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Preface

Applied Hydraulic Transients covers transient flow in closed conduits and in open
channels in a systematic and comprehensive manner from introduction to advanced
level, with an emphasis on the presentation of efficient and robust computational
procedures for analysis and simulation. These procedures, based on modern
numerical methods, are suitable for machine computations, provide more accurate
results as compared to the available traditional methods and allow the analysis of
large and complex systems. The field of application is very broad and diverse and
covers systems, such as hydroelectric power plants, pumped storage schemes,
water-supply systems, oil pipelines, cooling-water and industrial piping systems.
The book is suitable as a reference for practicing engineers and researchers and as a
text for senior-level undergraduate and graduates students.

Because of diverse nature, the material in each chapter is presented more or less as
stand-alone. Practical applications are emphasized throughout by including case
studies of real-life projects, problems of applied nature and photographs and design
criteria. Design charts and empirical formulas are presented in the appendix for
approximate analyses and for comparing different alternatives for feasibility
studies and preliminary design and for the selection of parameters for detailed
analyses. Solved examples and sample computer programs are included to facilitate
learning. SI units are used throughout. However, equivalent values of empirical
constant in the Customary English units are provided which should allow the use of
these units without much difficulty.

The general sequence of presentation in this third edition is similar to that in the
earlier editions. However, revisions are made throughout for clarity and the
references are updated. A new chapter on leak and partial blockage detection is
added. In each chapter, a chapter-opener photograph is included as an illustrative
introduction to the chapter. In Chapter 1, the historical background is updated and a
section on wave reflection and transmission is added. A new section introduces the
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inclusion of unsteady friction in the governing equations in Chapter 2 and the
simulation of unsteady friction and the application of higher-order numerical
methods are presented in Chapter 3. Coverage of the modeling of pump turbines is
expanded in Chapter 5. A new section in Chapter 8 outlines the determination of
the functional significance of stenosis in cardiovascular systems. The material in
Chapters 10, 11, and 13 is revised and a new Chapter 12 discusses the detection of
leaks and partial blockages in pipelines. Design charts and other data are presented
in Appendix A and sample computer programs in FORTRAN along with sample
input and output data are included in Appendices B through E.

I have used Chapters 1 through 5 and 10 as a textbook for a three-credit graduate
course on hydraulic transients at Old Dominion University, Washington State
University and University of South Carolina. Different chapters or parts thereof
may be used for instructional material for advanced level, specialized courses and
workshops.

Thanks are extended to British Columbia Hydro and Power Authority and
California Department of Water Resources for data and prototype test results on
their projects and to my former colleagues, R. E. Johnson for the instrumentation
for the prototype tests and R. M. Rockwell and J. Gurney for Figs. 5-11 and 5-29,
and G. Vandenburg for Fig. 10-4. Dr. Sam Martin generously provided technical
advice, photographs, and figures. Assistance provided by my former graduate
student, Dr. Elkholy, for the preparation of the manuscript, by Dr. Mohapatra for
proofreading the final draft, and by Rebecca Wessinger for the preparation of the
figures for inclusion in the manuscript is thankfully acknowledged. Several
individuals from all over the globe were very kind in providing photographs and
other material; these are acknowledged throughout the book. I am thankful to my
family, especially our grandchildren, Aryaan, Amira, and Rohan, for many hours
that should have been spent with them but were required by the preparation of this
edition.

Columbia, SC, USA M. Hanif Chaudhry
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2 I BASIC CONCEPTS
1-1 Introduction

In this chapter, a munber of common terms related to hydranlic transients
are defined, and a briel history of the developments in hydraulic transients is
presented. The basic waterhammmer equations relating the change in pressure
dne to an instantancous change in flow velocity and an expression for the
velocity of pressure waves in a pipe are derived. The propagation and reflection
of waves in a pipeline are discussed, followed by ditferent approaches for the
analysis of hydraulic transients. The chapter coneludes with briel information
on a munber of accidents and incidents caused by hydraulic transients.

1-2 Terminology
A munber of conmmon terins are defined in this section.

Steady and Unsteady Flow. Flow is called steady if the flow conditions,
such as pressure and velocity, at a point are constant with time. If the condi-
tions change with time, the flow is termed nnsteady. Strictly speaking, turbu-
lent, flows are always unsteady since the conditions at a point in these Hows
are changing continnously. However, these flows are considered steady if the
temporal mean conditions over a short period do not change with time. When
referring to the steady or unsteady turbulent flows herein, we will consider
the temporal mean conditions for this designation.

Transient Flow. The intermediate-stage flow, when the flow conditions
change from one steady-state to another steady state, is called transient How.

Uniform and Nonuniform Flow. If the flow velocity is constant with
respect to distance at any given time, the flow is called uniforin flow, whercas
il the velocity varies with distance, the flow is called nonuniform.

Steady-Oscillatory or Periodic Flow. If the flow conditions are varying
with time and if they repeat after a fixed time interval, the flow is called
periodic or steady-oscillatory flow. The time interval at which conditions are
repeating is termed as the period. If T is the period in seconds, then the
frequency of oscillations, f, in cycles/s and in rad/s is 1/T and 27 /T, respec-
tively. Frequency expressed in rad/s is called circular frequency and is usually
designated by w.

Column Separation. If the pressure in the flow drops to the vapor pressure
of the liguid, then cavities are formed in the liguid and many times the liguid
colmmn may separate over the entire cross section.
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Waterhammer. In the past. tenus such as waterhammer, odhammer, and
stearnhammer referred to the pressure fAuctnations caused by a flow change
depending upon the fluid involved. However, hydraulic transients has hecome

cornmon sinee the 1960s.

Pressure Surge. Trausicnts involving slowly varying pressure oscillations
arc referred (o as pressure surges or surges in North America. In Farope espe-
cially in the United Kingdom, however, the term pressure surge includes both
rapid (i.c.. waterhammer) and slow transients. In this book, we shall follow
the North American practice.

To clarify the preceding definitions, let us discuss the flow conditions in a
pipeline following instantancous closure of the downstream valve (Fig. 1-1).
Initially, the downstream valve is fully open, and the flow velocity throughout
the pipeline is V,,. At time ¢ = {,. the valve is suddenly closed, reducing the
flow through the valve instantly to zero. Because of the conversion of kinetic
cnergy, pressure rises at the valve, and a pressure wave travels in the upstream
direction. This wave is reflected from the reservoir and then travels back and
forth between the closed valve and the reservoir. Due to losses in the systemn,
this wave is dissipated as it travels in the pipeline. Finally, let us say at time
Ly, the flow is completely stopped and the pressure in the entire pipeline is
the same as the reservoir head.

Based on the preceding definitions, the How for ¢ < (, and ¢ > {; is
steady when the conditions are constant with respect to time. However, the
infermnediate flow (e, ¢, < t < 1) when the flow conditions are changing
from the initial steady state to the final steady state is called transient How.

Now let us consider another flow situation in which the downstream valve
is opened and closed periodically at frequency, wy. After a mmnber of eycles,
the transient flow in the pipeline becomes periodic with the same period as
that of the opening and closing valve. This flow is called steady-oscillatory
Jlow or periodic [low.

1-3 Historical Background

A bricf history of the developments in hydranlic transients is presented in
this section (mmost of the material is based on Wood [1970]). Interested reader
should see papers by Tijsseling and Anderson [2004, 2007, 2008, 2012].

The study of fluid transients began with the investigation of the propa-
gation of sound waves in air, the propagation of waves in shallow water, and
the flow of blood in arteries. Newton [1687] studied the propagation of sound
waves in air and the propagation of water waves in canals. Both Newton and
Lagrange obtained theoretically the velocity of sound in air as 298.4 m/s as
compared to their experimental value of 348 m/s. Lagrange erroncously at-
tributed this difference to experimental error, whereas Newton indicated that
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Initial steady state Cwavefmnf
] .

hydraulic grade line
— AH

Ho Control/ vo/uma)
Vo I
—= | .
— S
Velocity Vg Vo + &V
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Pressure Head Ho Ho + AH

(a) Unsteady flow

g&‘/a//'onary wavefront

Control volume 3

Vota R
—_— | !
| |
Velocity Vo+a o+ AV+Q
Density P, P+ AP
Pressure Head  H, Hy+ AH

(b) Unsteady flow converted to steady flow

Fig. 1-1. Propagation of pressure wave.

the theoretical velocity was incorrect and that this discrepancy was due to
spacing of the solid particles of air and the presence of vapors in air. By com-
paring the oscillations of a liquid in a U-tube to that of a pendulum, Newton
derived an incorrect expression for the celerity of water waves in a canal as
m/L/g, where L = the wavelength and g = acceleration due to gravity. Euler
[1759] derived the following partial differential equation for wave propagation:
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9% 50

in which a = wave speed. He developed a general solution of this equation as
y=F(x+at)+ f(zx—at) (1-2)

in which F and f are the traveling waves. Euler [1775] tried, but failed, to
obtain a solution for the flow of blood through arteries.

Lagrange [1788] analyzed the flow of compressible and incompressible Au-
ids utilizing the concept of veloeity potential. He also derived a correct expres-
sion for the celerity of waves in a canal as ¢ = /gd, in which d = flow depth.
Monge developed a graphical method for integrating the partial differential
equations [1789] and introduced the term method of characteristics. Around
1808, Laplace explained the difference between the theoretical and measured
values of the velocity of sound in air as follows: The relationships derived by
Newton and Lagrange were based on Boyle's law. This law was not valid un-
der varying pressures since the air temperature did not remain constant. He
reasoned that the theoretical velocity would inerease by about 20 percent if
the adiabatic conditions were assmned instead of the isothermal conditions.

Young [1808] investigated the propagation of pressure waves in pipes.
Helmholtz appears to be the first to point out that the velocity of pressure
waves in water contained in a pipe was less than that in unconfined water.
He correctly attributed this diference to the elasticity of pipe walls. In 1869,
Ricmann [1869] developed a three-dimensional equation of motion and ap-
plied its simplified one-dimensional form to analyze vibrating rods and sound
waves. Weber [1866] studied the flow of an incompressible fluid in an elastic
pipe and conducted experiments to determine the velocity of pressure waves.
He also developed the dynamic and continuity equations. Marey [1875] con-
ducted extensive tests to determine the velocity of pressure waves in water
and in mercury and concluded that the wave velocity was independent of the
amplitude of the pressure waves, was three times greater in mercury than in
water, and was proportional to the elasticity of the tube. Resal [1876] devel-
oped the continuity and dynamic equations and a second-order wave equation
and compared his analytical studies with Marey's experimental results. Lord
Rayleigh published his book *Theory of Sound™ in 1877.

Korteweg [1878] was the first to determine the wave velocity considering
the elasticity of both the pipe wall and the fuid; carlier investigators had
considered only one of the two at a time. Tijesseling and Anderson [2012] in-
dicated that Korteweg gave Moens’ smei-empirical expression for wave speed
a mathematical basis and credited Moen [1877] for extensive experiments on
metal pipes equipped with air pockets.

Although Wood lists Michaud [1878] as the first to study waterhammer,
recent investigations by Anderson [1976] have shown that actually Menabrea
[1858] was the first to do so. Michaud [1878] presented the design and use of
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air chambers and safety valves. Gromeka [1883] included the friction losses in
the waterhammer analysis for the first time, assiuming the liquid to be incoms-
pressible and the friction losses to be directly proportional to the flow velocity.

Weston [1885] and Carpenter [1893-1894] conducted experiments to de-
velop a theoretical relationship between the reduction of flow velocity in a
pipe and the corresponding pressure rise. However, neither one suceeeded be-
cause their pipelines were short. Frizell [1898] analyzoed waterhammer in the
Ogden hydroclectric development in Utah with a 9.45 ki long peustock, devel-
oped expressions for the velocity of waterhammer waves and for the pressure
rise due to instantancous rednction of the flow. He stated that the wave ve-
locity would be the same as that of sound in unconfined water if the modulus
of clasticity of the pipe walls were infinite. He also discussed the effects of
branch lincs, wave reflections, and successive waves on speed regulation. Un-
fortunately, for some unknown reason, Frizell's work has not heen recognized
as mch as that of his contemporaries, such as Joukowski [1898] and Allievi
1903, 1913 and 1937].

In 1897, Joukowski conducted extensive experiments in Moscow on 7.62
ki long and 50 mm in diameter, 305 m long and 101.5 mm in diameter, and
305 m long and 152.5 mm in diameter pipelines. Based on his experimental
and theoretical studies, he published his classic report [1898, 1900] on the
hasic theory of waterhanuner. He developed a formula for the wave velocity,
taking into consideration the elasticity of both the water and the pipe walls.
He also developed the relationship between the reduction of flow velocity and

the resulting pressure rise by using the conservation of energy and the conti-
nuity condition. He discussed the propagation of a pressure waves in a pipe
and the wave reflection from the open end of a branch. He studied the utiliza-
tion of air chambers, surge tanks, and safety valves to control waterhammer
pressures. He found that the pressure rise was a maxinum for closing times
< 2L/a, in which L = length of the pipeline and a = wave speed.

Allievi published the general theory of waterhammer in 1903. His dynamic
equation was more accurate than that of Korteweg. He showed that the term
V (0V/dr) in the dynamic equation was not important as compared to the
other terms and could he dropped. He introduced two ditmensionless parame-

fors:

aV,
P=:
2gH, :
(1-3)
g — al,.
2L
in which a = wave velocity: V, = steady-state velocity; L = length of the
pipeline: T, = valve-closure time; p = one half of the ratio of the kinetic

cnergy of the fluid to the potential energy stored in the fluid and the pipe
walls at, pressure head H, and € = the valve-closure characteristics. For the
valve-closure time, 7., Allievi obtained an expression for the pressure rise at
the valve and presented charts for the pressure rise and drop caused by a



