, !XO lJNS 218 
WRtTE (6,400) K(l),rHil,V(ll• QI Jl UNS ?20 

70 CONT INIJE UNS 22? 
I TOC=i UNS 224 
on 170 J=?.,NT UN5 226 
T=T•DT UNS 22ij 

c-----COMPUTATION OF VELOCITY •ND flF PTH fOR THf "•JLtl Ar T !ME [ UNS '230 
CALL ROUND! UNS 232 
IF IITOC-ITOI qo,A0,90 UNS "234 

80 WRITE 16,370) T UNS 236 
WRITE 16,3801 UNS 238 
WRTTE 16,3901 UN5 240 
WRITE (6,400 I X ( I l ,nor I I l • Vfl T ( I l ,nor IT l UNS ?42 

90 IxnC=i UN~ 244 
Do 120 1=2,N UNS 246 

C-----CIJMPUTATION OF VELOCITY A"ID OEPlH AT TIMF UNS 248 
CALL COMP UNS 250 
IF IITOC,F.Q.ITO,ANll.!XflC,fQ,IXOl 100,110 UNS 252 

I 00 I XOC= I UNS 254 
WRITE (6,400) X(l),Ol)T{I) , VIHIJl , QIHIJI UNS 256 
GO TO 120 UNS 258 

110 IXOC=IXOC•i UNS 260 
120 CONT INIJE UNS 262 
c-----COMPUTATION OF VELnCITY ANO DEPTH FOR TH£ OUTLET •T T!MF T UNS 264 

l=Nl UNS 266 
CALL ROUND?. UNS 268 
IF IITOC-lTOl 140,130,140 UNS 270 

130 ITOC=i UNS 272 
WRTTE (6,400) X(ll,OOT(ll,VUT(I>,QnT(J) UNS 274 
GO TO 150 UNS 276 

140 ITOC=ITOC• I UNS 27R 
ISO On 160 !=!,NI UNS 280 

Q(ll=QOTl!l UNS 282 



D (I J =DOT Cl J UNS 
I 60 V (I J =VOT Cl l UNS 
170 CONTINIJE UNS 

NPfi=Nl/c;0+l UNS 
DO 180 IIT=l,NPG UNS 
IT=SO•!II-49 UNS 
IL=Il•49 UNS 
WPTTE (6,410) UNS 
W~ITE (6,420) UNS 
DO 180 !=II, IL UNS 
'WRITE 16,430) lC I I) , OMI\X < r) • 111.,.AX I I) • VMAx. I I I, TVMAX 11) , UMAX I I), TOMAXUNS 

I Ill UNS 
If 11,EQ,Nll GO TO 100 UNS 

!RO CONTINUE UNS 
190 CALL EX IT UNS 
C----- UNS 
200 FORMAT 111) UNS 
210 FORMAT I8FJ0,4) UNS 
220 ·FOQMAT I l HI • 2X, *INFLOW HYO~oc;r.iAl-'H PARA Mt. TE~S•, /) UNS 
230 FORMAT (2X ,*OB= •FJ0.5 , *CFS*l UNS 
-240 FORMAT (2X: ,*WAV F.: VOi U"IF AR(}l/f t;Ac;f FLOIII= •ra . 2 , •c:u FT*) UNS 
250 FORMAT (2X,*OP= •r10.,,•cr~•· UNS 
260 FORMAT I ?X, •TP= •FI O • S, •5F.:C:• I UNS 
?70 FORMAT I/l UNS 
280 fllRMAT I 2X • •SYS TF.M PARASF. I EWS• o/ l UNS 
290 FORMAT I• SO =•FI0.5) UNS 
300 fORMAT f* ALPHA=*Fl0,,1 UNS 
310 FORMAT I* BETA =•FJO,,) UNS 
320 FORMAT I• QB/QP=•FIO.,J UNS 
330 FORMAT I* N =•JS/* IXO =*JS/ 0 TF =*Ff-1,0/* TlO =*fl0,5 1 UNS 
340 FORMAT (• FLOW IS ~llPFPCRITICAL•J UNS 
350 FORMAT 12X,*NORMAI. OEPTH= *ff. .4, *FT'°,4X,*C:QlTICAL DEPTH= *F6,4+*FUNS 

lT•,I> UNS 
360 FORMAT 12X,•OX= *FR . 5 , *FT*,4X,*OT= •fR.~e•SF.C*,/) UNS 
370 FORMAT (lHl,SX,*CONlllTTONS AT • ► 9 . J•SFCONUS*//) UNS 
380 FORMAT (2X,*DISTANCE••QX,*0£PrH•,8~•*VfLOCJTY*• UNS 

l 7X,*DISCHARGE•> UNS 
JQO FORMAT (4X,*(FT>••llX,-ct(fT)*,lOX,*(FPSl*,llX,*ICf,>*,/) UNS 
400 FORMAT 141FI0,4,5X)) UNS 
410 FORMAT 1//•I MAXIMUM VALlltS ANO TTMfS AT EACH LOC•TION*//l UNS 
420 FORMAT I• DISTANCE MAX DEPTH TIMf MAX VEL TIME MAX Q UNS 

I TIME•> UNS 
430 FORMAT (FA.2,3(4XeF6.2e2X.•F7. 2 l) UNS 

C 

C 

END UNS 

SUBROUTINE FOR CC»!PUTING INITIAL CONDITION 

SIIRROUTINf INCOND 
DIMENSION nl500), DDTISOO), O~AXl200) , 01500), QOTl500) 
DIMENSION 011200), QMAXl200l 
DIMENSION TOMAXl200), TQl200), TOSAXl?OOJ, TVMA•IZOOJ 
DIMENSION V(500), VOTl500J, VMAX(2DOJ, Xl500l 
COMMON A,AA,AC,40,Af,ALPHA.H,BC•BO,~F.TA•CD,CO,U,Dr,,DOT 
COMMON DEPTH, 00 • 0 f A, 0 IN, 0~ , DMAX , ON t 001 IT• OT , OTOL, DX , ED 
COMMON F,FB,FC,FO,FNUeGR,I,ITO,ITOC,JXO,tXOC,J,~C.N,NQCQ 
COMMON NT,Nl,U,QR,QOT,01,0IN,QMAX.,QP,QQ,k,REY,SO,JtTDMAX 
COMMON TF,THETA,TIO,TP,TO,TQMAX,TV~AX•VtVOT,VMAX , vv .wp 
COMMON X,XF,XF,XX 
CALL CIRCLE 
CONDITION AT INITIAL POSITION 
VV=QB/A 
VH=VV•VV/ (2,0•GR) 
COMPUTE REYNOLD~ NUMBER 
RfY•VV•RIFNU 
COMPUTE FRICTION FACTOR 
FaFR•REV••FC 
S\•f'•VH/ '"'•O•R) 
EE l•OEP1H•a.l.S1Ha.•VH ...... , ... ,._ ... 
Du••l la00ll1 .,, ,...,., 

INC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
INC 
llfC 
IOIC 
INC 
I 

284 
286 
288 
290 
292 
294 
296 
298 
300 
302 
304 
306 
308 
310 
312 
314 
316 
318 
320 
322 
324 
326 
328 
330 
332 
334 
336 
338 
140 
342 
344 
346 
348 
350 
352 
354 
356 
358 
360 
362 
364 
366 
368 
370 

2 
4 

C INTEGRATION OF STFADY FLOW 
DO 150 L=I ,N 
Xx=XX•OX 

10 DFPTH=OIN 
CALL CIRCLE 
VV=QR/A 
RFY=VV*R/f"NU 
F=FR•REY**FC 
HFTH=O • 5*THETA 
DTHET=4,0/ IOI A•~TNF IHFTHJ l 
0AREA=0,12S•OIA•OTA*ll.0-CCl~FITHfTA>)*flrHE1 
DW=O ,5•DI A•DTHET 
WP=O .s•o I A•THET A 
ORA= ( WP•OAREA-A•O~) / I WP*l'fP I 
OFNG=l ,O- IOl:l*OB/ IGR• I A••]))> *l)A~FA 
0SL0=-F•OA•OB• (?. O*R*A*UAQF A• I A0 *2) *[)IJ/l I/ ( 1-1. *lif.l* I I R•A 0 *2) ••2) ) 
VV=QB/A 
VH=VV•VV/(2.0*GR) 
RFY=VV•R/Ft.JU 
f=F"B*REY••FC 
52=-F*VH/ (4,0*R) 
SF=ISl•S2J/?,0 
Ef?=OJN+ALPHA•VH 
FPATJ O=IEF2-Efl• 0~•1sn-SFl)/(OfNG•(F€?-tfl)•O~I_ O/(SO- SF)) 

C NFWTON-RAPH~ON ITERATION 
DCOM=O IN-FRAT IO 
IF (DCOM) 30 ,20,40 

20 WRITE I6,?.00l 
GO TO l90 

30 0COM=A8SFIDCOMJ 
40 IF IAB,FIOCOM-OINJ-DTDLl 110,I10,~0 
so IF (0.R2•ntA-DCOM) nOdiOtllO 
60 D!N=DCOM•0.5 
70 IF 10,A2•0JA-01Nl RO,BO•QO 
80 DJN=DIN*0,5 

NCOUNT=NCOUNT•l 
Go TO 70 

90 IF INCOUNT-20) I00,I00,IJO 
100 GO TO 10 
110 WRITE I6,?IO) 

GO TO JOO 
120 DTN=DCOM 

Go TO I 0 
130 If (ABSF(DCOM-DN) ,L E,OTOLJ 160,140 
C ENO Of NEWTON-RAPHSON 
140 DTN=DCOM 

51=52 
EEl=EE? 

C R€DEF!NITION Of SUBSCRIPT, 
IT=N-L•I 
X(Tll=XF-XX 
Dllll=OIN 
VI I I) =vv 
QI II l =QB 

150 CONTINUE 
GO TO 180 

160 DFPTH=ON 
CALL CIRCLE 
VV=QB/A 

C CONSTANT CONOITIONS 
on 110 J=L,N 
IT=N-J•l 
X (11) =Xf-XX 
D (I I l =ON 
V (11) =VV 
Q (Ill =QB 
XX=XX+OX 

170 CONTINIIE 
180 RFTURN 
l<>O CALL EXIT c-----
200 FnRNAT I• OCON FOUAL c; 7ERIJ • J 
210 f'OltNAT C• INCOND DnfS NOT Cf>NVFHGE•J 

!ENO 

INC 54 
INC 56 
INC 58 
INC 60 
INC 62 
INC 64 
INC 66 
INC 6A 
INC 70 
INC 72 
ri.c 74 
INC 76 
INC 78 
INC 80 
INC 82 
INC 84 
INC 86 
INC 88 
INC 90 
INC 92 
INC 94 
INC 06 
INC 98 
INC 100 
I NC l 02 
INC 104 
INC 106 
INC 108 
INC 110 
INC 112 
INC 114 
INC 116 
INC 118 
INC 120 
INC 122 
INC 124 
INC 126 
INC 128 
INC 130 
INC 132 
INC 134 
INC 136 
INC 138 
INC 140 
INC 142 
INC 144 
INC 146 
INC 148 
INC ISO 
INC 152 
INC 154 
INC 156 
INC 158 
INC 160 
INC 162 
INC 164 
INC 166 
INC 168 
INC 170 
INC I 72 
INC 174 
INC 176 
INC 178 
INC 180 
INC 182 
INC 184 
INC 186 
INC 188 
INC 190 
INC 192 
INC I 94 
INC 196 
INC 198 
INC ... 



SUBROtfTIHl3 FOR CCH.Pl/TIHC DEPn-f • VELOCITY AT END OP TIMB IHTERVAL 

SU~ROUTINf COMP COM 
c-----COMPUT AT ION Of VELOCITY ANn DEPTH /l, r THE TIME T •OT BY KNOW I NG THE COM 
C-----VFLOCITY AND THE OfPTH AT THE TIME T COM 

UfMENSION 0(500>• f)f'T(c;Oo). 01'\AX(200), U(S00), UOT(SOOJ COM 
DIMENSION Cl 1200) • QMAX 1201ll COM 
OT~ENSJON TOHAX(?OOJ, TOC200J, TQMAX(~OOJ, TVMAX<?OOJ COM 
O!MENS!ON · Vl500l, VOTISOO), VMAXl200l• Xl500l COM 
COMMON A, AB, AC, AO, P.E, ALPHA, H, ~c ,HO, RETA, CO , co , 0, oc , 00 T COM 
COMMON OEPTH•DD•DIA,OIN,DM,11MAX,ON,DOUl•OT,DlOL,0'(,f0 C0"4 
COMMON F,FB,FC,FO,FNU,GR,I,ITO,ITOC,IXO,IXOC,J,MC.N,NQCD COM 
COMMON NT•Nl•O,QB,ODT,~I,OJN,DMAX•DP,00,P,REY,SO,T,TOMAX COM 
COMMON Tf, THETA, TIO, TP •TO, TtlMAX, TVMAX • V, VUT, VMAX • VV, WP COM 
COMMON X,XE,XF,XX COM 
00=0111 COM 
VV=Vlll COM 
CALL COEFF COM 
OfPTH=D111 COM 
CALL CIRCLE COM 

C POSITIVE CHARACTERISTIC COM 
CP=(2,0*BfTA)/(V(Il*(ALPHA•HllA)•SQHTF(((ALPHA-BETA)••2J*V( l)•V(l)COM 

1•(4,0*A*BfTA*GR/B))l COM 
C NFGAT!VE CHARACTERISTIC COM 

C"4=(2,0*RFTAl I (V ( I J • ( AI.PHA•AF.T AJ-Sl)HTF ( ( (ALPHA-8ETA)**2)*V (I) •V ( I )COM 
1•<4,0•A•RFTA*GR/A))) COM 

UP=CO/CP COM 
UN=CO/CM COM 

C 2ND ORDER INTERPOLATION COM 
0R=O(l-l)*0,5*UP*( UP-1. J•O(J)•(l ,0-UP••t>•n<J• l>•o . S•UP•IUP• l.) COM 
VR=V ( 1-1 l •o.s•uP• (UP-1.) •V (I)• ( 1.-UP••?) •V ( I• l l *O,S•Ui->• (UP•l, > COM 
0S=O( 1-1 )*O,S•UN• (UN-1 . ) •0( Tl• ( 1.-UrJ••c:.') •U( 1• l )*0 .s•uN• (UN•l . J COM 
VS=V ( 1-1 >•O,S•UN* lllN-1. I •V ( 1) o ( 1 .-IIN**21 •V ( I• l > •O , S*lJN* WN•l,) COM 
Fr.P=AC•CP-BC COM 
FCM=AC•CM-RC COM 
GCP=AB COM 
GCM=AR COM 
Sr.P=Af•CP COM 
SCM=AE•CM COM 
TCP=FCP•OR•GCP*VR-SC.P•OT/C~ COM 
TC"l=FCM•DS•GCM•vc; - sc"'4•J)T /CM COM 

C VfLOC!TY ANll OEPTH AT ENO 11• T!Mf INTfRVAL COM 
VP=(FCP*TCM-fC"'4*T CPl/CFCP*C,CM - FCM*C,CP) COM 
DP= ( TCP*GCM-TCM•<;CP) / ( FCP•t;CM-f CH*bCP J COM 
IF IDP-0.A?•OIAI 20.JO.JO COM 

10 WRITE 16,qOI Xlll,T COM 
GO TO ij0 COM 

20 DFPTH=OP COH 
CAL L C!RCI.E COM 
QOT I I l =A•VP COM 
DOT I I) =OP COM 
VOT I I) =VP COM 

C MAX DEPTH, VELOCITY, ANO ll!SCHARC.t::, ANO THt::JR ASSOC IATF.O TIMES COM 
IF IDOTIII-DMAXl!ll 40.40,3ll COM 

30 OMAX I I I =OOT I II COM 
Tn~AX I 11 =T COM 

40 IF IVDTIII-VMAXl!)I 60,60,~ll COM 
50 VMAXll)=VOTl!l COM 

TVMAXll)=T COM 
bO IF I QOT 111-QMAX I I I I BO • BO • 70 COM 
70 QHAX I I) =QOT( I I COM 

TQMAX I I) =T COM 
80 Rf.TURN COM 
C----- COM 

90 FORMAT I* FLOW I~ FULi. A f • 
ENO 

•,f f,,2) COM 
COM 

2 
4 
6 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 
74 
76 
18 
80 
82 
84 
86 
88 
90 
92 
94 
96 
98 

100 
102 
104 
106 
IOB 
110 
112 
114 
116 
118 
120 
122 
124 
126 
128 

SUIRO\n'lN£ POR <DtPUTtNG <X>EFPIClEHTS IN ORDIHIJ\Y OlFPl!.RDCTlAL 1!.~~TlOOS 

SURROUTINE COEFF COE 
C-----COMPUTATION OF ALL COEFF!CHNT~ Of" THE T•O PARTIAL DlFffHENTIAL COf. 
c-----EnUATIONS COE 

DI"4E.NS10N 0(500), 001(500). 0"'4AAl200J , QlSOO>, OOT(SOOl COE 
DIMENSION QI 1200), QHAX 1?001 COE 
OtMENSION TDMAXl200}, T0(200l. (0MAX(200l, TV"IAX(?OOJ COE 
DIMENSION VISOOI, VDTl~OOl. VMAXl2001 • X15001 COE 
C0"4MON A•AB,AC,AO•Af•AIPHA.H,KC,~D,H£TA,CD,CO,O,Or.,OOT COE 
COMMON DEPTH, OD, D l At DIN , OM, IH◄ AX •ON• 0011 T, OT, DTOL, OX, ED COE 
COMMON F,FB,FC,FO,FNU, GR,I •lTO,lTOC,IXO•lXOC ,J,MC.N,NQCO COE 
COMMON NT,Nl•O,QB•ODT,Ol,UlN,QMAX,QP,UQ,H,REY•SO,T,TOMAX COE 
COMMON TF,THETA.Tl O,TP ,TO.T ClMAX. ,TVlilAXtV,VDl ,VMAX,vV,wP COE 
COMMON X,XE,XF,XX COE 
DFPTH=OD COE 
CALL CIRCLE COE 
AJ=A/IVV*RI COE 
DI=I.O/VV COE 
A2=ALPHA*VV/GQ COE 
B?=BETA/GI> COE 

C REYNOLDS NUMBER COE 
RFY=VV•R/FNU COE 

C fR!CTION FACT OR COE 
f:FR*REY**FC COE 

C ENERGY ~LOPE COE 
SF=,125*F*VV*VV /IR•GRl COE 
E2=Sf-SO COE 
AR=A 1 *B2 COE 
AC=Al-A2 COE 
AO=-A2•DI COE 
AE=Al •E2 COE 
BC=-B2 COE 
BO=-B2•01 COE 
RETURN COE 
ENO COE 

SUBROOTINE FOR CO!PUTING NORMAL DEPll! 

SURROUTI NE ONO QM ONO 
DIMENSION 015001, OOTISOOl, OMAXIIOOI • Ul50QI, QOTl~OO) ONO 
DIMENSION 011200), QMA11?00l ONO 
DIMENSION TOMAXl2001, TUl 20DI • TQHAXIZOOI , TV•AXl?OOl ONO 
DIMENSION VCSOOI, VOTl~OOl, VHAXl21•0l. Xl~UOI ONO 
COMMON A, AA, AC, 40 •A(• ALPHA, H, KC, Hf) , Hf:T I\• CU, CO, O, l)C:, DDl ONO 
COMMON DEPTH ,OD ,0 I A, DIN• OM ,!)MA)(, ON , no, If , 111 , OTOL , 0~ , Ft) o·No 
CO~MON F,FB,FC,FO•FNU,GR,1,1rn .JT {JC ·I•o -1x oc ,J,MC,N,NUCI) ONO 
C0"'4MON NT ,N l ,Q, OB• QOT, 0 l • 0 {N , Q,-.AX • <JP • (JO • R • PEY • SO , T • TOM AX ONO 
COMMON Tf,THElA,TlO•TP.TQ, JtJ"4AX, TVMAX . V,VllT , VMAX,vV,WP ONO 
COMMON X,XE,XF,XX ONO 
DEPTH=O. 62*fll A ONO 

10 CALL CIRCLE UNO 
VV=QO/A ONO 

C REYNOL 05 NUMBER ONO 
REY=VV•R/FNU ONO 

C FP!CT!ON FACTOR ONO 
F=FB*REY**FC ONO 

C Nf.ijTON-RAPHSON ONO 
ON=OEPTH- (WP-ff* ( 00**2 l) / 18, *f.t,1•~0• I R••t) •11, > ) / ( ( 3 • 0°8 I /~-2, 0/S TNF ( ONO 

\THETA/2.0l) ONO 
IF IABSFION-OEPTHI-OTrn l 30•20•20 ON0 

20 DEPTH=nN ONO 
GO TO 10 ONO 

30 RFTURN ONO 
END ONO 

2 
4 
6 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
2B 
30 
32 
34 
36 
3B 
40 
42 
44 
46 
4B 
so 
52 
54 
Sb 
58 
60 
62 
64 
66 
68 

2 
4 
6 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
52 



SUBROUTINE FOR C~PUTING UPSTREAM BOUNDARY CONDITION . 

SllRROU TJ NF BOIINO\ BO\ 2 
c-----COMPUTATl()N Of Vfl. OC TTY ANr, nFPTH f-tW x=o . o AT TH~· rJ ..,E. ROl 4 

Dt~ENSJON 0(500), nnT(~l)O), O~AX f ~(11) }. IJ(~OO) , Ql)r(SOOI 801 6 
DtMENSJON Ol (2001 • OM AV 12001 HOl 8 
D1•rns10N TD•Ax,2001, TQ(200) , TOMM(?OO), IVM.X( ?O O) BO\ 10 
DIMENSION V(SOOI, VOTl5 001 , V~AX12001 , J((~OUl 801 12 
COMMON A,AR,AC,AO,AE,ALP~A,H,~C,H n,RETA , CO , CO , O, Dr , 001 801 14 
COMMON OfPTH,DD,OIA,0TN,I J"4,11"4AX, IJN , OO IIT,OT,OTOL,0>1,fO HOl 16 
CO"'IMON F ,FA,F C,FO,FNtJ , (jR , t , l T(l , l l OC , l XO, l XoC ,J,t-lC,N,NOCO 801 18 
COMMON NT,Nl,Q,Q8, 00 T, OI , O I N , UMAX ,UP, l.tU , N',~EY , SU , T,TUMAX B01 20 
COMMON Tf,THETA,Tt O , TP,Tfl , T1JMA>. , TVMAX , V •V OT,VMA.ll.,VV,WP 801 22 
C0"4MON X,XE,Xf,XX B01 24 
CALL INfLOl 801 26 
DFPTH=D <11 801 28 
CALL CIRCLE 801 30 

C NFf.ATIVE C.HARACTERI~Tir 801 32 
CM= (2.o•HETA) / (V ( 1 l • C AL.,HA•~ETA ) - SORTF < f ( Al PHA - liETA) ••2) •v ( 1) •v C 1) 801 34 

l• (4 .0 •A•BETA*GR/AI) I 801 36 
IF ICH> 10,20,30 801 38 

l O UN=CO/CH 80 l 40 
C ZNO ORDER INTERPOL ATI ON FOR OfP l ~ ANO VEL OCI TY 801 42 

Oc;=O l l l*O+S*UN• CUN-1.) •UC2l • < 1.-t1N••21 +ll IJl•O.S*UN* (UN• 1 +) 801 44 
VS=Vll)*O.S*UN*(UN-1.)•V( 2 I•(1.- lJN«H•c? l+V(3) 0 0.S*UN*IUN+l+I 801 46 
GO TO 40 801 48 

20 X~=Xlll 801 50 
D~=D ( 11 801 52 
VS=V ( l l BO l 54 
GO TO 40 801 56 

30 QQ=QIN BO\ 58 
CALL DCRIT 801 60 
=oc ~l H 
GO TO 80 801 64 

40 Dn=D<il 801 66 
VV=V(\) 801 68 
CALL COEff BDI 70 
fCM=AC•CH-BC BDI 72 
GCM=AB 801 74 
SCM=AE•CH 801 76 
ASMALL =OS-( SCM•CM*OT-GCM•VSI/FCM B01 78 
85MALL=-OJN•GCH/FCM 801 80 
DPl=D(ll 801 82 

50 R0=2,0•DP1/DIA-},0 801 84 
DEPTH=DPI 801 86 
CALL CIRCLE 801 88 
fOPl=OPI-ASMALL- <RSMALL/h l 801 90 
fDPIP=l ,0• (~SMALL/AH2 I• ( (0 f A• 11,0-CO~F !THETA)) /2 ,O I• ( 1,0/SQRTF (1,801 92 

10-RD**21ll 801 94 
C NEWTON-RAPHSDN ITERATION 801 96 

DP?=DPl-fDPl/FOPlP 801 98 
If IABSf<DP2-DP1 l-DTOLI 70,70, 60 801 100 

60 -DP1=DP2 801 102 
GO TO 50 BO! 104 

C ENO OF NEWTON-RAPHSON 801 106 
70 DP=DPI 801 108 
80 IF <DP-0. 82*DIAI 100,90,90 801 110 
90 WRITE (6,170) XIIl,T 801 112 

Go TO 160 801 Il4 
IO D Df PTH=DP BO 1 II 6 

CALL CIRCLE BO! 118 
VP=QIN/A 801 120 
DOT(l):DP 801 122 
VOT(l):VP 801 124 
QOT(l):QIN 801 126 

C MAX DEPTH, VELOCITY, AND Di~CH•RGE, ANO THE IR ASSnCIATED TIMES BO\ 128 
IF <DOTIU-DMAX(l)) 120,120,11 0 801 130 

IIO DMAX(ll=DOTIII 801 132 
TDMAX I I l =T BO 1 134 

120 IF (VOTlll-VMAX(lll 140,140,130 801 136 
130 VMAXlll=VOTII) 801 138 

TVMAX < I l =T BO 1 140 
140 IF (QOT\ll-QMAX(l)) l60tl60+1S0 B01 142 
\SO QtolAXl\lsOOTtl) B01 144 

lQli\AXl\)•l 801 146 
\60 RflURN 801 148 C----- BO l l 50 
\'JO f'nat1•'T l• f'LOIII I NI IU 

SUBROUTINE FOR C~PUTING DOWNSTREAM BOUNDARY CONDITION. 

SUAROUTINf AOUNOZ 802 2 
DIMENSION 015001 , 001(5001 , n•AXl2UO I, 0 (500>, OOTISOOI 802 4 
OJMENSTON 0112001, OMAXl?OOI H02 6 
OJMENSJON TOMAX( 20 0), TCJ(2UOI+ TQMAl(?OOI, TVHAX( ?OO I R02 8 
0J"4ENSJON V(SOOI, VOTC':iO OI , \1"4A Xf;>OO ). X('.:>UO) A02 10 
COMMON A,AR,AC,AO,Af,Al PHA,H,HC , FUJ , RETA , CU,CO , D ,DC" ,ODJ 802 12 
COMMON DEPTH,00,DIA,DIN,UM,IIMAX,l)N, OOU T,OT,OTOL,0)(,EO 802 14 
COMMON F,FB,FC,FO,FNIJ,GI<, I, (TO, IT OC , J)(O, J XOC,J,MC,N,NQCO H02 16 
COMMON NT,N\,Q,O~,OOT,Ql,O!N,n~AX,Ql-',QQ,R,REY,SO,T,TOMAX ~02 18 
COt-lMON TF,THETA,TlO,TP,TO,r rwAX,TVMAX,V,VflT,V"tAX,VV,WP 802 20 
COMMON X,XE,XF,XX R02 22 
DEPTH=O INT I 802 24 
CALL CIRCLE 802 26 

C PO~ITIVE CHARACTERISTI C B02 ZR 
CP=<2.o•BETAl/(V(Nll•(AL'' HA• BFTA l• S4R lf(((ALPHA-AFTAl••21•v1N11•vcao2 30 

lNl I• (4,0*A•BETA•GR/81 I I 802 32 
UP=CO/CP 802 34 

C 2ND ORDER INTERPOLAT ION FOR OfPlH •~n Vf.L OC !TY BO?. 36 
DR=O <N-1 I *O ,S•UP• (UP-1. I • f) ( tU O I l .-UP*•.:' I • l) (Nl I •tJ .c;orn:., o CUP• 1.1 802 38 
V~=V<N-1 I •o.c;•uP• IUP-1 . I •V (I,/)• 11.-ul-'••£1 •V (I'll) •O. t.; •UP• (IJP• 1. I 802 40 
DD=D (NI) anz 42 
VV=V IN! I 802 44 
CALL COEfF 802 46 
fCP=AC•CP-BC ROZ 48 
GCP=AB 802 50 
SC.P=AE•CP B02 52 
Cc;"4ALL=OR-(SCP• CP•l) T-GCP•Vl-( l /FCP 802 54 
DSMALL=-GCP/fCP 802 56 
DPl=O(Nll 802 58 

10 RO=DPl•Z,O/OIA-1,0 802 60 
D~PTH=OP l 802 62 
CALL CIRCLE 802 64 
GO TO (20,301, MC 802 66 

20 fO=CD•OPl••ED 802 6R 
FDl=CD•EO•OPl••I ED-1, 01 802 70 
U=fD/A 802 72 
fnPl=DPl-CSMALL-05M ALL• lJ 802 74 
THfT AZ=THfT A/2, 0 ll02 76 
DADD= (DIA/2,0 I* (I. o-co~F (T~FTA I I•< 1,0/SQ"Tf ( 1, 0- Rn••Z) I 802 78 
Dl!OD=((A•FDII-IFD•OADO ) 1/l~•A > 802 80 
Go TO 40 ll02 82 

30 U=SORTf IGR•A/81 802 84 
fDPl =OP 1-CSHALL-DSMALL •U B02 86 
THFTAZ=THETA/2,0 802 88 
OIJOO= <2,/0IA I* ( 1.0 /SORTf ( l . 0 - ~0° 0 l l I• 11 . 0/UI o < CU l A• 0 2• I I . O-CO<;F' <TH802 90 

lETA))I/O~.O•BJ-(A*IOIA /2 .0l*COSf l1Hf.Ttr.2l/H••2 11 B02 92 
40 FOPIP=l,O-DSMALL•D11no B02 94 
C NfWTON-RAPHSON ITERATION 802 96 

DP?=DPJ-fDPI/FOPIP 802 98 
IF IA8SflDP2-DP11-DTOLl 60 ,~0 ,50 802 100 

50 DP\=DP?. 802 102 
GO TO 10 B02 104 

C ENO Of NEWTON-RAPHSQN ll02 106 
60 DEPTH=OPZ 802 108 

If <DEPTH-0,82•D!Al H0 , 70 ,70 802 110 
70 WRITE 16,1801 Xlll,T 802 112 

GO TO 170 802 114 
80 CALL CIRCLE 802 lln 

DOT(Nl)=OfPTH 802 118 
GO TO <90,1001, MC BOZ 120 

90 00TINll=CO•DEPTH••En 802 122 
VDT<Nll=QOT(Nll/A 802 124 
GO TO 110 802 126 

100 VOT(NI)=SORTf(GR*A/A) 802 128 
OOTINll=VDT<Nll•A ll02 130 

C MAX DEPTH, VELOCITY, ANO DISCHARGE , ANll lHFIR ASSnCIATrn TIMES BOZ 132 
110 IF <DOTINl>-DHAX(Nlll 130,JJ0,120 802 134 
120 OMAX(NJl=OOT(N\I 802 136 

TrlMAX(Nll=f 802 138 
130 IF CVDT(NJ)-VMAX(NJ I) J50tl50 • J40 802 140 
)40 VMAX(Nl)=VOT(Nll 802 J42 

TVMlX(NIJ=T 802 144 
150 IF CQOT(Nl)-QMAIUNJJJ J70•170.J60 802 146 
160 Q14AX(NJJ•OOTUOJ SOZ J48 

TOMAXCNU•T 801 JSO 
IIFT-



llOUTIN ,oa QlNrtn"f OP IICIJL.U 

SUAROUT lNE CIRCLE C IQ 2 
OJMENSJON 0(500), OO TC 50nJ . O'"'A.Xf~4hll• OCSOOJ • 00TC500) CIR 4 
0T"'4ENSlON QI (20()) • ()f,tAX f,?OOJ CIR 6 
DIMENSION TOMAXt200), TQ(20ll), T()J.tAXl ?00> , TV"1AX(;ioo, CIR 8 
DIMENSION V(S00>, vorcc;oo,. VMAXl200)· X(SOO) CIR 10 
CnMMON A,'1!8,AC,AO,AE,ALP'iA,1·t.HC,HO,AfrA,CO,CO,D,OC',DOT CIR 12 
COMMON DEPTH,OO,OIA,DJN,OM,1)"4AX,llN,r)()IIJ,1JT,rno1 ,U1<,EO CIR 14 
COMMON F,FA,FC,FO,FNU,GR,I,lTU,lTOC.:,txu,JXPC,J,"'IC,N,NQCO CIR 16 
COMMON NT,NI,0,QB,OOT,QI,OJN,()1"1AX,CJP,r,a,R,PEV,SO,T,TOMAX CIR l8 
C0"'4MON TF",THETA,TIO,TP.TO,TU"tAX,lVp,1A)(,V,VOT,Vl"1AX,VV,WP CIR 20 
COMMON X,XE,XF,XX CIR 22 

C ff.ST TO INSURE nEPTH LFS5 THAN o.H2 OJA. CIR 24 
IF COEPTH) 10,20,7.0 CIR 26 

10 WRITE (6,1001 CIR 28 
CALL EXIT CIR 30 

20 IF <DEPTH-0 .82*0IA) 40 ,4 0,30 CIR 32 
30 WRITE (6,\!0l CIR 34 

CALL EXIT CIR 36 
40 IF IDIA/2.0-0EPTHl 60•50•70 CIR 38 
50 THFTA:3.14159 CIR 40 

Gn TO 90 CIR 42 
C SURTENOEn ANGLE CIR 44 
60 THET A=6 . 2A3JH- 2 • O•AT ANF I ( SQRTF ID 1 A•llEPTH-DFPTH•DEPTH l l / I DEPTH-DI A/CIR 46 

12.0ll CIR 48 
Go TO 90 c1q so 

70 THFIA=?•O•ATANFI 15QMTFIDTA•llEPTH-llfPTH•IIFPTHl l/lOTA/2 . 0-0EPTH) l CIR 52 
Ir ITHETAl 80,90,~0 CIR 54 

80 THETA=b.28318.YHETA CIR 56 
C ARFA CIR 58 
qo A=0,12c:;*(THETA-!:;JNFITHfT/\) ) 4 (1)JA-1t-1•?) CIR 60 
C WFTTED PERIMETER CIR 62 

WP=IDIA/2.0l*THFTA CIR 64 
C HYDRAULIC RADJU5 CIR 66 

R=AIWP CIR 68 
C SIIRFACE WTnTH CIQ 70 

B:OJA•~JNFITHETA/2.0l CIR 72 
C HYDRAUl IC DEPTH CIR 74 

DM=A/A CIR 76 
RFTURN CIR 78 c----- - CJq 80 

100 FORMAT t• nEPTH 15 Nff.ATIVE*l CIR 82 
110 FORMAT t• FLOW IS FIJLL*l CIR B4 

ENO CIR 86 

SUBROUTINE FOR COIPlITING CRITICAL DEPlli 

SUP ROUT! NF oc" IT OCR 2 
OIM[NSTON 0(500), nl)T(~OO), O~AX(?OO) . Q(~oo,. 001(500) OCR 4 
DTMEN5ION 011200) . QMAXl?OO) OCR 6 
D!Mf.NSTON TOMAXl?OOl• T0120U l• lQMA;(~OOl • TVMAX(?OOl OCR 8 
D1"4ENc;TON V(500) . Vl')J(c;orn . VMA.11.(2110), X(Snu, OCR 10 
COMMON A•AA,AC,At),Af ,Al i>HA , H,l--((,Hn,t1F:rA,Cll , CO,O , Dc,DDT OCR 12 
CO"IMON DEPTH , OO , DIA,Ol~l, 11~•,11'-41\)',l)f\l,UPPT , l)T , tJ TOL,Dll,EO OCR 14 
COMMON F,FB,FC,fO,fNIJ,f;K, I, r To, I roe , lJtU• J )(flC,J,"tC,N,NtJCD OCR 16 
COMMON NT , Nl,O,OB,onT , uJ.IJJN , fJ'-tAX. , llP , OQ , 1-l , PEV,SO , t,TOMAX OCR 18 
C0"'4MON TF,THETA,TTO,TP,TO,TOMAX , TVJAA.1<,V,VUT,VMAX , VV,WP OCR 20 
CO"'MON X,XF.,XF,~X OCR 22 
DF.PTH=0 . 6?•01A OCR 24 

10 CALL CIRCLF OCR 26 
C NFWTON-RAPHSON OCR 28 

OC=OEPTH- IA* ( A*4)) -A LPHA• ( ( I-IO{)(J) OO?) /(iq) I ( -~• oo ( (Bo A) **2)- (2.0• ( A••DCR 30 
i3)•COSFITHETA/2.0)l /(~ ! NFITltETAn .o,, l OCR 32 

IF (AA~FtnC-Df.PTHl-OTOI l 30 • 20 • 20 OCR 34 
20 DFPTH=nc OCR 36 

GO TO 10 OCR 38 
30 RFTURN OCR 40 

ENO OCR 42 

OWTl - 111 

5U"R0UT lNE. tNfLOl 
c----- co~PUTATlON Of THE tNF'1 0,.. ~YOl->OU .. A.~H 
C OlCiCHAQGEc:; A.T lQREf.llLA R T\t-\t," 1"-ITEPVAL~ 

Dl~ENSTON 01c;oo,. D"T(SOO) . nMAk(200) , OlSOO) . QOTlSOO) 
Ott.!fNSTON 011200) • Ot,!A.Xt?()Ol 
0Jli4ENSTON TDMAX(200h TOPOO) • TO'"'AX.lt'OO), TVtO,Xt?OO) 
DttitENSION VtSOOl, VIJTCC,00I, VMAXl?OOl• Xt~llOl 
COMMON A, AA, AC, AO, AE • A.I PHA • H, HC , 110 , HF.. TA, Cll , co.I) , De: , DOT 
COMMON OEPTH, DO ,O I A, DIN, l)t,1, tl'"IAX. , llt·h OOlJT • H l • 01 OL ,O~, Ell 
COMMON f,FB,FC,FO,FNU,GR, I, ITn, lTOC, lXCh lXOC,J,t-!C,N,Ntlt{) 
COMMON NT,Nl,Q,Qij,QOT,Ql,UIN,QMAX,UP,l~U,H , UEY , 50 ,T,TU~AX 
COMMON TF, THETA, TIO, TD, TO• TUM AX, T\lt,!AX.,V ,Vl) r , V~A~, VV ,W P 
COMMON X,Xf,XF,XX 
AJ=J 
T=IAJ-J.Ol•DT 
IO=l 

C INTERPOLATION FOR REGtJLAQ Tl~'- JNTE~V•L~ 
IF IT.GE.TQINQtnll )0. ~0 

10 OIN=OI (NOCDl 
GO TO 50 

20 IF IT.GE.TQIIQ).AND. T.I T.TOl[ol•lll 40 . 30 
30 lO=TQ+ 1 

GO TO 20 
40 QJN=Ol 110) • 101 ( IQ+] ) - 01 I JU)>• CT-TQ I JOl l /I IQI IO• 11-HH 10) > 

GO TO 50 
50 RETURN 

ENO 

lMF 2 
\NF • \NF b 
\NF 8 
JNF 10 
\NF 12 
\NF 14 
\NF lb 
INF 18 
INF 20 
INF 22 
INF 24 
INF 26 
INF 28 
INF 30 
INF 32 
INF 34 
INF 36 
INF 38 
INF 40 
INF 42 
INF 44 
INF 46 
INF 4A 
!"IF 50 
INF ~2 
INF 54 



A.3. 3. DEFINITION OF VARIABLES 

NAHE OEFINITION STAl tMENl 
A ARFA OF CIRCULAR SfC.MENl CIR 60 
AB 121 CUF ~4 
AC I7.l COE Sh 
AD I7.l COE 5~ 
AE l?l C:OF hO 
AJ I1 l ! NF ?A 
ALPHA VFL DISTRIRl JT ION FA Cl"Ql> - t:NESGY IJNS Sh 
AN NtJMBE.R Of" OTSTANCf HJTfl-(V/ll" HN.._ l bt+ 
ASHALL<?l HOI ·1e 
Al 121 COE 32 
A2 121 COE Jh 
8 FRFE SURFACE WIOTH C IR 72 
BC I7.l COF. 62 
AD 121 COF 64 
RETA VEL DISTRt~llTlON fA CTO~ - ,..l)MfN TU"4 tJN5 ',M 
BSHALLl2l HOI 80 
82 12) COE 3H 
CD OUTLET OJSCHARGF COEFFJCJENl llNS b? 
CM NEGATIVE C>iARAC TER!STIC D lRF.C T!ON 1,01 34 
CO MINUS OT/OX UNS 192 
CP POSITIVE CHARACTER!Sl Ir •llllECl ION ro• 40 
CSHALL l?l i<02 ~4 
0 DFPTH OF FLOW AT TIME T INC 4h 
DADD DFRIVATIVF: OF AREA WIT H OfPTH ~02 78 
OAREA DF:RIVAT!VF.: OF ARF.:A WITH Of:µ 1 H INC 7 4 
DC CRITICAL OEPTH OCS 30 
OCOM COMPUTED DEP TH !NC 104 
DD DF.:PTH en I 66 
DOT DEPTH llf FLOW AT TIME T•IJT ~0 1 t a 
DENG 121 INC 82 
DEPTH Of PTH OF FLOW HO I tR 

e02 t4 
llNS J 76 

OJA 
DIN 

DIAMETER or PIPF 
INJTI AL VALUE o r DEPTH 

DH HYORAULIC DEPTH 
OMAX MAX IHIJM DEPTH 
ON NORMAL DEPTH 
OOUT DEPTH OT OUTLET 
DP OfPTH 
DPI INITIAL VALUf o r OFPTH 
DP2 CoHPUTFD VALUE or OFPTH 
DR INTERPOLATED VALUE llF DEPTH 
ORA 121 . 
OS INTERPOLATED VALUF OF OEPIH 
OSLO DERIVATIVF. OF ENrnGY SLOPE WITH 
OSHALLl?.l 
OT INCREMENT OF TIME 
DTHET DERIVATIVE or THETA W!Trl OEPTH 
DTHAX TIME or MAXIMUM DEPTH 

INC 60 
OCR 2 4 
UNS 38 
!NC ! IA 
IJNS 202 
CIP 16 
UNS Y8 
ONO 40 
IINS 152 
~01 62 

. 801 S2 
HOI 98 
Hll?. JR 
I NC HO 
tlO I 

llt-lJh.lC 
Hu2 
UMS 
INC 
UN~ 

44 
H4 
5~ 

I YO 
72 

OTOL MAXIMUM ERROR IN DFPTH 
Dt.iDD 121 
ow 12) 
OX INCREMENT OF DISTANCE 

C•LCIILAT IONUNS 
802 
Jt;C 
UPIJ<; 

IH6 
"/6 
H(I 

76 
166 

34 
64 
42 
Y8 
~2 
3H 
46 
4A 
50 
72 
41\ 
bl! ... 

DI 121 
ED OUTLET DISCHARGE EXPON~NT 
EEi ENERGY AT KNOWN DEPTH 
EE2 ENERGY AT UNKNOWN DfPTH 
E2 l?l 

COE 
UPIJ c; 
!"IC 
I NC 
COE 

F OARCY-WEISBACH RESISTANCE COEFF !NC 
COF. 

FB 
FC 
FCH 
FCP 
FO .... , 

FACTOR IN REY .NO. - OU~CY 
FlClOR l>1 REY .NO• - OAPCY 

'"' '"' 

Fll"'CTlO,_,UNS 
FIINCTlOt.111Nc; 

-TAt:•H OUTL£T n1sc~•MGI' 

hO) 
f'02 
RO? 
MOI 12' 

COM 

H02 

I NC 

I NC 
d02 
B02 

HO I 
~02 
u .. s 
I t;C 
OCR 

INC 

BO ! 

UNS 
BO ! 
BOI 
802 
en" 

Hill 

802 

INC 

co .. 
COM 

80Z 

46 

10 

!Sb 

112 
42 

I 1 H 

A6 
,2 

1,2 
I M 

16 

)?2 

112 

160 
!OB 
1112 

91\ 
S6 

S2 

QO 

, .. 

INC IBO UNS 284 

COM 28 
COM 98 

BO I 116 COE 28 
802 108 COM 3 4 
UNS 204 COM 92 
ONO 24 ONO 46 

Jt;C 13b INC 144 

B02 136 COH 106 

COH 84 
802 58 802 102 

COM 60 

INC 92 ONO 36 

- .. 

FNU KINEMATIC V!SCOSJTY l11-.,c; 4b 
FRATTOl?l r,"r: I 00 
GCH (?) HOI 14 COM 70 
GCP 12) Hf\2 ,o COM s8 
GR ACCfLF.RATTON or GPl"VJTY llN <; ~" 
HFTH l?.l I PIJC 70 
I Ill IJ"I<; ?bt> 
II II l u~c; ;,94 1r,,c 1,2 !NC 176 
IL LJNF. PQINJINr, INOF.X 1111o1c; 2Yh 
IQ (J l l t;F 12 ! NF 44 
!TO TIME INTERVAL ~ETWFft; OUTl>LJT<"; UNc; l4A 
ITOC TJME, OUTPUT INTER VAL ('(}UMTl-:P UNC.. %~ 4 IJNS 272 UNS 27A 
!XO OJ STANCE INTfRVAL RF.Twn:~ 011ri,,urs lli\l'. Iv 
JXOC DISTANCE• OUTPUT !NTEOVAL CtllJMTt- ~ IIN'. :,.,44 UNS /C,4 UNS 2t>O 
J Ill 11-IC l',H ,,,..~ 06 
L Ill Jl~C 4H 
HC BACKWATER PROFILE COOE 1mc; l~H UNS I S6 
N NUMBER OF X-INTF.PVALS tlN<; h8 
NCOUNTITFRATION COUN TER INC ~, !NC I ;,4 
NPG OUTPUT PAC.F CON TROi 111,1<; ?% 
NQCO NIJMRER OF fNP UT HYOR0t1Ql\PH ~o I "I T'. u,-,i.; kn 
NT NUMBER OF TIM E l NTfRVAI. 5 IINS 194 
NI NUMBER OF x - INTEGR•T1mI LOCAi JONS lit-JS 44 
Q DISCHARGE AT TIME T 11~c; 2H? !NC so INC 160 
QR BASE DISCHARGE UPIJ<; H4 
COT DJSCH•RGE AT TIM E T• OT HO J lilh HO?. 1?2 H02 130 
QI I NPUT HYDROGRAPH l) J t;CHtiN:GF. HN<; H?. 
QIN INITIAi. DISCHARC.E llNS 20H INF ·,0 INf 48 
QMAX MAXIMUM O!SCHAR C.E AT T !ME T IJN<; 102 HOI 144 H02 148 
QP PFAK HY DROGRAPH DTSCH••GF. UNS H6 
QQ DISCHARGE u,-.,5 I l4 Ur.JS 172 HOI SB 
ORA PFAK TO BASE OJSCHAPC,F. HAl 111 IIN'i 42 
R HYDRAULIC RADIUS C!S OH 
RD OfPTH TO RADI US RATIO ~l)l 84 H02 so 
REY RFYNOLDS NUMBER I NC 14 I MC e6 I NC 90 
REY COE 42 
SCH l?l 1:::111 1 7h COM 14 
SCP (~) H02 52 ens 72 
SF FRICTION 5LOPE ( AVfRAGF.) me Yb CnE so 
so I NVERT SLOPE IJN<; 4l 
SI fRJCTION SLOPE AT KNOW"J llEPTti !"IC 40 [NC: 146 
52 FRICTION 5LOPE AT IJNKt,j OtiN nt·:Pl h !NC Y4 
T TIME IJN<; 2 10 UNS 2?8 INf 30 
TCM 121 COM ,~ 
TCP (?) COM 16 
TDMAX TIME TO MAXIMUM OfPTH HOI 134 802 llB COM JOB 
TF fJ NAL TIHf f OR CALCIIL•Ti llN UNS 72 
THETA CfNT ANG SUBTENOEO RY F~Ef. SURF AC•c rn 40 CIR 46 CIR 52 
THETA20NE-HALf THETA H02 76 R02 AB 
TIO TIME I NTERVAL RFTWFFN OUT~IITS UNS 74 
TP TJMf. TO PFA K INPUT l}Jt;CHARTiF. lJN<; HB 
TQ INFLOW HYOROGRAPH T!M f UNS 82 
TQMAX TJME TO M~X!M IJM DISCHARGE HO! 146 H02 ISO COM 120 
TVHAX TIME TO MAOMUM Vf.LOCJTY HO I l~O ~)2 144 COM 114 
u VFL.OCITY i;n2 12 8112 A4 
UN l?l RO I 40 Cnt,t ~2 
UP 12) "\J2 34 COM ~o 
V VfLOC!TY AT TIME T tJNS 2H6 INC 48 INC !SB 
vc CRITICAL VEL OC ITY IINS 180 
VDT VELOCITY AT TIME T+OT '101 12 4 802 12• ~0? 128 
VH VELOCITY HFAO INC 30 I NC A8 
VHAX MAXIM UM VFL OC!TY IIN'. IOU BO! 118 h02 142 
VOL VO LUMF- OF HYOROGRAPH WAV~ IJNS ~o 
VP VELOCITY HOI llO COM ,2 
VR INTERPOLATED VALUF llF VELOCITY htl2 40 COM ~8 
vs INTERPOLATED VAL UE Of VELOC I JY SOI 46 t::UH ~4 COM 62 
vv VfLOCITY fi0I hH Hl)2 4 4 COM JO 

! NC ?~ !NC '4 INC H6 
WP WETTEO PERTMETFR CJR f,4 I NC 78 
X PO~ITION ALONG CHANNEL INC 44 INC 1''4 INC 178 
XE ~n~KING LFNGTH OF CHANNEL UN5 162 
Xf INITIAL LENGTH OF CH,OJ"-'fl UN'. 40 
XS STARTING POSITION 1101 ~o 
n Pn~n,,,.. Al .... G CH•NNFL C tX•JCF'-X > 11.'4Ci l"O u .. s 1~8 1 .. c 58 -· • • .L: • ~ • ~,. • • 

. . 

-------

INC 184 

COM 96 

COM 118 

ONO n 

CIR 56 

INC 182 

COM 100 

COM I 12 

ONO 2B 
INC 170 

INC 186 



A. 3. 4. SAMPLE INPUT AND OUTPUT 

SAMPLE !NPl/f 

Same format as in A.1.4. 

s 10 .o ~o .o I O , O IO, 

••• zt••· 
4,0 

•• o 

SAMPLE OlITPl/f 

5 , 

.!.'..!=--'''-'7-"6c;c5.c.9_• ~T __ c_. q !_T I r • L DE? TH• • 6 2 9 0 FT 

OT• l ,45574~EC 

co,0 1 I 10,s AT O, OOQ~ECON~S 
OIST••CE DE>Ta VELOCITY DJSCHA~GE 

__ 1!.!F.!l.!.l ____ __:l:,:_F..:.T_c_l ____ __,l-'-F-'i'-'-I ______ IC~ 

,0000 ,7659 ?,852? 4,0000 

:~:•;~1~~-----':;7-i::E~;;-=------;~,C:-;;:E~~2•! ------.:~:.,~n~ng-;;~-
Z•S.o6u9 , 7656 ?,853; 4,oooo 
JZ7,5Hq , 7654 >,d540 4,0000 
•U• •A 648 2,8578 4 ,0000 
'9(,3l17 , 7b37 2,863Q •.OOOO 
573,2087 7612 ,87 8 ... 0000 
,ss.~9,, , 1559 ,,,05? ,.uooo-
u,.,e,6 • 7433 ,. 9749 •· 0000 
lli,••'IS .6~90 l• 76qa •.uooo 

co,01 l!ONS AT 18,925~ECON~ -
DISTANCE ~F.?Ta - . VE LOCITY 

lrll IFTI l••S) ___ _ 
D!Sc°i<~~GE 

i_C~ 

.0000 , 9539 •• 090, 7, 7049 
11,ae10 8362 ,35•a 5,31-1, 

lbl,77JO ,773• ~,910 0 4,1378 
2•>.6609 , 7059 ?,855~ 4,004Q 
l27,5•7s 7054 a,855 0 4,0001 
40,• •B • 048 ?.,8570 - - -- 4:0 000 
••1.J211 , 1636 2,8640 ,.0000 
su.20.1 • ?012 2 .8111 4,oooo 
,,. 906 • ,59 2,907_1 __ - 4,0024-

136, 826 , 7427 3,003• 4,0338 
lli,ib'IS ,bJ69 1, 7940 4,0992 _ 

--,c~o~o~1~1•1°o~N~S~A~T=--'""~3~,~.e~,~9~s~E~c~o~•~~~s'--'- ----- --

1~11•cE O[?Te VELOCITY D!SCHA~GE 
~-•-F_T l _____ ..:..c_lFT 1 1 ••S ii~ C~F_S_I __ 

,0000 1,o'/00 .,4910 10.0000 
ll,i87o 1,0308 4,435• 9 ,3859 

AO.O 

47 

~ONOIIIU NS AT 94,o23SECONOS 
DISTANCE . OE;)rn V~LJCITt 

I FT) IF'TI I c:-;;>S) 

,0000 .~l,5 >,SSo, 
81,8~70 ,d422 ?,b3e~ 

163, J~ --.~ij oz 1,044• 
2 ♦ :).b61JQ .~579 '.l.501:; 
327,5•78 ,n23 1,•51 n 
~3~ .~932 •• 0111 

491,3217 1,0019 •• ,&qi 
573,20d7 ,•129 1,.84• 

~.0906 -- , 7989 1,24~., 
73b.'18c:!., .7J~ 0 1:.15,1: 
8IO,ObS5 ,:>J74 J,795• 

CONOlilU,,s •r - 113,,•A<ECO~OS 
DISTANCE u~•rn V,LOCIT< 

__ ..,_1-'--F-'-T-'--l ______ 1~, _r_1_ 1<>S1 

.UOOO .cU86 ;,.:,'7~4 
Bl.8870 .di6l :,.c,33.; 

163, 9 ,; 13 >,b341 
24:,,6609 ,;615 >,HJ2a; 
327,:>478 .•054 1,l65 r, 
409,4HB , rt.84 1,53~1 
491,3217 , •b23 1• 75,, 
573,20d7 .~o96 1,Hzn 
655,09:,6 .~&42 4,21A• 
736,98<6 ,:IH4 1,831• 
8lO,b6s5 , 1013 1,994\ 

CONOl -,--.-l "U"N=-s - •" T:---~ 132 ,4 7?.S£Cn"'S 
Ol~TANCE O ~~r~ V€ LJ CIT~ 

IFT) IFTI I ;-;)S) 

,0000 ,•llOO >,6368 
dl,8870 ,•177 >,0636 

--176~3"', "'7•3"9s------~. "•2"'•"· ' 9 2 • 7 0 2 'l 
245.66U~ .di90 :,.687 ~ 
327,5478 ,3424 ~.762~ 

-.,.4""""'~4~8...-------.s10• ~-•67n 
49),3217 ,9055 1,261\ 
573,2001 • n22 1,;521 

- ~6:.,;5~5~, ira~sT,----~_-.,0090 1,1291 
736,98<6 ,,372 4,174, 
8l~e8695 ,doll?. 4.,'+7J;> 

---'--'~·c""oN77D=--1 "r 1"u-::•"'s=-A T I s 1 • 391 s Eco•~ s 
DISTANCE u,•1a VE L1CIT• 

1n1 lFTl 1,>s1 

.0000 ,8030 >,660 0 
81,8d70 ,8100 >,bd7, 

163, JQ , 168 2,7070 
2•~.600• .•<6, >,75n, 
327,5478 ,:ll97 ?,752, 

--,4c.aoc;;9,-,•••3"4""9 - ----.,. ,3.c42 :,. 76@.• 
•91,3217 ,d•95 z,88)7 
573,2087 .~720 J,08~5 

-~o:.,;5~5'-',-iio"~EsT6-----.~ - ~. 381~ 
73o,98<~ ,ddb2 1,:>28• 
818,8695 ,Bu 1, •• Joo• 

- --"--''-'--',C~D~N~DTl 71~10~N~S::--;A~T;-°'1'7~0-, ~3'2;-;ISECON05 
DISTANCE OE?fa V~LJ:ITY 

IF'l) l~TI (~:)SJ ----------
• o o o o ,7973 >,695• 

a1.8B7o ,BOJ6 2,10~6 
163,77J9 ,::!101 >,7201 
245,6609 ,9161 >,7427 
327,5•78 .•2•6 >,7at• 

-•4•0°i -• •• ~ 4• 9.--------. = 00•1-- ,.ao11 
•91,3217 .~JIO ~,8107 
573,2087 ,8J60 >,87)1 

-~6ri~~, noi;.r~,.-----~,"44JI -- 1,0IA,1 
73o,¥8lS ,d499 1,311' 
818,06>5 ,7>94 ,,166,1 

--'--'-'-',C~O~N~D' l' l'l'J 'N~S~•~T~ l89,?46SECO~,s 
DISTANCE Df"T• VELJCIT• 

(F'r) (Fri (i:';,S) 

,000 0 ,7>2, >,718A 
81,8870 ,1991 >,72A\ 

16J.773Q .d~ 37 ,.7ttl4 
245,660,; , dl02 >,7'>07 
321.5478 .•15,; ,.11., 
409, 48 . 20 ~-B0• 1 
491 ,3217 ,d280 >,8471 
573,2007 ,fll72 >,&701 
6~s.O~:,t, .a~29 ,. :nq4 
730,9826 , 8097 1,094. 
8lt:t.H6'1'5 ,7 1'5J 4,00!)c. 

~;cA;-:k:-;lc:"';;-u;;:~;--;;, ,. 7'L7";U?~;:-s - A.'.N::;D"fcilC:s.iE'<s:--.~.T" E'AC;:-~:;-_,o11c'";. Tl ON 
DISTANCt:. MAX JEl-'Trt TIME ,ux VfL TIMf 

.O~ l,09 4~.50 4.~~ 3 0•57 
•o. r;·o"d-- ,2;41 4,•• 3&•39 
81,89 1,07 ~S.32 •.47 40,7t 

122,83 1.06 s,.69 •.•5 •&•58 
lb3, 1,0 4,05 4,43 50,95 
204,72 1.0... 61.14 4,it2 5!:) ,32 
24>,06 1,03 b5,5! •.40 61.\• 
2 6, 0 1,03 b9,88 •,39 bo,5) 
327,55 1.02 7•.2• 4 ,37 7),33 
308,.9 1.02 00,07 4,35 77,15 
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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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