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ABSTRACT

A computer program has been developed to compute water hammer
transients in pump-discharge lines (forcemains), resulting from power
failure at the pumps. The program incorporates various boundary
conditions as subroutines. Hence the pump(s) can be placed anywhere in
the pipeline, with or without discharge valves (or check valves), and
the program can accept a large number of surge-control de;ices,
similarly placed anywhere in the pipeline. Such devices include valves,
check valves, surge tanks, one-way surge tanks, and pressure vessels.

An explicit finite-difference scheme employing the method of
characteristics ié’used throughout. It proved to be accur;te and stable.
The program is written in a dimensionless and general form.

Several checks were made to prove the validity of the computer
model. Comparisons witg“fieLd‘observations, graphical analysis, and/or
water hammer design charts were made, depending on-the data avaiiable
in the literature for each boundary condition: An exhaustive search

through the literature was made. Computer plots are developed which

proved valuable in p{esenting the results.

The computer model was applied to the water hammer problem in > a

the Ancaster forcemain, and a "best" protective device is suggested.
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1. INTRODUCTION

‘

Water hammer occurs in a closed conduit flowing full whenever the
flow is retarded or accelerated. Rapid pressure changes occur and travel
batk and forth along the pipe at the speed of sound. This phenomenon

governs the design of most pump-pipelines or forcemains.

1.1 History of Water Hammer

This historical review has been distilled from a comprehensive

report by F. M. WOod(l)

, who traced the development of water hammer from
the seventeenth century to the middle of the twentieth century. The
references cited in this present review (all of Section 1.1) are listed

separately within the‘bibliography at the end of this thesis. Turther

reference should alsc be made to Wood's report.

1.1.1 Early Studies Up to the 19th Century. Euler in 1775 was the first
(2)

to deal with the subject of water haﬁmer , Ln an investigation of blood
flow in arteries. At this time, matﬁématicians were interested in other
similar fields, such as the propagation of waves on shallow water and the
propagation of sound waves in air. These studies, although no detailed
solution was obtained until the development of calculus and the solution
of partial differential equations, became the basis for‘the development

of water hammer theory. Among the mathematicians that should be mentioned

1 A



are Réné Descartles (1596-1650), B. Cavalieri (1598-1647), Isaac Barrow
(1630-16:7), Isaac Newton (1642-1727) who had invented the calculus

through his rhoorysof fluxions and his study of the propagation of sound

(3)

waves in air and water waves in canals, Wilhelm Leibniz (1646-1716),

Jean 1. Bernoulli (1667-1748), Brooks Taylor (1685-1731) who had derived
-his series in 1712, one of the fundamental theorems; and Leonhard Euler

(1707-1783) who developed a detailed theory of sound wave propagation in
(4)

air . He developed and solved the partial differential equation for
wave propagation and discussed the significance of the functions F and f
which represent waves travelling up and down the pipe with the velocity

of propagation a. Joseph L. Lagrange (1736-1813) obtained solutions for
(5)

the movement of compressible and incompressible fluids . Gaspard Monge

in 1789 developed a graphical integration of partial differential
(6)

equations and used the method of characteristics. Pierre S. Laplace
(1749-1827) developed the Laplace equation, the criterion of equilibrium
(7)

of homogeneous fluids

1.1.2 Development in the 19th Century. In the first half of the 19th

century, there had been much experimental work on air and water surges
in pipes. Herman von Helmholtz (1821-1894) was the first in 1848 to dis-

cuss the effect of elasticity of pipe walls on the velocity of wave

propagation in a water pipe. Werthein(g)

gave the same explanation in
1848. 1In 1860, B. Riemann(g"b deve%oped the equation of motion in its

general three dimensional form and used its simplified one dimensional
form in the problem of sound wave propag;tion. In 1850, Wilhelm Weber(lo)

conducted experiments to measure the velocity of propagation. He studied

e g
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the case of an incompressible fluid in an elastic pipe He was the

first to develop the two first order equations, the continuity and the

dynamic¢ equation, which are the basis for our theoretical studies in

(8)

water hammer. Other experimenters that should be mentioned are Wertheim

(12) (3) {1 1875. 1n 1875, Dr. Marey published

(14)

in 1848, Kundt and Dvorak

the results of his experiments on the propagation of water waves and

reached the conclusion that the reflected wave has the same velocity as

(15)

the propagated wave. In 1876, H. Resal published his development of

the second order wave equations assuming an incompressible fluid and

elastic pipe. He obtained the same results as Weber. In 1878,

(16)

D. J. Korteweg was the first to consider the elasticity of both the

pipe wall and the fluid; however, he was interested only in the velocity

"
of propagation and not with the transient pressure velocity relationship.
In 1878, Jules Michaud(l7) made extensive studies into the design and use
of air chambers and safety valves in pipelines to reduce the effect of
sudden and gradual closure of gates and valves. In 1883, V. I. Gromeka(ls)
seems to be the first to have conéidered tﬁe effect of friction.

During the years 1885 to 1899 expefiments had been made by several
engineers in the United States. Some engineers used air chambers, and
gome tried to develop a theoretical relationship between the velocity
reduction and pressure increase. The most notable of these engineers were

(19) (20,21)

E. B. Weston in 1885, I. P. Church

(22)

in 1890 and 1898, and

R. C. Carpenter in 1893, but there was little success. In 1897,

J. P. Frizell(23) presented an analytical solution for the velocity and

pressure surges due to water hammer. He also consideried the case of

branched pipelines and wave reflection and discussed #ases of slow

84 AR s D I WA NS e S




(24)

closure. At the same time in 1897, N. Joukowski in Moscow ran
extensive exper}ments on the relationship between the velocity and
pressure changes. He also derived his own theory of water hammer and
compared the theoretical results with his experiments. He considered
the elasticity of both the pipe and the fluid. 1In 1902, L. Allievi(ZS)
published his general water hammer theory. His theory is similar to

that of Korteweg, but more accurate for the acceleration terms. Allievi's

work covers the whole field of operation including gradual gate closure

and he derived general charts and tables.

1.1.3 Development in the 20th Centurv. Water hammer studies have

become more specialized and the methods more accurate. During the first
twenty years of the 20th century much work was done by engineers in

Europe and North America applying the theories developed by Allievi and
Joukowski. The main object was the application to practical design of
water works and hydro-electric plants. In 1915, M. M. Warren(ze) published
a paper on penstock and surge tank problems. 1In 1920, G. Constantinescu
presented his invention of a mechanism to transmit mechanical energy by
the use of water hammer waves. In the same year, N. R. Gibson presented
a paper(zg) on pressure surges_ due to gradual closure and he derived a
reasonably applicable relation between the discharge and the pressure
loss through a partially closed gate. He also used a coefficient that can
be used for any non-uniform closure. 1In 1926, Strowger and Kerr presented

(29)

an important paper on the speed regulation of hydraulic turbines.

(28)

They used the method given by Gibson for computing velocities and

pressure changes due to bath uniform and non-uniform gate movement. In

27)



(30)

1928, R. LYwy published his text on water hammer in which he presented

the solution of surges in a pipeline using the step~by~step method. Since
that time, engineers started to study the pipeline as an integral part

connected with various elements, such as pumps, turbines, relief valves,
<
air chambers, and surge tanks. They also obBtained the solution for

compound pipes and considered friction and low moduli of elasticity. 1In

1929, oO. Schnyder(31) used the graphical method in the case of pipelines
(32)

connected to centrifugal pumps. In 1931, Louis Bergeron applied the

graphical method and managed to obtain an analytical relationship between

velocities and pressures at any two points on the pipeline. 1In 1932,

(33)

Schnyder introduced the effect of friction to the graphical solution.

(34)

At the 1933 Symposium of the ASME and ASCE at Chicago , engineers from

North and South America presented many papers on high-head penstocks,

compound pipes, surge tanks and centrifugal pump installations equipped

(35)

with relief valves and air chambers. In 1935, R. W. Angus presented

a paper on the graphlical method -and used lumped frictien. 1In 1937, the
second water hammer symposium of the ASME,RASCE, and AWWA was held in

New York in which many papers were presented by engineers from America

and Europe,- including Allievi(36), Angus(37), K. J. De Juhasz(38),

F. Knapp(39), R. T. Knapp(40), Schnyder(al), Strowger(az) and F. M.

Wood(43). In 1938, Angue(Aa)

H. R. Luptoncas) studied surges in pump discharge lines and separation

studied water column separation. In 1953,

of water columms. In the 1955 symposium of the ASME, ASCE and AWWA at
(46)

paper dealing with pump discharge lines with particular regard to water
(47) '

Chicago, many papers were presented. R. T. Richards presented a

column separation, and C, P. Kittredge compared the solution for rigid
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and elastic column theories.

1.2 Recent Studies

In the middle of the twentileth century the electronic computer
was brought into use and this has proved extremely valuable in the
treatment of water hammer problems. The use of coarse approximations
became no longer necessary, e.g. for the non-linear terms in water hammer
equations. However, the graphical method has also been used extensively
by many engineers. Since this time, the main thrust was the use of
different boundary conditions and various hvdraulic devices such as
pumps, tyrbines, surge tanks, discharge tanks, valves, air chambers, etc.

In 1953, John Parmakian(qs)

studied pressure surges in pump
discharge lines, due to power failure, graphically. He used complete

pump characteristics for that purpose and obtained a time history of

pump speed, pump discharge, and head at pump and midlength‘of discharge
line covering three zones of operation; namely, normal pump, energy
dissipation, and turbine operation zones. He also presented charts(as’ag)
showing maximum and minimum surge heads at the pump and midlength of
discharge piﬁe. These charts also yield the maximum reverse speed of
the pump, time of flow reversal at the pump, time of z;ro pump speed,

and time of maximum reverse pump speed. The charts were derived for
pipelines having no discharge valv%gxand where frictiog can be neglected.

(50)

In 1958, Parmakian used a similar analysis for pump discharge lines

with one-way surge tank and concluded that one-way surge tanks offer an

b e g, e St < e
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effective method for eliminating the harmful effects of water column
separation at high points in pump discharge lines subsequent to pump
stoppage.

In 1961, B. Donsky(51) managed to use the test data collected by
Professor Hollander of the California Institute of Technology, for three
pumps of different specific speeds, to develop complete pump characteris-
tics curves covering all normal and abnormal operating conditions. These
data were valuable in the transients calculations for water hammer in
pump discharge lines resulting from pump stoppage.

In 1953, W. E. Evans and C. C. Crawford(sz)

derived a set of data
in chart form from which the size of an air chamber can be determined
dquickly for preliminary design purposes. 1In the preparation of the

charts it was assumed that a check valve is placed on the discharge side
of the pump. This check valve closes immediately on power failure so that
the pump characteristics can be eliminated from the calculations. ﬁzt was
also assumed that the air chamber is situated near the pump. In addition

it was assumed that the pressure-volume. relationship for the air in the

chamber is expressed by

h*Vl'z = constant

where h* is the absolute head in the chamber and ¥ is the air volumé.

The static head difference between the water surface in the air chamber
and the center line of the pipe below the chamber was neglected. They
noted that the downsurge in the pipeline can be reduced effectively if

the outward flow is kept as free as possible while the inflow to the

' AP ANAD S w1 W




chamber is restricted. They recommend that a special orifice be used for
that purpose and presented test results for that orifice. The friction
head loss was assumed to be concentrated at the orifice. The charts
represent the maximum upsurges and downsurges as a percentage of the
absolute pumping hecad,-as a function of the air volume, wave celerity,
length of discharge line and the steady state discharge.

In 1962, Streeter and Chintu Lai(53)

published the first study
in water hammer using high speed digital computers. The effect of
friction was considered and the non-linear terms included. The method
of characteristics was used for the solution. They applied their method
to many different gate operations and pipe connections. The method
proved to be accurate and dependable through experimental verification.

In 1963 Streeter(SA)

developed equations for the closure of a
valve at the downstream end of a pipeline leading from a reservoir, so
that the pressures remain above their steady state values at all times, ’
without backflow and without separation of the fluid column. His study :
is theoretical and an actual valve which permits these improvements has
yet to be developed.

In 1964, Streeter(ss)

developed a computer program for the
treatment of pump failure using complete pump data linked with pipe

characteristics. He also studied the operation of discharge valves to

control the surge.

N

(56)

In 1965, Kinno and Kennedy presented comprehensive charts
which included the effect of line friction and pump efficiency. The
charts can be used to predict the minimum and maximum transient heads

at the pump and midlength of discharge line. They also can be used for




predicting the time of flow reversal. Their charts are applicable for
pumps of specific speeds of less than approximately 2700 (rpm-gpm-{t);

they are not applicable to systems In which there is valve closure

"during the transients or to systems that contain water hammer control
AY

déyices other than a large surge tank. Kinno and Kennedy claimed that
\\
the'ypsurge could be reduced considerably if reverse flow through the

\
pumps was permitted, but with reverse rotation prevented.

\
\jn 1972, D. SLephenson(57)

A\

presented a simplified method for

design of\one-wav surge tanks (or discharge tanks) and presented charts
g

and equatiops for rapid determination of tank size and the resulting
maximum presfure. A computer program was used to prepare the charts.
Friction was tit accounted for in these charts, and the pump was assumed
to stop instant%neously. The charts cover the cases of one discharge
tank in the line Wwith or without an in-~line reflex valve, and that with
two discharge tank~‘in the line. ’

In 1972, C. §%. Martin(sa) applied the elastic wave equation to
surge tank calculations, using the method of characteristics. A compar-
ison of his analytical xfsults to field test measurements of surge tank
oscillaticns proved to bé excellent.

In 1972, Streeter< 3) reviewed the methods of transient
calculations for liquids in\\stal pipes, using both the explicit and
implicit formulations. He pregented a comparison betwgen both methods.
He concluded that tke explicit method, utilizing the method of

characteristics, is mare accurate \and unconditionally stable as long as

\
(At = Ax/a), where Ax and At -are thé\length and time increments used for
\
calculations and a is the celerity of ‘the pressure wave. On the other

[,
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hand, he found that the implicit scheme became unstable, and vielded
unsatisfactory results for veéry sudden, sharp transients. In addition,
he discussed some boundary conditions using the characteristic method.

In 1974, T. J. Shoer(60

discussed the use of one-wav surge
tanks (discharye tanks), to protect a pipeline against severe water
hammer effects. He concluded that a discharpe tank 1n combination with
in-line non-return valves could eliminate severe water hammer under anv

operating circumstances. His study was perfermed on a 23 Km long pipeline

of an unfavourable profile where water column separation was expected.

1.3 Scope of the Study

In this present study, water hammér is investigated, with special
consideration given to pump discharge limes. The theory of water hammer
is discussed and the basic non-linear partial differential equations for
water hammer are presented and transformed into a dimensionless form
independent éf the system of units that are to be used. Since the
equations cannot be solved directly, they are solved explicitl? by a
finite difference method based on characteristics. AThe solution 13

carried out for successive time increments in an X-T plane using a

CNPER

rectangular grid, such that the nodes coincide with the characteristics
grid.! The solution for interior points is obtained explicitly. In order
to continue the solution for successive time increments, we have to
formulate equations for the conditions at the boundaries. A number of

different boundary conditions are investigated and derived in dimensionless
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form. VWe start with the simﬁle boundary conditions presented by valves
and reservoirs. Reservoirs are usually placed at either the upstream
or downstream ends, but valves may be placed anywhere in the pipe.

Water hammer resulting from pump stoppasge, due to either powgr
failure or pump shut-down, 1s one of the most scvere problems that mav
beset a pipeline. Water hammer due to pump stoppage is the prime objec-
tive of this study and is investigated in some detail. The effect of
power failure on pump speed is investigated and an 1nertia equation,
which governs thé change of pdmp speed, is utilized. Complete pump
characteristics are presented covering three zones of operation: no}hal
pump, energy dissipation, and turbine operation zones. The data have
been presented through dimensionless plots for head and torque as a -
function of pump discharge and pump speed. These data have also been
presented in tabular form, which is more convenient for storage and
interpolation by the computer. The data were obtained bv Hellander at
the California Institute of Technology, and were published by Donsky(SI)
for three ;pecific speeds, 1800, 7600, and 13500 (gpm units) which
represent centrifugal pumps, mixed flow pumps, and axial flow pumps,
respectively. The pump (or number of pumps in parallel) can be connected
directly to the suction reservoir, or through a suction pipe. A discharge
valve (or check valve) can be placed at the pump or it can be omitted.

The equ;tions for the pump failure, as a boundary condition, are derived
in a diwmensionless form.

Surge tanks, discharge tanks, and air vessels, which are all
commonly used to protect pipelines against high pressures that may follow

’
power failure at the pump motor, are treated similarly. and the equations
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describing these devices are derived in a dimensionless form.

A general compuier program is developed to solve the problems
described above. The program is written in ANSI FPRTRAN in as general
a form as possible, and is capableyof handling many pump discharge
lines with the pump (or number of’;umps in parallel) placed anywhere in
the pipel%ne. The program can handle pumps with or without discharge
valves. The valves can be closed at the instant of flow reversal (check

valves) or gradually after power failure, in a predescribed manner. The

program can handle any pipeline geometry with a very;large number of certain

surge control devices placed anywhere in the pipeline. This is of
extreme value 1in choosing the most effecti;e and economical surge control
device (or combination of devices) for a certain pump discharge %ine,
and their most effective locations. Designers usually avoid using ’
surge control devices, if possible, as the devices are expensive and in
many cases require costly maintenance. The computer program can check
the water hammer gffects on the basic pipeline (withouf surge control
devices). 1f the results show that harmful water hammer effects will

o
occur in the pipeline, then we have to find some protective device (or a
combination of devices). This is where the program is useful: as it can
handle several different methods of surge control simulfaneously. A
description of the computer model is presented: and a listing of the
program is appended. The results can be priﬁte¢ out after each time step
showing the head and discharge at all sections along the pipeliné. Also,

computer plots can be obtained describing the time-history of pump speed,

pump discharge, and the head variations after pump stoppage. The plots

b

give an accurate summary of heads and discharges throughout the pipeline.
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To check the results obtalned from the computer program, comparison
with field observations is made whenever published data are pertinent.

Comparison with the graphical method of solution is presented in some

gituations. Water hammer charts by Parmakian(hg), Kinno and Kennedy(56)

(52)

’

and those by Evans and Crawford are also used to check the computer
results whenever relevant.

We start by studying the water hammer effects caused by valve
operation in a pipe connected to reservoirs at different elevations, or a
pipe connected to a reservolr at one end while the other 1s open to the
}ir (o pumps are operated in the pipe). The pressure variation along
the pipeline due to valve operation, whether suddenly or gradually, is
obtained and the results are shown to be generally valid.

Water hammer effects in a pipeline due to valve closure at the
downstream end where a surge tank is situated close to the valve is next
examined and the resﬁlting surges compared with those obtained from
charts(49). The oscillations of the water surface in the tank are
obtained and plotted and the effect of friction on the damping of surge
tank oscillations is studied too. Next, several cases of water hammer
in pump discharge lﬁnes are resolved. The effects of valve operation at
the pump, pump and motor inertia, and 6f pipe friction is covered.

In an application of thé computer program, the water hammer effects
in the Ancaster forcemain, a rising pipeline pumping raw sewage, is
investigated. The pipeline has twice broken down. The pipeline profile,
governed by the ground profile, is unfavourable anhd water columm

separation will occur unless special protective devices are installed.

Various protection devices are discussed including increasing pump and

oF e A s, vina 4 gE
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motor inertia, a surge tank, discharge tanks, and an air chamber. The
8 BRI

advantages and disadvantages of each surge control device are discussed

and certain measures suggested.

- In gsummary, the scope of this work is the development of a
general, efficient and design-oriented computer program, capable of
incorporating a larée nuqber of varied pipeline and surge-control devices.
The program is to be used to select an optional and surge-safe pumping
system, ;ndiutilizes the latest data and formulaticns in the literature.
A new solution method is thus required: &a normalized formulation with
boundary condit?ons(iéndled by subroﬁtine‘calls, and such subroutiﬂes
using compatible normalized algorithms.

It is not the purpos# of this study to repeat or extend specific
research work in the development of wholiy new processes or wholly new
algorithms describing some aspect of water ﬁammer, e.g., to refine a

coefficient of¥%ischarge for the changing apefture of a particular

valve.
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2. THEORY OF WATER HAMMER

datum

FIG. 2.1: FREE-BODY DIAGRAM FOR DERIVATION OF THE WATER HAMMER
EQUATIONS
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2.1 Bésic Equations

In order to derive the basic partial differential equafions for
water hammer, consider a section of the pipe bounded by two parallel
planes perpendicular to the centerline of the pipe, the distance between
the two planes is dx. The forces acting on the element are shown in
Fig. 2.1. There are two independent variables in the problem, namely,
the distance (x) measured along the pipeline and the time (t). The
dependent variables are the pressure head (h) measured from an arbitrary

reference datum, and the discharge per unit cross secg}onal area (v) at
. A !

¥
!

the same section.

Using the principle of the conservation of energy (d?namic
equilibrium) and the principle of the conservation of mass (the continuity
equation), we can easily obtain the basic partial differential equations
(50,61,62).

for water hammer. The discussion is available in many references

The basic water hammer equations are:

1. Equation of Motion:
——+-—1———+———q = 0 (2.1)
gA Jt 2% - )

2. Equation of Continuity:

2
a_9q , dh _
B ox tep =0 (2.2)

vhere: A = cross sectional area of pipe;

D

1

diameter of pipe;

f

Darcy-Weisbach friction factor;
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g = acceleration due to gravity;

the discharge; and

e
!

3
n

celerity of pressure wave.

The celerity of pressure wave, a, is given by:

a = (2.3)
where: b = pipe wall thickness;

¢y = pipe rigidity, or a factor of pipe restriction;

E = modulus of elasticity of pipe wall material; )

K = bulk modulus of elasticity of the liquid; and

Y = specific weight of fluid.
. 3 X (49)
The pipe rigidity, ¢y, can take the following values :

f

‘a) TFor a pipe anchored at the uppéf end and without expansion joints:

5
Cl =7 "M (2.4a)

where: u = poisson's ratio for the. pipe wall material.

b) _For a pipe anchored against longitudinal movement throughout its

length:

|
€, =1- w2 | ' (2.4b)

c) For a pipe with expansion joints:

e, =1 ~‘2—’ ) (2.4¢)

.
o s E W g P T AT




In the derivation of the water hammer equationi (2.1) and (2.2),
it is assumed that the unit discharge (or velocity) Qﬂd ﬁressure are
uniform over a transverse cross section of the pipe and that the pipe-
line remains full of water at all times. It is assumed also that the
pressure in the pi;e always exceeds the vapour pressure of the flowing
fluid. 1If, at any time, the pressure in the pipeline drops to vapour
pressure, the above equations are no longer valid, and a special
boundary condition should be applied at that section.

Now, having obtained the partial differential equations for water
hammer (Eqs. (2.1) and (2.2)), we have to solve them in order to obtain
the unit discharge (or vegocity) and pressure at any cross section at any
time. The equations are Aon—linear partial differential equations which
cannot be solved directly. They can be solved explicitly by a finite
difference method based on characteristics. However, before solving the

‘equations, it 1s advantageous to render them dimensionless.

2.2 Normalization

We can write Eqs. (2.1) and (2.2) in the form:

oH  3Q 2 _-

X + ST + Q 0 (2.5)
and

3Q 9H - :

% + 3T 0 (2.6)

where: H = nh dimensionless head (2.7a)




e e T~ s =

X = 6x dimensionless
Q = ¢q dimensionless
T = Yt dimensionless

Now, we have to solve for the
convert Egqs. (2.1) and (2.2) into the

Egs. (2.5) and (2.6).

19

length (2.7b)
discharge (2.7¢)
time . (2.7d)

values of n, &, ¢, and ¥ which

dimensionless forms given by

Equation (2.5) can be rewritten:

A . 8¢
gA ny
and
e ol
2g0A> "

Also, Eq. (2.6) can be rewritten:

sh g 3q _
st T e ox - O

Comparing Eq. (2.11) with Eq. (2.2)

oy
gA b

(2.8)

' (2.9)

(2.10)

(2.11)

Fy ) | (2.12)

Equations (2.10), (2.11), and (2.12) are three equations in four unknowns

n, 6, ¢, and ¢.



If we chose ¢ ='j;
Qo

fvg
b= o
2gD (dvo/g)

Multiplying Eq. (2.9) by Eq.

1

n:——-—-—-——-
(avo/g)

Substituting back in either Egs.

2
A
2gD (avo/g)
fvi
. v 0
If we substitute: f 2gD

then:

S |
(av_/g)

- f'x
(avofg)

Q= &

9

f'at
(avo7g)

, then dividing Eq.

(2.9) by Eq.

(2.10), or (2.12)

(2.10)

20

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

Vo and q, are the steady state velocity and discharge, respectively.

i

v

i
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2.3 Method of Characteristics Solution

Equations (2.5) and (2.6) can be transformed into total derivative

(53,61)

equations as follows:

Multiply Eq. (2.5) by X and-add to Eq. (2.6). After rearrangement:

oH, . 3H 201 3 2 _
[ax)\+alj+>\[ax)‘+5% + 2" =0 . (2.18)

H is a function of X and T, i.e. H = H(X,T) and thus

ay
di _ o1 dx M
daTr dX dT aT
If we write:
dX
ar = 2 (2.19)

then the .first term between brackets in Eq. (2.18) becomes the total

derivative (%% . Q is also a function of X and T, i.e. Q = Q(X,T) and

thus

If we write

1
S=3 C(2.20)

Bahnide
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then, the second term between brackets in Eq. (2.18) becomes the total
dQ . .
derivative ar’ Comparing Eqs. (2.19) and (2.20)

=21 . (2.21)

Thus, two values of A, namely, +1 and -1 can convert the two partial
differential equations (2.5) and (2.6) into a pair of total derivative
equations. These equations are restricted bv both Eqs. (2.19) and (2.20).
In other words, if we take A = +1, and substitute into Eq. (2.18), we get

dH do 2 N
dT+dT+Q =0 . (2.22)

This equation is applied only along the line

et oAM=

= +] . f (2.22a)

FOUIPAT P |

Similarly, using X = ~1, we get

di _dQ _ 2 :
ar “ar "¢ = 0O (2.23)
and this equation is applied only along the line

T . (2.23a)

' +
Equations (2.22) and (2.22a) are called the C characteristics equations

while Eqs. (2.23) and (2.23a) are called tﬂe C characteristics equations.
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2.4 Solution Plane
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FIG. 2.2: RECTANGULAR GRID FOR SOLUTION OF CHARACTERISTICS EQUATIONS

The solution can be carried out in the X-T plane using the
rectangular grid shown in Fig. 2.2. The pipeline 1s divided into a-
number of sections N, each 48X in dimensionless length. The dimensionless

time step for the calculation is AT, where:

AT = AX
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Both Fgs. (2.22) and (2.23) contain two unknowns, H and Q. Equation

+ ; . . .
(2.22) is applied only along the € characteristic line (line AC) while
Fq. (2.23) is applied only along the C~ characteristic line (line BC).
At the intersections of the two characteristics lines both equations are
valid. If we know the head and discharge at point& A and B, the“values
at point C can be obtained by solving Eqs. (2.22) and (2.23) simultanc-
ously. At the boundaries, we have only one characteristic line, either
+ I3 - »
C line at the downstream boundary or C line at the upstream boundary.
Thus, in order to get the solution at the boundaries we must specify one
more equation at each boundary, relating H and Q. Referring to Fig. 2.2,
if the heads and velocities are known at all sections, we can find their
values after time AT. TIf the boundary conditions are known, we continue

the solution increasing the time in steps of AT.

2.5 Stability

The characteristics method has been proved to be unconditionally

(59)

stable as long as

At = Ax/a (2.24)

or, In the dimensionless form

AX = AT . _ (2.25)



2.6 Sclution For Interior Points

Equation (2.22) can be written:

AH 4+ AQ + QZAT =0 .

. . + o .
This equation applics only along the C characteristics line between A

and C. 1In finite ditference form:
(Ho-H ) + (Qn=Q,) + QAIQA!uF =0 . (2.26)

We replace Qi by QAIQAI to account for negative flow.

Similarly, Eq. (2.23) can be written:
2
AH - AQ - Q“AT = O

This equation applies only along the C characteristics line between B

and C. 1In finite difference form:
(uC-nB) - (QC-QB) - QBIQBIAT =0 . (2.27)

Equations (2.26) and (2.27) can be solved simultaneously for the head and

velocity at point C. Adding the two equations:

Ho = 0.5[(,-Hy) + (Q,-Qy) - (Q,|Q,]-qglQ,[)aT] - 228

/
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hru

Subtracting the two equationé:

Qe = 0.50(Qq,+qy) + (ifH)-(Q,|Q,[+a ]a,])aT]

2.7 Some Simple Boundary Conditions

Consider the simple case of a pipe connecting two reservoirs with

26

difference in elevation shown in Fig. 2.3.

Jk . Js
C _ . C
ax B X A. b X
T TR L_\ hLS
‘\l == L + hrd
] ] /
L .
L ~ £
B I e e e —— S O
P X ‘f hrd
L ) Y q D |
valve ‘ valve
datum Y

FIG. 2.3: DIAGRAMMATIC. SKETCH OF A PTPELINE CONNECTING TWO RESERVOIRS
WITH VALVES NEAR THE RESERVOJRS
f

N

(2.29)
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The elevation of water in the upstream and downstream reservoirs is hS
and hd respectively, measured from the pipe center line. In general, the
water elevation in the upstream and downstream reservoirs is hru and hrd’

respectively, measured from an arbitrary datum, where

ru s u

h

i
=2
+
N

rd  d

where z and z4 are the elevations of the pipe centerline at the
upstream and downstream ends respectively, related to the same reference

line. If the pipe outlet ‘is open to the air, then h, is set equal to

1

d

zero,

A valve may be placed at either the upstream or the downstream
end of the pipe. Valves may be closed instantaneously or gradually. In
the case of closure of the downstream valve, a positive pressure wave is 3
created which propagates upstream pntil it reaches the reservoir where
it reflects forming a negative pressure wave.

In case of closure of the upstream valve, a negative pressure wave is

St

created, which propagates downstream until it reaches the reservoir
where it reflects forming’a positive pressure wave.

If two valves are operated simultancously at both the upstream and
downstream ends,‘two pressure waves are created, one at the upstream
which propagates downstream wnd the other at the downstream which
propagates upstream. The resuiting water hammer pressure is due to the

combined effect of both waves. The three different cases which.can be
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considered are discussed as follows:
1. Reservoir at the upstream end, and a valve at the downstream end.
2. Valve at the upstfeam end, and a reservoir at the downstream end.
3. Valves at both the upstream and downstream ends.
In all the above &hree cases, the pipe outlet may be open to the air or
connected to a reservoir.

Now, steady state dimensionless head loss across the downstream

valve,

’

hLd

" T Tay /0

L
<

and steady state dimensionless head loss across the upstream valve,

th

HLs - (avo/g)

Also, the dimensionless water surface elevations in the upstream and

downstream reservoirs are,

hru
Hru = (avo/g) g
and .

_ hrd

Hrd - (avo/g) i

respectively. The four different boundary conditions that need to be
analysed are:
1. Reservoir at the upstream end.

2. Reservoir at the downstream end.
!
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3. Valve at the upstream end,

4, Valve at the downstream end.

2.7.1 Reservolr at the Upstream End. The C characteristics (Eq. (2.27))

can be written:

where

C, = Hy - Qy + QBIQBlmr . (2.31)

Hence, if the discharge and pressure at B are known, then Cl can be

obtained.
At the reservoir, the head is fixed by the elevation of water.

In other words:

In order to transformthis equation into a dimensionless form, divide by
av ’

9y,
vk
2

C 1
HC Hru 2g (avo/g)

v

o
<4

<_._C
% Y%

but we have QC =

2
v

. 1 2 .
.o H = H ___9___________
C ru 28 (av,/g) QC

-C, =0 (2.30)

SO e B B W e e

At




30

v2
0 1
— — = = C
Writing 28 (avo/g) constant ) (say), then
2
Hy = H_ - C,Qs - (2.32)

Solving Eqs. (2.30) and (2.32) simultaneously, we get

2 1 ru 1
Q. + =, - =0
c C2 C C2
or
1 _ _ 0.5
QC = EE; (-1 + {1 + ACZ(Hru Cl)} ] . (2.33)

Substituting back into Eq. (2.30), we get HC. If the unit discharge (v)
2

is small, then %E can be neglected. In this case the head at the

upstream is equal to the elevatioh of water in the reservoir:
Ho = H . | (2.34)
QC can be obtained by direct substitution into Eq. (2.30).

+
2.7.2 Reservoir at the Downstream End. The C characteristics equation

(2.26) can be written:

HC + QC - C3 =0 ‘ ' (2.35)
where

- 0 - ! ..
C, = H, +Qq, QAIQA,AT . (2.36).

Hence, 1f the discharge and pressure at A are known, then C3 can be

R TEAN TS TSI AN T BT
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obtained.

At the downstream reservoir, we can obtain an equation similar to
Eq. (2.32):

H, =H +02

C cd 2QC . (2.37)

Solving Eqs. (2.35) and (2.37) simultaneously, we get

QP+ dq s 3
C C,C C
2 2
or
1 0.5
Q. = 7C [-1+ {1 - 4c2<nrd—c3)} ] . (2.38)

2

Substituting back into Eq. (2.35), we can get H
2

y_

2g

c’ If the velocity is
small enough to neglect y We get

HC = Hrd . (2.39)

Q. can be obtained.b direct substitution into Eq. (2.35).
C y

~

2.7.3 Valve at the Upstream End. The steady state discharge through the

valve considered as an orifice is giveﬁ by
0 = (CdAv)OVZghLS . (2.40)

At any instant, the discharge through the valve is given by

Ata ¢y -

aa o
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- Y — 2.

9. (CdAv)t Zg(hru hC) (2.41)
Dividing Eq. (2.41) by Eq. (2.40)

B g [rahe |

d, (CdAv)oV th
or

Hru-HC
QC =TNTH (2.42)
Ls -

where Tu is a known function of time. Equation (2.42) can be written:

2
Qe = €, - CoH, (2.43)
where
T121Hru
C, = ————
4
s
and 9 i
Tu
Cc = —
> Hig

Solving Eq. (2.43) simultaneously with the C characteristics (Eq. (2.30))

2_
QC = C4 - CS(QC+C1)
or °
- 2 0.5
QC = 0.5[-c5 + {cS - 4(C1C5"Ca)} | (2.44)

Substituting back into Eq. (2.30), we can get Hee

2.7.4 Valve at the Downstream End. We again seek an equation similar to

Eq. (2.42). ' The flow through the valve is:

e A o
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(2.45)

where Td is a known function of time. Equation (2.45) can be reuritten:

2

= - 2.4
Qe = Celle = &5 (2.46)
where 2
c o4
6 HLd
and Z_H
c -4 rd
7 i

' +
Equation (2.46) can be solved simultaneously with the C characteristics

-

euqation (2.35) to get:

2
Q¢ = C(C3-Q) - €5
or

2 0.5
Qg = 0-5(~C¢ + {Cy + 4(GeC,-C)} 7T . (2.47)

i
\

HC can be obtained by direct substitution into Eq. (2.35).




3. WATER HAMMER IN PUMP DISCHARGE LINES

In most cases, it is the pressure occurring as a result of pump
stoppage that governs the design of a pump discharge line; since these
are the most severe that the pipeline may be exposed to. 1In many cases
it becomes necessary to include pressure-control devices in the pipeline
in order to avoid damage. There are generally two different periods of
potentially damaging pressures during a éransient: a downsurge during
pump and fluid‘deceleration, and an upsurge or overpressure during the
reverse phases especially when the pump reverses its rotation. 1In

addition, complications may arise through vapour pocket collapse.

v

When the power supply to the pump motor 1s suddenly cut off, only
the kinetic energy of the rotating elements of the motor, pump and the
entrained water in the pump is available to continue the forward rotation.
However, this energy is small. The pump and discharge decelerate and
consequently the pressure on the discharge side drops rapidly. Water
hammer waves of subnormalﬂpre93ure are created and move rapidly up the
discharge line to the discharge outlet where a wave reflection occurs.

If the moment of inertia of the rotating parts is small, the pressure may
drop below the vapour pressure of the liquid and vapour pockets form in

the pipe. This phenomena is known as ''water column separation'. When

the water column rejoins again, the vapour cavity collapses resulting in

high pressure shock waves. It Is recommended that water column separation

be avoided because of the destructive effegts. The second period of

potentially damaging pressure rise occurs during the reversal of flow

34
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through the pump; especially when the pump reverses its rotation and acts
as a turbine.

If the pipeline is relatively short with almost all the head used
to lift water to a reservoir (gravity loading), high pressure in the
discharge side of the pump is possible during the reversal of the pump

(55)

rotation If the pipeline is long and most of the pumping head is

used to overcome friction (frictien loading), the problems arise from the

(55) (56)

possibility of water column separation Kinno and Kennedy noted
that if the friction head during the normal operation is greater than
about 20% of the total pumping head, the maximum head during flow reversal
will not exceed the {nitial pudping head. 1In many cases it becomes
necessary to provide the pipeline with pressure control devices such as
check valves, pressure release valves, surge tanks, discharge tanks, or

air vessels. The choice of a certain device (or array of devices) depends

upon the hydraulic and physical characteristics of the system.

3.1 Effect of Power Failure

As mentioned earlier, when there is a power outage, the flow
decelerates rapidly, since the rotational inertia of the motor, coupling,
impellor and entrained water is too small to maintain the flow under the
existing head. The pump speed drops rapidly while the discharge is still
in the forward direction. As the discharge reduces, a negative pressure
wave propagates downstream of the pump in the discharge pipe while a

positive pressure wave propagates upstream of the pump in the suction

o
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v

pipe. The speed of the pump decreases until the pump is unable to
deliver any more water against the discharge head. In the absence of a
discharge check valve, the flow reverses in direction while the pump is
still rotating in the forward direction. This causes greater resistance
to the flow which {s accompanied by a pressure rise. Then the pump
comes to zero speed and starts to reverse rotation acting as a turbine.
As the speed increases in the reverse direction, it causes greater
resistance to the flow which produces higher pressure at the pump and

consequently along the discharge line.

In order to determime the transient hydraulic conditions at the '

pump and along the pipeline, three effects must be taken into considera-
tion, namely; the pump characteristics, pump and motor inertia, and the

water hammer phenomena in the pipe.

3.2 Pump Characteristics

In order to be able to determine a complete history of the
transient pressures at the pump and along the pipeline following power
failure, it is necessary to have complete characteristics of the pump
covering all normal and abnormal operating conditions. As discussed
above,,following power failure, the pump passes through three different
zones. These zones are:

1. Zone of normal pump operation: 1in which the pump is rotating in the
forward direction and the flow is also in the forward direction.

2. Zone of energy dissipation: 1in which the pump is rotating in the

forward direction while the flow is reversed.

3‘11' “\
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3.

Zone of turbine operation: {in which the pump is working as a turbine,

where both pump speed and discharge are reversed.

The

t0o

FIG.

three zones are shown in Fig. 3.1.
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Usually, the pump manufacturer supplies curves of the head, brake
horsepower, and the efficiency plotted against the discharge for the normal
speed of pump operation. From these data it is possible to determine the
characteristics of the pump in the zone of normal operation. These data
can easily be converted into a family of torque and speed curve., on a

(48)

head-discharge diagram Data for the zones of enerpy dissipation and
turbine operation must be found in the literature for a pump of approxi-

mately the same specificAspeed as that under study. Unfortunately, it

seems that the only data available in the literature are those published
(51)

by Donsky Tests for' three specific speeds: 1800, 7600, and 13500 +
(gpm units) we;e the basis for these data. Specific speed of 1800
represents centrifugal pumps which are usually used for relatively high
heads. Specific spced of 7600 represents mixed flow pumps which are
génerally used for relatively medium heads. Specific speed of 13500

represents axial flow pumps which are used for relatively low heads. The ‘

pump characteristics are presented in dimensionless ratios of speed,

i

i

torque, head, and discharge. All of the complete characteristics include )
‘ ;

the zones of pump operation, energy dissipation, and turbine operation. 3
i

These curves have been developed by the principle of homologous units. ?
From these curves, the data may be reduced to a few curves of dimension- 5
less-homologous parameters for convenient storage and interpolation for 2
(55) . §
computing . Figures A.1 to A.6 represent these curves, which are X

presented in tabular forms in Tables A.1, A.2, and A.3 (see Appendix A).

The dimensionless homologous ratios plotted and tabulated are:

For heads: . .

— against Q. or
2 a

a Q

H' .«
— against -
.2

Q!
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For torque:

T
a
against %;- or & against ¥

£
& 02 Q‘z Q

where: H' 1is the total dynamic head divided by the rated head (head at
maximum efficiency);
a 1is the pump speed divided by the rated speed;

Q' 1is the pump discharge divided by the rated discharge; and

B 4s the torque divided by the rated torque.
a
Q"

! 1 !
is greater than unity then we plot %; against 57 (for heads) and %;

a

is less than unity we plot é% against

t
The use of both and %; can limit the obscissa values to unity. If é#

against J% (for torque). If é;
' a

Jif (for heads) and — against . (for torque).
Q' @ g2
The complete pump characteristics published by Donsky cover only
the three specific speeds mentioned above. If the specific speed of the
purp being studied is approximately the same as that of the pump character-
istics available, the water hammer results will be satisfactory for most
engineering purposes(SI). Donsky found that the water hammer results
determined from the lowest specific speed pump characteristics are
generally the most conservative for power failure or shut~down of the pu&bs.
In 1972, G. 0. Thomas(63) ugsed the pump characteristics published
by Donsky and attempted to develop a method for approximating the
characteristics for any specific speed pump using an interpolation
procedure. He assumed that any two geometriéally similar pumps of the
same specific speed will have similar performance characteristics.
Thomas' interpolation procedure is unproved and still questionable and

requires extreme caution in its application(64).
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3.3 Pump Inertia

When the power to the pump is suddenly cut off, the deceleration
of the pump at any instant depends upon the moment of inertia of the
rotating.parts of the pump, motor, “and entrained watér, as well as the
_— . (49) .
instantaneous torque exerted by,the pump impeller . For a rotating

. ( "

. / .
e system, the accelerating torqu¢ is equal to the product of the mass

A
moment of inertia of the rotating system and the angular acceleration.
Following a power failure at the pump motor, the decelerating torque gn
. the rotating system corresponds tc the pump tordﬁe. If the decelerating
torque is taken as positive
v
Te- 19
2
_ - - G
‘ ‘ where: T = the pump input torque; ) |
I = the mass moment of inertia of rotating parts; ) é
w = the angular velocity of pump; and é
WR2‘= rotational inertia of rotating components of pump, motor, and g
* entrained water. s .é
£
But o = 2?5 %
5
l
. , do _ 2 dN \ 5
dt 60 dt 3

e -




41

2ﬂWR2 AN

T = - "gag* it ° (3.2)'

Using the ratios: /j

N (3.3)

and

B = T (3.4)

and substituting back into Eq. (3.2)

3OTRgAt

5 (3.5)
TWR NR -

it

Aa - B

where TR can be calculated from

60vyh_q
R7R
T = 5N - / (3.6)

R R . i

where: NR = the rated speed (speed at rated conditions);
dg = the rated discharge;
TR'= the rated torque;

hR = the rated head; and .

np = the pump efficiency at rated conditions.

Combining Eqs. %3.5) and (3.6)

R erppesrpen T eav SEFTE R e S LS

"
o

900gthqR

ba = = B ———>— Bt . (3.7)
2.2
|1 Z,WR NRn R

A

T rrohae s

s
%

Equation (3.7) is used to compute the speed change of a failing pump

e
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during time interval At.

f

3.4 Pump Analysis

In this section, equations are derived describing the conditions
at the pump resulting from power failure or pump shut-down. The pump (or
a number of pumps in parallel) can be connected directly to the suction
reservoir or to both suction andnggdivery pipes. The equations account
for an arbitrary valve closure at the pump discharge side. Again, the
equations are derived in d%mensionless form.

A

3.4.1 Pump Connected to a Reservoir. In this case the suction pipe is

very short and can usually be neglected. Consider Fig. 3.2 which

represents a pipeline comnecting two reservoirs A and B. A pfmp is

connected to the lower reservoir A. The pump is used to deliver a steady
state discharge q, to the downstream reservoir B. In case of interruption

of power to the pump, a negative pressure wave is created which propagates
do@nstream until it reaches the downstream reservoir B where it reflects neg-
atively forming a positive pressure wave. Usually, it is recommended that a
discharge va}ve or a check valve be placed on the discharge side of the

pump. This prevents reversal of the pump whi;h is often accompanied by

high pressure at the pump and along the pipeline.

A

3

3.4.1.1 Single Pump Without Discharge Valve. In this case, the c

characteristics (Eq. (2.30)) is available

T L L

Ty

e T

A
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hydraulic gradent
without discharge valve

!
hLV (A hV)
et

hydraulic gradient
with discharge valve
o
£
£
o
A
T ===
" =
£
e 0
N~ discharge valve
N c '
Y B datum

.

FIG. 3.2: DIAGRAMMATIC SKETCH OF A PUMP-DISCHARGE LINE WIT}; THE PUMP(S)
CONNECTED TO THE SUCTION RESERVOIR

H + C . b

c" %t G

A

This equationl relates the discharge and the pressure head in the pipeline

dt the delivery side of the pump. At any instant after power failure we

1] 1)
can use the pump head and discharge relations (i.e., N and —*12—; or —r

Q
Q!

and

PR N P ]
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-l%f) provided that the pump speed is known. If é;
Q

t 1] .
then we use the %r and Ef curves. These curves can be locally approximated

is greater than unity,

by a parabola of the second degree:

HI Q' Ol

C _ ; C _C.\2

a2 _bl+b2(’a) +b3(a) (3.8)
bl’ b2’ and b3 are constants which are determined by fitting a parabola

through three adjacent points on the appropriate head-discharge curve.

But
hC = HC(avo/g)
and

tdh = HChR

hc is measured from the datum, while tdh is the total dynamic head of the
pump which is measured in this case from the water surface in the suction

reservoir. If the elevation of the pump related to the datum is zp:

hC = tdh + h8 + zﬁ . (3.9)
or
' Hc(avo/g) = HéhR + hs + zp
or
Hé”“c%’ﬁ';ﬁ";ﬂ
R . R ‘R

)

If we write the Joukowski head (avo/g) = H

j !
/
AU Lo
H! = H - = - = (H,-H -2 ) . , (3.9a)
C C hR Hj hR }5 hR C s pn hR

A aat R AN P W u %

k2!
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H8 ig the normalized static suction head (the static suction head divided

by (aVO/g)) and an is the elevation of the pump divided by (avo/g).

We also have:

= ]
¢ = Qlg
and

9 = Qq,

Then

Qe = Q(a,/ap)
= Qqur . (3.10)

If the pump before power failure 1s working at rated conditions

and

Q= Q - : (3.10b)

Bquation (3.8) can be written in the'form

2 <2
- ' '
or

. H:- q q
H -z )L = bt ] —Cy2,2

pn hR \ 1

1

Solving this equation with Eq. (2.30)

q, = qRﬂ (3,10a)

TR a3 AW S T
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1 Y B2

H
2 2 oy 1y 1005
3qrr[bla + (an+}{s Cl)hR” . ‘ (3.11)

Equation (3.11) can be used as long as é@ is greater than 1.0. If é% is less
t
than 1.0, then we use the é# and B-Z—-relations. Using the appropriate
o
curve, depending on the running conditions of the pump (normal, energy

dissipation or turbine zone), we again fit a curve of the form

]

Hl
c 2
)+ ay (5

—iTataG

(3.12)
oy’ c %

{

Using Eq. (3.12) instead of Eq. (3.8) and following the same procedures,

we can get a formula for discharge in a similar form:

H u
- 1 i _ _ iy
Q = I B P A S CPC MG
2a1q R - R
Y
- 4a.q® [a.0® + (z +H ~C )Eil}o.s (3.13)
81%rt%3 pn s 1’hg ’ )

Substituting back into Eq. (2.30), we can get HC.

3.4.1.2 Pump With a Discharge Valve. A discharge valve may be placed
at the pump discharge side. 1t is used to prevent the flow reversal
through the pump. In Fig. 3.2, the dotted line represents the hydraulic
grade line when a discharge valve is used.

Assunie that the head loss across the valve at steady state

conditions is Ahv, then ’
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qO = (chV)OV zguhv . (3.14)
At any time, the head loss across the valve is hLv’ then:
qe = (chv)tV‘ZghLV . (3.15)

Dividing Eq. (3.15) by Eq. (3.14)

8¢ [Ty
q . Ahv

o}

(CdAv)c

where t = TE—K_S“' which is a known function of time. If we write
dvio

HL - hLv v
v (avo/g)
and
AhV
A = ————r
v (avo/g)
q H
C Lv
then —_—= T
/ 8H
or !
2 !
_ M % |
HLv 12 2
9
or
] AHV Q ,Q l (3 16)
Ry 2 %l .

Note that QCIQCI is used instead of Qé to account for the case when the

flow is reversed. We also have

hC = tdh + hs + zp - hLv . (3.17)

e
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which is similar to Eq. (3.9).

Equation (3.17) leads to

- - - A
HC (HC Hs an+HLv)h . (3.18)

Substituting from Eqs. (3.16) and (3.18) into Eq. (3.8)

AHV Hi 2 2 2
(HC - “s - an + f;f QCIQCI)BR - bla * bZaqerC + b3quQC
(3.19)
Equations (2.35) and (3.19) can be solwved for QC and HC {‘
"
1 i Y
QC = AH H, (h - bzaqrr) - {(i;; - bzaqr-r)
2byqs - — =h LR
3%rr 2 h
1 R
AH H H
) 2. _ v 4 2 +H —C.)—3 195 3.20
4(byg o 2 hR)[bla Oz 'l)hR]} - (3.20)

Equation (3.20) is used when the flow is positive, i.e., in the zone of

normal pump operation. If the flow is reversed, ‘then QClQCI becomes

negative and this leads to:

1 Hy Hy 2
QC = 9 AHV Ej (hR - b2aqrr) - {(hR - b2aqrr)
2[b3qrr + 2 h ]
T R
AH H H . '
_ 2 v 2 . 33 40.5
4(b3orr + j:?-HR)[bla + (an+Hs—Cl)h£ } . (3.21)

Equation (3.21) is used when the flow is reversed, i.e., in the zones of

energy dissipation and turbine operation.

If a check valve is used so that no flow reversal is permitted,

i £ 3]

‘Pm'ﬁc‘%} W_‘«f 'wg,,,?”“ B e e SRRt o P IR S ety I B A Pt 4 o
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Eq. (3.20) only is used. -

Equations (3.20) and (3.21) can be used as long as J? is greater

Q
than 1.0. If é% is less than 1.0, then Eq. (3.12) is uscd instead of

Eq. (3.8) which leads to

1 Hy Hy 2
QC = AH H:k (h - aZqur) - {( - a2 qrr>

2(a q2 __v 3 R R
1%rr 2 h
T R

AH H H

- 2 __v. 1 2 044005
4(a1qrr 12 hR)[a3a + (an+Hs cl)hR]} . (3.22)

Equation (3.22) is used for the zone of normal pump operation where the
flow is positive. For the zones of energy dissipation and turbine

operation, the head loss across the valve is negative and this leads to

H
_ 1 N _ _i
. Q = YT (hR ajaq ) - {(G- - aeq )
2[alq +_§-El]
R
X 8 H
- 4(ajql_+ —5 Fl)[a o + (z  H =C )—li} . (3.23)
R

HC can be obtained {rom Eq. (2.35). If no reversed flow is permitted,

then Eq. (3.23) is no longer valid.

If'the dispharge valve is omitted, then[&Hv is set equal to zero.
In this case, Eqs. (3.20) and (3.21) are reduced to one equation which is
exactly the same as Eq. (3.11). Also, Eqs. (3.22) and (3.23) are reduced
to one equation which is exactly the same as Eq. (3.13). In other words,

Eqs. (3.20) or (3.21) and (3.22) or (3.23) can be used when the pump is

connected directly to the suction reservoir whether a discharge valve is

used or not.

T T A S A
X
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3.4.1.3 Identical Pumps in Parallel. If several identical pumps are

placed in parallel to supply a common discharge line, then the flow in

the pipeline is the summation of the individual discharges. 1If the pump

1

C’ then

discharpge is q

= 1
dc = Mg

where dc is the discharge in the pipc, and n is the number of pumps. But

9c = Q9
and
1 = 1 ]
9 = Qg -
Then )
(- o 4
QC (an)QC . (3.20)

Following the same procedures as for the case of a single pump and using
Eq. (3.24) instead of Eq. (3.10), we get the same equation for discharge

with the exception that

3

ey = B‘{I‘{‘ . (3.25)

If the pumps are running at rated conditions:
9 = Mg

and qr} becomes equal to unity. If all the pumps are provided with

T

v

YT
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identical discharge valves which operate in the same manner, the
equations for discharge will not differ from the case of a single pump

except for q . which is then given by Eq. (3.25).

3.4.2 Pump In-Line. Consider Fig. 3.3 which represents a pipeline

connecting two reservoirs A and B. A pump 1is (or a number of pumps in

hydraulic gradient
without discharge valve

hydraulic gradient
with discharge valve

discharge
valve

FIG. 3.3: DIAGRAMMATIC.SKETCH OF A PUMP-DISCHARGE LINE WITH THE PUMP (S)
CONNECTED TO SUCTION AND DELIVERY PIPES
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v,

parallel are) connected to suction and discharge pipes which in turn are
connected to reservoirs A and B; respectively. The pump delivers a
steady state discharge 9, to reservoir B. In case of pump stoppage,
negative and positive pressure waves propagate upstream and downstream;
respectively, where they reflect at the reservoirs. Check valves may
be placed at the pumps to prevent pump reversal which is usually

accompanied by high pressures in the discharge line.

3.4.2.1 Pump In-Line Without Discharge Valve. The two characteristics

(Eqs. (2.35) and. (2.30)) are:

where: HCL 18 the head at the suction side of the pump (hCL) divided

by (av /g); and

HCR is the head at the delivery side of the pump (hCR) divided

by (avo/g).

We algo have:

hCR - hcL = tdh

or

H
mca‘“cﬂ?{l’ _— (3.26)

where H' is the total dynamic head divided by the rated head. -
{

- L,
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Subtracting Eq. (2.30) from Eq. (2.35)

(H ] -2Q0.+C,-C, =0

cr M) R B!

and substituting back into Eq. (3.26)

H,
L - ) - 2] J <
' = (20, - ¢y + cl)hR : o

Substituting back into 'Eq. (3.8) and using Eq. (3.10)

1y 2 2 2
(ZQC'C3+Cl)hR = byat +byq Qe+ byg 0
Selving for QC
H ’ H
= L _ fteod - - i Z
QC 2 (2h qurra) {(zh b2qrr“)
2b.q R R
3%rr
¢ 2 2 H. 0.
= 4baa [ba” + (c3—cl)3§i} ) ©(3.27)

Equation (3.27) can be used as long as X is greater than 1.0. If-gr

Q* Q
is less than 1.0, then we use Eq. (3.12) instead of Eq. (3.8), which
—igads to -
H H
1 j 2
QC - 2 (zﬁl - a2qrra) " {(251'- anrra)
IZ_alqrr R R

H
2 2 4y 10.5
- - -
'alqrr[a3a + (C3 Cl)hR?} . (3.28)
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L

o
”CL and HCR can be determined by substitution into Eqs. (2.35) and (2.30).
If several identical pumps in parallel are used, the formula for

discharge will be the same, except that
a4 ’

q = ——

I nqp

3.4.2.2 Pump In-Line With Discharpe Valve. Assume that Ahvi is the

steady state head loss across the valve, and h is the head loss at

Lvi

any instant. We can derive an equation similar to Eq. (3.16):

Anvi ) .

Mvi ™ 2 Q| Q] (3.29)
where

L = - hL!i__

Lvi (avo/g)

and
’ ’ Ahvi i

AHvi‘= ?;3;7%7 : . . N
We also have

hCR - hCL + hLvi = tdh—

which leads to

-

H,
Lvi)—l=u' . &. (3.30)

(M. -1, +H
L hy

CR C
Using Eqs. (3.8), (3.29)y (3.30), and the two characteristics equations
for the pipeline (Eqs. (2.30) and (2.35)), we can solve for QC’ H., and H

CL CR

.
ey
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5««:.; s

i

%
we
b,\



1 [ ol 2
- - _r -
QC - 3E,AH i H '(zh qurra) L(zh qurra)
2(b.q° Loy LR R
3%rr 2 h
R
AH H
} I U NP 4405
4(bqa L 2 hR)[blOl + (Cy Cl)hR]} . (3.31)

Equation (3.31) can be used for the zone of normal pump operation. In

the energy dissipation and turbine operation zones the flow is negative
N
and consequently the head loss across the valve becomes negative:

1 Hy B 2
Q = ,  OH__H (2= = bya, @) = (2= = byq, o)
2(b q + vi _1) R . R
3%rr 2 hR
R B NN H 0.5
- 4(b3q%r 2 h )(b a” o+ (C3—Cl)hR)} . (3.32)’

Equations (3.31) and (3.32) are valid as long as = is greater than 1.0.

Ql
1f é%—is less than 1.0, then Eq. (3.12) is used instead of Eq. (3.8),

-

which leads to

1 -5*1 SIS
Q = ,  OH__H (55~ = ayq, @) - {(2hR - apq,.)
2ajqc - —= -y LR
1'rr
- AH . H H
_ N 2 _ vi § 2 - _3440.5
4(ayq. -~ ) laza” + (Cy C]#)h 1} (3.33)
T R R
or
H H .
Q o | G T #9® - LG - aye,,9)
' 2(a q2 _vi _l) R R
1'rr 2 h
AH H
2 2 0.5
- 4lajqp, + %}-TJ)[a o + (C,- )—l]} : (3.34)

3 3
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Equation (3.}3) is valid for the zone of normal pump operation while
Eq. (3.34) is used for the zones of energy dissipation and turbine
operation.

CL CR
substitution into Eqs. (2.35) and (2.30).

Once QC %ﬁ known, H,.. and H can be obtained by direct

If the discharge valve is omitted, then AHvd is set equal'to
zero. In this case, Eqs. (3.31) and (3.32) are red;ced to one equation
which is exactly the same as Eq. (3.27). Also Eqs. (3.33) and (3.34)
are reduced to one equation which is exactly the same és Eq. (3.28). In
other words, Egs. (3.31) or (3.32) and (3.33) or (3.34) can be used when
the pump is (or pumps in parallel-are).connected to su;ti\h«aggkdischarge

pipes whether a discharge valve is used or not. I

~

4 -
»

3.5 Pipeline Protection Against Water Hammer

In pipelines where dangerous water hammer pressure transients are
expected, a protective device (or combination of devices) should be used.
The most common protective devices are surge tanks, one-way surge téanks
(discharge tanks), in-line valves, and air chambers. It may also be
possible to protect pump~discharge lines agaiﬁst severe wate;rﬁgmmer
transients by increasing the inergia of the rotating elements: pump,
motor, and entrained water. In this section (a}l of section 3.5)

. equations are derived for in~line valves, surge tanks, discharge tanks,

and air chambers. All equations are derived in dimensionless form.
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3.5.1 Valve In-Line. Referring to Figz. 3.4, Aho is the stecady state

1

C
P
A B8
q ]

a
3

.—-——.—-—_.%"—.._..__..__._.__.________.__n_._»___

valve

FIG. 3.4: 1IN-LINE VALVE

drop in hydraulic grade across the valve, which can be written in the

dimensionless form

Aho
pH = O
o (avo/g)

The steady state discharge through the valve considered as an orifice is

given by
q, = Av_ = (chv)o/igAho (3.35)

At any instant, the flow through the valve is given by:

—————

deg = 9, = 9¢ = (C4A) (2alhoy hep) (3.36)

-
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Dividing Eq. (3.36) by Eq.

¢ bopMer
— = '(I ————
qO

o>
=2
o

or in dimensionless form:

(3.35)

where 7. is a known function of time

I

2
2 I
Q 5 (Hep Hep

and

can be rewritten

!

Substituting from Eqs. (3.38)

T2
2 _ I o
U = BH_ (C4-C,-2Q)
or .
Q2 + C,Q. +C, =
Cc 8*C 9
212
where C, = 1
8 AH

Q

0

K

and (3.39) into Eq.

(3.37a)

58

A

(3.37)

(3.37a) ¢

(3.38)

(3.39)

(3.40) /
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2
1
and C9 = Kﬁ; (Cl‘C3)

Solving Eq. (3.40)

o 2 0.5
.= 0.5[-Cg + (Cg - 4C) 71 . (3.41)

Q
*C

The +4ve sign is used because the flow is positive as given by Eq. (3.36).
For negative flow, the discharge through <the valve is given by
q; = =(C4h ), "2g(h

crNer)

LT P

RS

and an equation similar to Eq. (3.41) can be obtained

.

Q, = 0.5[¢, - <c§+4c9)°'51 . (3.42)

P A e

‘The negative sign is used because the flow is negative. It is possible

-

for Eq. (3.42) to- yield a negative answer only if C9 is positive, i.e.,
} .
Cl - C3 > 0j, and thus Eq. (3.42) 1is used only when Cl is greater than C3.

t

Similarly, it is possible for Eq. (3.41) to yield a positive value

:
%
e
¢
¢!
7
’:/

only when'C9 is negative, -1.e., when Cl - C3 < 0, and thus Eq. (3.41) is

used only when C1 is less than C3. When C1 = C3, QC is equal to zero.

HCL and HCR can be obtained by substitution into Eqs. (3.38) and

(3.39), respectively.

3.5.2 Surpe Tanks. The surge tank acts as & balancing tank for the flow vari- -

\

ation that mav occur in a pipeline. The top of the tank is exposed to atmospheric

\

\
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pressure while its bottom is connected to the pipeline. 1Its function is
to add water to the pipé in case of a head drop, or withdraw water in
case of pressure rise. The height of the tank must, at least, be equal
to the maximum head expected to occur at the tank site. This limits the
use of a surge tank to protect pump discharge lines because if it is
placed near the pump, then its height may become impractical. On the
other hand, if it is placed at high peaks in the pipe where the pipeline
profile is closer to the hydraulic grade line, it cannPt protect the
pipeline between the tank and the pump. In this case we have to find
some other means to serve that purpose. The surge tank can be used
effectively at the head of turbine penstocks. It has the advantages
that no maintenance or operating costs are required as the operation does
not require any mechanical elements. However, if the pipeline lies in a
cold weather a;ea, then precautions should be taken against freezing.
Referring to Fig. 3.5 which represents a diagrammatic sketch of a

simple surge tank connected to a pipeline, if we neglect the dynamic

effects between sections 1 and 2, then:

or, in dimensionless form

:: = l{ = [{ ;: I{ ( :3 . 12:3 )

e

wh Z = ___._z-..__- B — . .
ere (avo/g) and HC (avo/g) Equations (3.38) and (3.39) become,
%
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FIG. 3.5: SCHEMATIC FOR SIMPLE SURGE TANK

C': Ho+Qy -€Cy3=0 ‘ (3.44)
c : HC - QCz - Ci =0 ., (3.45)

The continuity equation at the junction between the pipe and the tank:

¢ = %1~ % (3.46)
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e p———————

where: QTC = qTC/qo’ and 4o igs the discharge into the tank after time

interval At.

L]

The head in the tank h_, after time At can be calculated from:

c

a4y * g
h. = h + ———-1C AL

c L2 AT

(3.47)

where AT is the cross sectional area of the tank, h is the initial head
in the tank, and 9 is the discharges into the tamk at the beginning of
the time interval At.

Equation (3.47) can be transformed into the dimensionless form:

e i O
2 ) (av _/g)
: of 88y

H,=H+ (

C (3.48)

I1f, at any time, the water surface in the tank falls below Zb; where
zb = zb/(avo/g),jthén we have to use the cross sectional area of the riser[

(AR) instead of AT in Eq. (3.48). j

QT * Qpo qut |

H, =H + ( ) (3.49)
C ‘ 2 (avolg)AR
If we substitute
qut ,

—F<— = C (say)

2@av /g)A,, 10
then we get \

!/ '
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Equations (3.44), (3.45), (3.46), and (3.50) can be solved for the four

unknowns HC, QCl’ QCZ’ and QTC' Subtracting Eq. (3.44) from Eq. (3.45)
Qg =C3=C -Qy - (3.51)

Substituting back into Eq. (3.46):

Qe = €3 = € - 2Qg, - | (3.52)

Combining Eqs. (3.50) and (3.52)

HC =H + (QT+C3—Cl—2QC2)C10 '

and substituting back from Eq. (3.45), we obtain

ch + C., = H+ (Q.+C,-C

1 r+C37€1-2Qc,) Chp

or
Qpg = [(H-C;) + (Qu+C4=C,)C, 41/ [142C, )] . (3.53)

1
QCl’ QTC’ and HC can be obtained by direct substitution into

Eqs. (3.51), (3.46), and either Eqs. (3.44) or (3.45); réspectively.

The solution can be repeated for each time increment until the

required time 1s reached. /

3.5.3 One-Way Surge Tanks or Discharge Tanks. In situations where the

pipeline profile is considerébly lower than the hydrauldic grade line, the

‘o
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FIG. 3.6: SCHEMATIC FOR ONE-WAY SURGE TANK

-

use of a surge tank becomes impractical. 1In this case we can use a one-
way surge tank (discharge tank). The tank is connected to the pipeline
via a reflux valve (or check valve); (see reference 57 for typicél ‘
arrangements) . Figure 3.6 represents a diagrammatic'sketch of a discharge
tank connected to the pipeline. The tank water surface is subject, to
atmospheric pressure, but still beiow the pydraulic grade line. Under

normal operating conditions, the reflux valve remains closed and the tank

«

[ ISP
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is geparated from the pipeline.

If, at any time, the pressure at the tank site drops below the
elevation of the water surface in the tank, the check valve opens and
the tank discharges water into the pipe. A small-bore inlet pipe

bypassing the reflux valve with a float valve at the tank should be

installed to refill the tank slowly(57). If the pressure at the tank

/

site rises above the water surface elevation in the tank, the check valve

closes and the tank is again separated from the pipeline. It may be

(65)

necessary to prevent reverse motion of the water column which would '

cause water hammer overpressure. This could be achieved by installing

(57)

a reflux valve in the line. It is often convenient

to situate a

number 9f discharge tanks at successively higher peaks along the pipe-

line, with in-line reflux valveQLj?gtélled at various positions alongi
P

the pipeline. The optimum #ocations of discharge tanks and in-line '

reflux valves has to bevé;fermined by" trial analysis.

We can use the same equations derived for the surge tank for the
discharge tank. These equations can be applied as long as the pressure
in the pipe below the tank is less than the elevation of water surface
in the tank.

If, at any time, the pressure in the pipe below.the tank rises so
that it exceeds the elevation of water in the tank, the check valve’
closes and thé\tﬁgk is separated from the pipeline. In this case we can
apply Eqs. (2.28) and (2.29) to determine the heads and discharges in the

pipe at the tank site.
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3.5.4 Air Chambers or Pressure Vessels. If the profile of a pipeline is

not high enough to use a surge tank or discharge tank to protect the
pipeline, it may be possible to force water into the low pressure zone by
means of compressed air in a vessel. Figure 3.7 represents a diagrammatic
sketcb of an air chamber connected to the pipe. The pressure in the vessel ,
will gradually decrease as water is released until the pressure in the
vessel equals that in the adjacent line.b:At this stage the decelerating

water column will tend to reverse. The vessel capacity should be suffi-

PRy

clent to ensure no air escapes into the pipeline, and should exceed the
maximum air volume required(65). The air in the vessel will aissolve in
the water to some extent and has to be replenished by means of a
compressor(65). A float switch should be set to automatically switch the
compressor on when the water level rises above a ceré n level. A second

switch, below the first should switch the compressor off again. An

emergency level swifch could be installed to switch the pump off if the

i
i
%
3
%
|
3
:

air volume or water volume was‘dangerously low. A glass tube for
ngerving the water level should be mounted on the side of the vessel.
Air vessels are normally installed at the pumping station in order to
protect the whole pipeline.

Assume that the gas follows the polytropic relation:

A

» .
hgv“ = C (3.55)

where: hg is tﬁe absolute head;
¥ 1is the gas volume;

n' 1is the polytropic exponent; and

o
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C 1s a constant.

1s the barometer reading, then, referring to Fig. 3.7, we have:

* = - - .
hg h + hbar z, =z . (3.56)
hy
O’faU/{.C
Qrad,-em
)
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FIG. 3.7: SCHEMATIC FOR PRESSURE VESSEL
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Differentiating Eq. (3.55) with respect to time
*
dhg .\ av ‘ (3.57)
dt vn‘+1 dt ° ‘ : . '
a ~
But we have - ’ /
' a
q, +q ‘ :
.. 8 (3.58) .
. £
Combining Eqs. (3:57) and (3.58)
3
* ! . -
dhg _ _nC (q3 + qC3)
dt vn'**-li 2 .
" In fi:nite‘difference form .
q, + q
_ac_ '3 C3
(he - zg,) - (h-z)) = AL (=
or in dimensionless form H
. N 4
M dc - Q3 ¥ Q3 g At
o " Zoy ~H* 2= ol O v T
0
or
Hy = €0y + 2o, + Cpy (3.59)
where: _
¢ - quoAt N
11 thﬂl(av /g)
o
and .
PR TR T
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We also have

{
. = +q3+qc3 At
Ccw ~ “w 2 A
ves
or in dimensionless form
g oeg s 3t % G
Cw w 2 (avo/g)Aves
‘or
Ty = By G5(0yH0g) ‘ (3.60)
where - . .
qut
C = - p . _/
13 2(?vo/g)Aves '
%

The continufty equation at the bottom of the air vessel is

-
4 4

Qc3n QCl = QC2 . : ° (3:61)

Equations (3.59), (3.66), and-(3.61), togefher with the C+ and c- v

chanagperistics equations ((3.4%) and (3.45)) can be solved simultgneously
- -

to find the five unknowns QCl’ ch, QC3’AHC' and ZCW; as fo}lows:'

‘' . Adding Eqs. (3.44) and (3.45): |

-

2o + Qy=Qgy) - (G¥Cy) = 0
and suhstituting from Eq. (3.61)

2H, + 903 - (C#¢y) = 0 (3.62)
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Combining Eqs. (3.59) and (3.60):

He - C11Q;3 = €12 = %, + C3(Q57Qcy) - (3.63)
Combining Egs. (3l62) and (3.63):

0.5(C1#C4-Qpp) = Cp3Qc3 = Cp = 2, + C13(QyHQg,)
or

Qu3(Cy1#C 5#0.5) = 0.5(C+C,) = €y = C 40, = 2,
or - . 3

Q3 = [0.5(cl+c3) = Cyp = €304 - zJ /[cl'1+cl3+o.5] . (3.64)

HC, le, QCZ’ and ch can be obtained by direct substitution into -
h Eqs. (3.62), (3.44), (3.45), and (3.60); respectively. ‘

If the static head differenée between the water surface in the
air chamber and the centér line of the pipé below the chamber is
neglécted, then we can get a simpler equation. ‘In this case, Eq. (3.56)

is reduced to

s
h; =h+h . 7 z . . | | 3 (3.65)
and Eq. (3.59) s reduced to _
. y
H, = Cll(Q3+QC3) +H . | (3.66)

: e
Solving Eqs. (3.62) and (3.66) simultaneously

o REATE i - -



Qpy = [0.5(C +Cy) - €10y = HI /[ +0.5]

71

(3.67)

HC, QCl’ and ch can be obtained by direct substitution into Eqs. (3.66),

(3.44), and (3.45); respectively. b

N



4. DEVELOPMENT OF THE COMPUTER MODEL

The structure of the program is shown schematically in Fig. 4.1.
The program is divided into sub-programs, each of which serves the
purpose indicated in Fig. 4.1. This increases the flexibility of the
program by allowing boundary conditions to be added easily as reqhired.
In the present computer'ﬁodel, the pipeline diameter and pipe roughness

may not vary from one section to the other.

4.1 Representation of the Pipeline Profile

The pipeline is_divided'into N sections. The length of each

section (Ax) 1s usually taken constant. .If L is the length of the

pipeline, then the number of sections N = L/Ax and the number of stations

i

equals (N+1). The pipeline elevation at each station is supplied to the

I3

computer prpgram as ihput data. As the distance between stations

decreases, the number of sections increases with the result that

" _computation time and: cost also increase. The most important points

along the profile are the highest points, where the pressure may treach

‘a negative value with the possibility of water columﬂ seﬁaration; and

the lowest poiﬁts where upsurges may exceed design heads. These points
should be represented in the compdﬁef model, even if they are not at the

stafions. This negessitates moving c¢ritical points on the pipeline to

72
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the nearest stations, especially the higher points. This provides a

" better representation of the pipelipe than disregarding conspicious
points on the pipeline. However, we should note that the hydraulic
gradieng for any pipeline 1s independent of the pipeline profile, except

at high points where water column separation is probable.

4.2 General Method

The.bipeline shown in Fig. 4.2 connecQs two reservoirs A and B.
A pump 18 (or a number of pumps in parallel a;e) used to deliver a steady
state discharge q, from‘the lower reservoir A to the ‘higher reservoir B.
The suction'pipe is so short that it can be neglecteé. The static head
ié hss; gead on suction hs; and-hegd on delivery hd' In the pipeline
_we have a number of surge control devices. The pipeline is divided into
N sections at equal distances Ax., Once again we assume that each device
ig placed at a statién. If in the real pipeline, the device is not
-placed at a station, then we have to move it slightly to éhe nearest
station, In the computer program we have to ;upply the number of
devices (NDEV) as input data through Subroutine (DATA). Then we have to
'supplf the number of sectioné between devices Ns

i
(NDEV+1). At each device we have to supply the pipeline "elevation twice

where 1 = 1, 2,

ey

because we have two nodes there; one at the upstream sidé of the device
.

and the other at the downstream side.
The program can accept a large number of devices,‘which can be

placed anywhere in the pipeline (é device may be placed at each station).

{
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The user must specify the devices in the pipeline starting from the °
upstream end and moving downstream. There is no restriction on the

devices or their order.

first, we have to set up the steady state conditions for thé
glven situation. The elevation of the hydraulilc grade line at all
stations is fixed; as ‘'shown in Fig. 4.2: wheretho is the steady state
head loss across the discharge J;lvé (1f any) at the pump. If no
discharge valves are placed at the pump, then hLo is set equal to zero.
Also the head loss at the devices hLi where 1 = 1, 2, ..., NDEV; should
be considered wﬁen fixing the hydraulic grade line. If the losses at
the devices are negligible, then their values are set equal to zero.
Having obtained the initial conditions #t all stations the solution can
be carrlied out in the X~-T plane using a rectangular grid and the exp;icig

method of characteristics as discussed in Chapter 2. We solve first for

interior points to find the heads and discharges at the stations between
devices; then for thé boundary conditions at the upstream and do&nstream
ends. Next we solve for the'soundary coAditions at the in-line devices.
Having don# that, the heads and velocities (or discharges) at alf?stations
are known at the enq of time interval AT. Starting again from these.
conditions, we similarly obtain thé heads and discharges after anothe; '
time interval AT. We continue the solution in this way until the
required time for the calculation i{ reached.

The results can be printed out after each time step éiying the
headé'aqd velocities. at all stations, if desired. Maximum and minimum

heads at all stations during.the transients can also be printed out.

Time of flow reversal, pump speed reversal, and maximum reverse speed of
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»

the pump ¢an be obtained. The time history of pump discharge, pump
speed, and head at any ctation in the pipeline can also be obtained on
EOmpuger plots; at present accurate to 0.001".

If, in the pipeline, there are no surge'control devices, then
we input Nsi = N81 = N; the total number éf sections and we are left
with oﬁly the upstream and downstream boundaries.

‘ If the pump is (or pumps are) connected to suction and delivery
pipes, then nothing will be changed except the initial hydraulic grade

line. The pump 1s treated as an internal boundary condition in

Subroutine (PUMPIN).

4,3 The Pump
O 1

The main objective of the computer program is to compute the
transient pressures that follow pump shutdown. The events that follow
pump shutdown, the complete pump characteristics, and the pumﬁ inertia

»

equation were discussed in Chapter 3 where the boundary condition for
the pump was derived. 1In the computer program, a check valve or gate

valve can be placed at the discharge side of the pump or they can be

omitted.

At the instant of power failure at the pump motor, the pump

speed (a) and discharge (q) are known. The pump starts to decelerate.

* ’*

f
The first step is to, calculate the change in gpeed (da) during the time

Anterval At using the inertia equation (Eq. (3.7)). We start with

3

“estimating the torque (B) at the instant of power failure by parabolic

s e g WL el | S S
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interpolation using the appropriate curve in Figs. (A.1) for centrifugal
“pump, (A.3) for mixed flow pumps, or (A.5) for axial flow pumps'using
Subroutine (LESQ). The pump speed change is estimated through Subroutine
(SPEED). We éssume that the torque (B) remains const;nt during the time
increment At. Using the inertia equation, the change in pump speed (dal)

during the time interval At is obtained. Adding da, to the previous

1
speed (a) yields the new pump speed (al). Using this value in the main
- Subroutine (PUMP), we obtain the new discharge after time 4t, using the
appropriage curve in Figs. (A.2) for cengrifugal punps, (A.4) for mixed
flow pumps, or (A.6) for axial flow pumps and either Eqs. (3.20) or (3.22)
i1f the suction pipe is so short that it can be neglected; or either Egs.
(3.31) or (3.33) 1f the'pump is comnected to suction and delivery pipes.
Actually, the torque is not constant during the ‘time interval At. To

account for that error, we start again considering the new pump speed and

discharge. Then we calculate (al/qr), where 9. is the ratio between pump

discharge at any time and the rated pump discharge. Using the appropriate -

curve in Figs, A.l, A.3, or A.5 as discussed before, we estimate the new
torque (B). Having obtained the torque, we again assume that it is

constant during next ti@e intérval At. We then calculate the change in
pump speed (daz), anq/set the change in pump speed equal to the average

of the two values:
da = O.S(dal + daz)

Thus we can more accurately estimate the new pump speed by adding da to

the initial pump speed a. We can then use the appropriate equation

PP W YO
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(¢3.20), (3.22), (3.31), or (3.33)) to calculate the new discharge at the
end of the time interval.

We repeat this procedure starting from the new conditions until
the required time 1s reached. If the discharge is reversed while the
pump is still rotating in the forward direction (zone of energy
dissipafion), the calculations will continue in the same way except that
we have to use the pump characteristics for the energy dissipation zone.
Once the p?mp speed reverses (zone of turbine operation), then we have
to use the pump ch;racteristics for that zone. To egtimate the discharge
when the pumps are operaﬁing in eithér the energy dissipation or turbine
operation zones, wedhave to use either Eqs. (3.21) or (3.23) instead of
Eqs. (3.20) and (3.22) when the“suction pipe is neglected ané either
Eqs. (3.32) or (3.34) instead of Eqs. (3.31) and (3.32) when the pump
is connected.to both suction and discharge pipes.

1f tPe discharge valve is completely closed during the water
hammer transients, then the pump is separated from the calculations and

we have to set the discharge at the pump equal to zero.

»
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5. VALIDATION OF THE COMPUTER MODEL

The computer program‘has been Qﬁ@d for different ﬁipelines, where
water hammer is caused by either (a) vafbé’operation or (b) power failure
at pump motors (with emphasis.on case b). Different boundéry conditions
are checked against field tests whenever published data were available.
In other situations, c;mparison with the graphical method of solution is
presented. Water hammer charts by Parmakiangag), Kinno and Kennedy(ss),
and those by Evans and Crawford(sz) are also used to check the ébmputar
results whenever relevant (Ehe air chamber will be checked later in
Chapter 6). When data were not available, the computer results are
investigated and shown ;o be valid. The'effects.of valve operation at

the pump, pump and motor inertia, and friction losses on the water

hammer transients are also investigated. Computer plots are shown to be

useful in presenting the results.

5.1 Water Hammer Due to Valve Operation

The program deals primarily with pump discharge lines, yet it can
also compute water hammer transients resulting from arbitrary valve

operation. Valves closure may be instantaneous or gradual.

5.1.1 Valve Operation at the Downstream End of a Pipe. Conkider the

~ gimple case of a pipe connectedlto/g/;;servoir at the upstream end with a
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valve placed at the downstream end to control flow. Any movegment of -the
valve to reduce (or increase) the flow 1s atcompanied by a pressure rise
(or pressure drop). For closure, a positive pressure wave is created at
the valve which travels upstream gt the velocity of sound (a) where 1t

reflects negatively at the reservoir. This wave then travels downstream

where it now reflects positively and travels upstream again. If the pipe

s frictionless, this sequence will continue for an infinite time.

Friction resistance in the pipe will attenuate the resulting pressure

amplitudes; the higher the pipe friction, the more rapid is the damping.

v

5.1.1.1 Sudden Valve Closure. Theé pressure rise resulting from sudden

valve closure can be estimated from the Joukowskl Law (h = avo/g).

Using the data for the pipeline in Fig. 5.1, the pressure rise due to
sudden valve closure is 1000.0 ft. The time required by the pressure
wave to reéch\ghe upstream reservoir (L/a) is equal to 1.0 second.

Figure 5.1 presenté the transient ﬁ;essure distribution at four different
sections along the pipeline, as obtained from the c;mputer program. The
pressures and - "the wave travel times are in agreeﬁént (a description of®
wave phenomena due to sudden valve closure can be found elsewhere (49)).

In Fig. 5.1 the pipeline was assumed frictionless.

5.1.1.2 Gradual Valve Closure. Figure 5.2 represents a pipeline similar

to that shown in Fig. 5:1., Figure 5.3 presents the pressure transients

adjacent to the valve and at the midlength of the pipe resulting from the
N N f

gradual valve closure shown in Fig. 5.4. Superimposed on the results

obtained from the computer program are those obtained from an analytical
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|

(49)

solution The agreement is excellent for the early stages of

closure, but a slight discrepancy appears at the late stages of

closure. We note here that an accurate determination of the instantane-
ous gate position 1is critical in computing the resulting wate; hammer
pressures. In the analytical solution<49), T was taken at time intervals
of 1,0 second, while in the computer program, the time step for the
calculation was set at 0.1 second and T vas estimated at each time step
by parabolic interpolation. This may account for the discrepancy between

the results. In addition, Fig. 5.2 presents the resulting envelopes of

maximum and minimum pressures along the pipeline. In the above analysis,

0.4 |— : \\

o 1 27 3 4 5 &
time in seconds

FIG. 5.4: VALVE CLOSURE TIME RELATIONSHIP
&

pipe friction is small. For the data presented in Fig. 5.2, the wave

travel time (L/a) is 1.0 second. This means that the period of the
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pressure wave {(peak to peak) 1is 4.0 seconds which agrees with Fig. 5.3.
Figure 5.5 presents the pressure variations at the valve and at thé
midlength of the pipe for the same pipe and valve closhre,&but with a
steady state head loss 30%Z of the static head. The effect of frictionm

on damping can be observed.

A\

5.1.2 Valve Operation at the Upstream End of a Pipe. Figure 5.6
represents a pipeline connecting two reservoirs With a valve adjacent to
the upstream reservoir. When the valve is closed, a negative pressure
wa;e is created, which reflects negatively when it reaches the downstream
reservoir. Figure 5.7 depicts the pressure transients adjacent to the
valve and at the midlength of the pipe. For éhe data and valve closure
shown in Fig. 5.6,~tﬁe pressure in the pipe, adjacent to the valve drops

¢
to a value of -32.0 ft of water. This pressure is close to the vapour

3

pressure of water. If the steady state discharge is increased, the -

possibility of water column separation, starting at the valve, is hiéh.

The envelopes of maximum and minimum pressure along the pipe are plotted
W

in Fig. 5.6. For the data presented, L/a = 1.0 second, and wave period

is 4.0 seconds which agrees with Fig. 5.7.

5.1.3 Surge Tank Near the Downstream Valve. In this section, the results
for surge tanks obtained from the compuéer program are proved to be valid.
Congider the simple surge tank installation shown in Fig. 5.8 where the
initial flow through the control gate is cut off rapidly. The surge

tank oscillations due to the water hammer preésure waves are presented

in Fig. 5.9. The amplitudes of the oscillations attenuate rapidly due

N ST
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to friction effects. In Fig. 5.8, the envelopes of maximum and minimum
pressure along the pipeline are plotted. A comparison with Fig. 5.2,
where no surge tanks were used, shows the effect of the surée tank on
reddicing the pressures along the pipeline.

(49)

Parmakian presented charts that can be used to determine the

surge resulting from an instantaneous stoppage of the flow at either a
turbine or pump installation. These charts can be used for the
determination of the maximum surge at the tank. Referring to the surge
tank installation shown in Fig. 5.8: S is the maximum surge measured

from the operating level, and h_ is the pipe losses between the surge

f

tank and t@g reservoir. In thF charts, Parmakian uses

-

,
e 51,3 4 E0733) a5 g ;

2 x32.2
and this gives

S .23,

hfl

and the upsurge becomes

Scharts = 2.3 x 53 = 122.0 ft

From the computer program
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S
program

If the pipeline is frictionless, the surge tank oscillations

-

wlll continue for an infinite time. Figure 5.10 represents such
oscillations for the same installatibn shown in Fig.‘S.B, but with pipe

friction neglected.

5.2 Water Hammer Due to Pump Shut-Down

£

In this section, various pump discharge lines are considered
with the pump(s) connected directly to the suction reservoir or through
a suction pipe. At the pump discharge side there may be (a) a check
valve, which closes rapidly at the instant of flow reversal at the pump;
(b) a butterfly discharge valve, which closes gradually upon power

failure in a predescribed manner; or (c¢) no valves at the pumps.

-

5.2.1 Pumps Without Any Discharge or Check Valves Connected Directly
(48)

to the Suction Reservoir. Parmakian used the graphical

solution to compute the pressure surges in the pump-discharge line,
shown in Fig. 5.11 subsequent to power failure at all three pump motors.
The pumps are not provided with any discharEE‘Br check valves. Data
relevant to water hammer calculation used in Parmakian's solution are
as follows:

Length of pump discharge line L = 3940 ft

Diameter of discharge line : D = 32 in

= 121.30 fr . ‘ —

P
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Pump discharge

Pumping head

Motor sp;ed

Inertia for each pump and motor
Pump efficiency

Pressure wave celerity

. Pump specific speed

96

g = 33.7 cu. ft/sec (for 3 pumps)

hR = 220 ft

NR = 1760 rpm

2

WR™ = 384.9 1b.ft2

M = 84.77%

a = 2820 ft/sec

Ns = 1998 (gpm unigs)

In the graphical solution, friction was neglected and it was assumed
that the pumping head is equal“to the static head. ;q_the computer A
program, the complete pump characteristics for the zones of normal,
energy dissipation, and turbine operatign as given in Figs. A.1 and A.2,
and in Table A.l1 are used. A time history of the flow, motor. speed, and
head at the pump and midlength of discharge line as obtained from the
computer program is plotted in Fig. 5.12. Superimposed on it, are the
results obtained from the graphical solution. The agreement is

especilally good in the zones of normal pump and energy dissipation.

(56) derived water hammer charts that can

Kinno and Kennedy
predict the maximum and minimum heads at the pump and at the midlength
of discharée line. The charts can also predict the time of flow
reversal at the pump. Table 5.1 gives a comparison of the results
obtained from (a) the graphical.solution, (b) water hammer charts, and
(c) the computer program, for the same pump discharge line shown in
Fig. 5.11 (in Table 5.1 the heads are related to the rated pumping head).

Also, in Fig. 5.11 is presented a plot of the maximum and minimum

pressures along the pipeline resulting from shut-ddwn of the pumpé.

2" “\\//
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Minimum Minimum Maximum Maximum Time of
Method head at head at head at head at ;flow reversal
pump midlength pump midlength at pump
(seconds)
Graphical
Analysis 0.08 0.31 1.61 1.35 4.22
Water hammer
charts (56) 0.10 0.32 1.54 1.28 $.19
Computer
p 0.12 0.31 1.46 1.29 4.23
rogram
TABLE 5.1: COMPARISON WITH PARMAKIAN'S GRAPHICAL ANALYSIS

AND KINNO'S CHARTS

5.2.2 Pumps$ with Butterfly Discharge Valves Connected Directly to the

Suction Reservoir.

The Tracy Pumping Plant.

Central Valley Project near Tracy, Califormia.

The Tracy Pumping Plant is located in the

Briefly, the pumping

plant consists of six large pumping units with each pair of pumps

connected through a wye branch to a 15-foot diameter reinforced concrete

pipe. .The general arrangement and description of the plant is given by

Parmakian

(66)
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Data used for water hammer calculations are:

Length of pump discharge line
Diameter of discharge line
Pressure wave celerity

Pump discharge

Rated pumping head

Motor speed

Motor inertia

Pump and entrained water inertia
Pump efficiency

Specific speed

L = 5130 ft
D = 15 ft
a = 2930 ft/sec

g = 767 ft3/sec

hR = 197 ft

NR = 180 rpm
WRZ = 3500000 lb.ft2

WRZ = 540000 1b.ft2 (

np = 0.73

Ns = 1834 (gpm units)

Each pump has a butterfly valve on the discharge side. Upon

power failure at the pump motors, the butterfly valves close rapidly

under the action of a servonmotor.

through the first two thirds of the angular movement in 14 seconds and

the remaining one third in an additional 46 seconds

This mechanism rotates the flap

(66)

The valve

has an open area of about 47.9 square feet and a 82 degree angle of

rotation of the valve leaf. The open area of the butterfly valve normal

to the axis of the pipe is approximately

sin ©

Av = 47.9(1 - ;I;—gi?) .

The flow through the butterfly valve is

q = C,A Y2gh .

LK vt MR v

e e

[ ]

PR
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(66)

Assuming a coefficient of discharge of 0.7, , the initial head loss

through the valve is 8 ft.

\
0.8
\

0.6

0 10 20 30 40 50 60

time in seconds

FIG. 5.13: THE TRACY PUMPING PLANT - BUTTERFLY VALVE CLOSURE RELATION

The valve closure relationship is plotted in Fig. 5.13. Figures 5.14

and 5.15 present a comparison between (a) computer results, (b) field

tests, and (¢) the graphical soiution by Parmakian(66). The comparison

is especlally good in the zone of normal pump operation, but the computer
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gives somewhat lower values for the pump speed reversal when compared
with that obtained from field tests. The maximum head at the pump as
obtained from the computer program is about 10%Z higher than that observed
from field tests, but it is nearly the same as that obtained from the
graphical analysis. The discrepancy between the test results and those
obtained from both the graphical analysis and the computer program may

be due to the incorrect assumption of the coefficient of discharge which

was assumed, as suggested by Parmakian(66), to be taken 0.7.

5.2.3 Pumps Connected to Both Suction and Delivery Pipes.

The Granby Pumping Plant. The Granby Pumping Plant 1s located on the

Colorado~Big Thompson Project near Granby, Colorado. The general

(48)

arrangement of the plant is given by Parmakian Three pumps‘ih .
parallel feed the pipeline. In the actual pipeline there are butterfly
valves on both the inlet and discharge outlet of each pump. Upon power
failure at the pump motors, the butterfly valves close rapidly under the
action of a servomotor. Water hammer tests were run for one, two, and
three pumps in operation. For lack of complete valve clasure data, we
can check the results obtained from the computer program against the
tests in which the butterfly valves were held open after power failure.
We can also check the downsurge, which is not affected by the valve
closuré‘ |

Data relevant for water hammer calculations are:
Length of di;charge pipe L, = 3650.0 ft

d
Length of suction pipe L8 = 574.0 ft

Al

- et

P
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Pressure wave celerity a = 3200 ft/sec
Pump discharge Qg = 200 cu.ft/sec
Pumping head hp = 131 ft

Motor speed NR = 327 rpm

Motor inertia WR2 = 410000 lb.ft:2
Inertia of pump and entrained water WR2 = 64500 1b.ft2
Pump efficiency | g = 0.72

Specific speed Ns = 2310

The water hammer tests were conducted with a pump intake submergence of
60.0 ft. Neglecting friction losses, the discharge head at the pump is
191.0 ft. A field test was run for one pump in operation, with the

discharge valve held open after power failure. TFigure 5.16 presents the
pump speed, pump discharge, head at pump, and head at midlength of
discharge pipe as well as a similar plot for 3 pump operation. A

comparison between (a) test observations, (b) computer results, and

(49)

(¢) results from water hammer charts by Parmakian is presented in

Table 5.2, 1In order to use the water hammer charts by Parmakian, two
&

independent parameters need to be estimated, viz p: the pipeline con-

stant, and K = Kl(ZL/a): a constant which includes the effect of pump

and motor inertia and the wave travel time. K and p are given by:

91600hRqR

2 2
WR nRNR

K=

Using . the data given for the Granby Pumping Plant:



105

o4

(11

0L 301d SNOILIONOD LINAISNVYI - INV'1d ONIdWId AGNVYO FHI

JANTIVL YIMOd

3MNTEA ¥3A0d 3149 SONODJ3S NI 3IWIL

3s € i 13 €2

32

42

krd 032 (19

T k2 Fay T 4

*91°¢ 014

)4 k] ks 1

uonesado dwnd-sauy |
uotyesado dwind-aug

— = —— ~
. \/V H\J, lH.ilJ//\vA / 4
=t \\\ ~ . \\J /F// /I m
\\\ .\/«. AN
—= ————— // PN T /,_ abieyosip —
Q Q Y Z \\ —_ / f// X QED& —
mm W E—J N /%
p d - <
! ~ N N
M 7//. 1//4 /
//1.\IJ¢»\\L/(1 N /V)j V
\L’(\#\”I(L\ ————a 2 iy - ~N v\\) |/-
EEESC e a
- T T \l.\\.\\ \ ——— P u
l\\\ —~— IIJ I — L~ /._lll
adid abieyosip = =
Buaipi 1o pesy T S TR
Jo Yl ! — N
I ! 1 \\.\ / et \.\*\ /,
d | —
ll\'l ]
-+~ dwnd je peay

L1 r

oeT-

0ST-

04T~

0eT~

00T

ot

o} d

'] ol

03

02

0+

+} ]

111

0T

01T

osT-

'] 44

002

0 UNE (0y3al44033dS UWEON 40 3IEIN30Y3d

-
-

19dBHIS

]



106

JuN1Iivd ¥amod ol and
SINIIQVYO FYNSSTYd INIISNVYL - INVId ONIdWN AINVYD dHL :LT1°'S "9O14

4 I i 1 i 1 I L] 1 i I 1 v ] i
\ \cln — - osis
(sydwnd 3
_ \ S ooze
\ ¥y
] c.
uoljelrado duind aasyy ——— \ -1 ozzs
uonielado dwind aup ————¥—¥——%— \. ovze
~ r~
L i 0928
- g\joid
e 1 m\va_xoaa,q 088
~ \\

S— - - -1 ooes

\ alnjie} 1amod
1 O} 9ND Peay Wnuiuly " . 4 ozes

_
! -] oves
a4nje} Joamod
210j3q 1uaipesd annesply - oses
-1 08¢€s8
auinye; 18mod -} oovs
0} 3NP peay WnWixepy

0zv8

193} U Uol|eA3)|]



107

G'ET

A

(o38)
paadg
dung oxaz
Jo suwyy

N X — e

SIMVHD YDOIVH
d3LVM (Q) fSIS3IL @TdId (B) ANV SIT1NSTE ¥ILNIWOD NAAMIAE NOSIAVINOD

- RATIVA Y204 OL dNd SNOILIANOD INFISNVELI - INVId ONIdWNd XENVYO FHI

§°9¢ 1 09°¢ §9Z°0 Z9%°0 9.0°0

T°9¢ 9¢°1 0°S {20 0s°0 L0°0

- (21 - - 92¢°0 =
vwwwwmwasm poadg Hmmwwmwz 43IBUSTPIN dung 4IBUITPTH
wmuwwwwa$wwz MMMMMMN wwowmﬁﬁ wwuswmbon mmuwm:kon meMmaD

07S 419Vl
. s31Ns83Y
¢v1’0 193nduwo)
(64) SI*EUD
£ET°0 A3WuRY
I93BM
SLT"0 182L PT9T4
dung -
e POYISK
8dansdp



108

20 = 1.60

2L 528
a

kK 2L = 0.15
a

In addition, Fig. 5.17 presents a plot of the maximum and
minimum pressures 9long thé pipeline for both one pump and three pump

operation (the butterfly valve was held open after pump shut-down).

5.2.4 Effect of Valve OpeRation at the Pump. To illustrate the effect

of valve operation at the pump discharge side on the transient conditions
following pump shut-off, consider the Tracy Pumping Plant arrangement(GG).
Three different cases are simulated: (a) no discharge valves at éump,

(b) non-return valve (check valve) which closes under the effect of the
reverse flow, and (c) the two-stage gradual valve closure shown‘?n ig.
5.13. Results are plotted in Fig. 5.18. From these plots we cone%iée
that the downsurge is not affected by the valve operation, while the
upsurge reaches a maximum value of 168.0 ft, with the non-return valve
at the pump. The minimum upsurge occurred with the two-stage butterfly
valve (the first stage is rapid, while the second is slow). Generally,
valves are primarily installed to prevent reverse flow, which could
damage both pump and motor(67). Such valves also prevent the draining
of the pipeline, and consequent loss of water or flooding of the wet

(68)

well. The relation between flow and gate position is important;

this should be determined carefully to insure accurate evaluation
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of water hammer transients. .

5.2.5 Effect of the Inertia of Rotating Elements. To i1llustrate the

~

effect of the inertia of the pump, motor and entrained water; data for

the Tracy Pumping Plant(66)

are used. Two cases have been considered:
the first; without any discharge valves at the pump, and the second;
with a check valve placed at the pump discharge side. In each case,
three cémputer rugs were made: the first, with the actual inertia; the
second, with the inertia doubled; and the fhird, with the inertia
tripled. Figure 5.19 presents the pressure variation at the pump and
midlength of discharge pipe when no discharge valves are used at the
pump, while Fig. 5.20 presents the same plot,‘but with a Fheck valve at_
the pump. It was assumed that the check valve closes at the instant of
flow reversal. 1In addition, in Figs. 5.21 and 5.22, the envelopes of
maximum and minimum presgure for the above two cases and the three
different inertias aré plotted. These figures demonstrate that

increasing the pump and motor inertia can reduce both the upsurges and

downsurges.

5.2.6 Effect of Friction on Water Hammer Pressures. Generally we

consider two types of pumping(eg): {a) most of the pumping head is used

to 1ift water while the friction losses are small, and (b) most of the
pumping head is used to errcome friction résistance. Case (a) is
associated with relatively short pipes and small friction losses. Case
(b) is associated with relatively long pipes with high friction losses.

To i1llustrate the effect of the type of loading on the water
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hammer transients following pump shut-off, data for the Tracy Pumping

Plant(66)

are used. The pumping head remains the same while the friction
losses are increased to 40.0 ft. figure 5.23 presents the pump discharge,
pump speed, and the head at the pump due to pump shut-off. The

envelopes of maximum and minimum pressure along the pipeline are plotted
in Fig. 5.24. The maximum pressure will not exceed the steady state
pressure at any point in the pipeline, which agrees with the results

obtained by Kinno and Kennedy(56):

they found that 1f the steady state
friction loss 1s greater than approximately 0.18 to 0.20 of the initial
pumping head, then the maximum head at the pump and midlength of the
discharge line will not exceed the initial steady state head. 1In this
case, underpressures rather than overpressures are dangerous. The zone
of negative pressure, at high‘points on the pipeline, is indicated in
Fig. 5.24, Doubliézhthe pump-motor inertia will eliminate any negative

pressure in the pipeline.

PENFAS

-
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6. THE ANCASTER PUMP STATION AND FORCEMAIN

6.1 Introduction

The pipeline profile is sketched in Fig. 6.1. The forcemain rises
rapidly near the pump house. This convex profile, governed by the ground
profile, creates a water hammer problem associated with pump shut-down.
Negative pressures would occur in most of the pipeline (without
protection). As the inertia of the rotating elements is small, the
'negative pressure reaches the vapour pressure of water and the water
column may separate.

The project includes two pumps, only one in operation initially:

Length of forcemain L = 4405.0 ft

Diameter of forcemain D = 14,0 in

Pumping discharge qg = 1000.0 gpm .
Pump head hR = 157.5 ft

Motor speed N, = 1750 ft

Rotational inertia of pump and motor WR2 = 25.0 1b.ft2

Pressure wave celerity a = 3500.0 ft/sec

Specific speed Ns = 1254.0 (gpm units)

Pump efficiency ng = 0.73

A discharge check,(valve is mounted at the pump in order to

prevent flow reversal and drainage of the pipe which may result in
flooding of the wet well. .

After 20 years, a bigger pump impellor will be incorporated:

118



119

SAvAH ONILVYId0O - NIVWEOHWOJd YILSVONV FHL 179 °"DId

uonesado dwnd-om| \.

(Jonedwn mau) voyesado dwnd-aug \

wonteiado dwind-aug ——— \ )

sdwnd mgll/l..ih
\..L S'M

08s

008

0z9

ov9

099

089

ool

0Z¢

[ oYL

09L

0]:74

008

HETERL VR I T

} 99} ul uOleAd]]



120

Pumping discharge 9 = 1375.0 gpm
Pump head hR = 165.0 ft
Pump efficiency g = 0.75

The ultimate design is for three pumps; two in operation at a

time:

Pumping discharge ap = 2080.0 gpm
Pump head hR = 185.0 ft
Pump efficiency np = 0.72

The steady state hydraulic gradients for the above three
operating conditions are shown in Fig. 6.1. The three conditions were
simulated, without protection devices, usﬁ?g the computer program,
Figures 6.2, 6.3, and 6.4 present a print-out of the transient
pressures after pump shut-off. Printing stops when the pressure reaches
water vapour pressure. From these results we conclude as follows, for
an unprotected pipeline:

l. One-pump operation (Fig. 6.2): Maximum down-surge will develop
negative pressures less than water vapour pressure (-33.0 ft of head).
This indicates that vapour pockets will form.

2. Two-pump operation (Fig. 6.3): At power failure, the down-surge
would cause vapour pockets earlier and further upstream, most likely
about 1200 ft. from the pump house.

3. One-pump operation; new impellor (Fig. 6.4): The results are
essentially the same as (2) above.

It seems clear that a water hammer protective device is

desirable.
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6.2 Protection of the Pipeline

In this section the advantages and disadvantages of different

protection devices are discussed.

6.2.1 Increasing Inertia. Figures 6.5 and 6.6 present the pressure

variations at the pump and midlength of discharge pipe for
WR2 = 400.0 lb.ft? for (a) one-pump operation and (b) two-pump
operation., Figure 6.7 presents the maximum and minimum pressures along
the pipeline for the ;bove two conditions (the pipeline is divided into
ten sections). The down-surge in both cases will produce acceptable
negative pressures at high points in the pipeline. If these negative
pressures are to be gvoided, a further increase in inertia will be
necessary. |

The inertia canm be increased by attaching a flywheel to the

(62)

pump. Flywheels have the disadvantages that: (a) more start-up
power 1is required, (b) losses in the bearings reduce the overall
efficiency, and (c¢) it would be difficult to mount the flywheel on the

pumps already installed.

6.2.2 Surge Tanks. A surge tank may be used to protect the upper part

of the pips, although there are good reasons for avoiding such a

solution. For interest, the computer program was used to locate the

best position for such a tank. The peaks in the pipeline are preferred
in oxder to reduce the tank height. The best position for the tank is

shown in Fig. 6.8 where the envelopes of maximum and minimum pressure
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along the pipeline are plotted. TFigure 6.9 presents the surge tank
oscillations as obtained from the program (based on the ultimate design
conditions). High pressures will occur in the pipeline between the
pumps and the tank. The minimum required height of the tank is 79.0 ft
for two pump operation. f
Such a surge tank issclearly not to be recommended, for reasons

including height, limited protection, and freezing.

6.2.3 One-Way Surge Tanks. Although one-way surge tanks (or discharge

tanks) can be used to protect the pipeline, this solution was not
recommended because (a) excavation, (b) sewage should not be allowed to
become stagnant in the tank, and (c) the check valves could become
clogged. The difficulties associated with discharge tank operation are

discussed elsewhere(70).

However, for interest, the computer program
was run to locate the most}effective position for such a tank. Figure
6.10 shows the‘recommendedjposition for thelgank, and the resulting
maximum and minimum pressures along the pipeline (for one-pump
operation). Figure 6.11 presents pump discharge, head at the tank, and
head at the pump follo;ing pumpugﬁﬁt—down, as obtained from the computer
program. Negative, but gcceptable, pressures appear in the pipeline.
In the pipeline between the pump and the tank, high pressures wii?
obtain. For pump operation with the future impellor (after 20 years),
and the ultimate design condition (two-pump operation), this dischérge
tank cannot protect the pipeline; wvapour pockets will agaln develop in

the pipeline. Two discharge tanks with in-line valves could protect

the p;peline in this case.
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6.2.4 Air Vessel. An alr vessel at the pumps can protect the whole
pipeline. For preliminary design for the air vessel, charts by Evans(sz)
can be used. Th; design of the air vessel is based on ultimate two-pump
operation; since it can serve the same purpose, and more efficiently,

for the initial running conditions. The program was run for different

air chamber capacities. The minimum capacity that could eliminate

harmful water hammer effects was determined as follows:

Diameter of air chamber = 4.0 ft
Height of air chamber = 15.0 ft
Inftial volume of air = 125.0 ft3
Initial volume of water (sewage) = 60.0 ft3

The resulting water hammer maximum and minimum pressures along the
pipeline (with the air vessel installed) are plotted in Fig. 6.12. Three
cases were simulated: (a) initial oﬁe—pump operation, (b) one-pump
operation (new impellor), and (c) ultimate two-pump operation. The
results indicate that negative pressures will be completely eliminated
from the pipeline for the initial one-pump operation. For the future
operating conditions, negative pressure; in the pipeline will be
considerably lower than the water vapour pressure. If these negative
pressures are not to be permitted, then a bigger air chamber will be ;
necessary. In Figs. 6.13 and 6.14, the transient pressures at the air
chamber and midlength of discharge pipe are plotted, based on the
initial operating conditions. A smaller air chamber can be used for
one-pump operation. The tank capacity can be reduced by throttling the

inlet to the air chamber to restrict the flow into the chamber, while

keeping the outflow as free as possible. An orifice for that purpose
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is described by Evans(sz).

6.2.5 Air Vents. Air vents may be used to protect the pipeline by
injecting alr into the low pressure sections. However, this solution
is not recommended as (a) air injected into the pipeline would
(eventually discharge at the top manhole within which a messy situation

would soon develop, and (b) air would also noisily discharge through

the cover or cause a nuisance in the houses connected to that manhole.

6.3 Conclusion

The best protection for this pipeline is an air chamber near
the pump (inside the pump house). The pgsitions of the automatic

switches should be determined carefully with regard to the water level

fluctuations during the transients. It is possible to use a smaller

air chamber for the initial conditions, and to add further air

o

chamber(s) for the future conditions.



7. CONCLUSIONS

A general computer program is developed which can seclve many transient
flow problems. The program can be used by non-programmers with limi-
ted understanding of transient problems. The program is written in
dimensionless form and can be used for any system of unitg, so long as

the units are consistent throughout,.

The explicit method of characteristics proved to be accurate and stable,
although it may require excessive calculations if time increment At

is méde relatively small. To satisfy the condition of stability

(At = %?X, and to decrease the computation time and cost, Ax should

be set as large as possible. Ax is limited by the fact that all cri-

tical points on the pipeline should be represented.

The logical arrangement of the program allows the flexibility to
handle a large number of surge-control devices placed anywhere in the
pipeline. This is of value in choosing the most effective protective

device as demonstrated for the Ancaster forcemain (Chapter 6).

A comparison between the computer results and test observations, graphi-
cal analysiﬁi or the water hammer charts available in the literature
showed that the program is dependable and accurate to an acceptable degree.

M NS
However it has not been possible to examine the computer results for any

complex system, because of the lack of published data.

Plotted results are easily interpreted and provide the designer with
a useful picture of the éhysical behaviour of the system. This insight

would not be so readily galned from an examination of tabular output.
138
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.

6. A numerical study of valve operation at the pump demonstrated that a
two-stage valve closure (at first is rapid and then slow), similar to
that used at the Tracy Pumping Plant, 1s most effective in reducing
upsurges. The use of a check valve with slam closure feature creates
the highest upsurges. Transient pressures in Lhe zone of normal pump
operation are not affected by valve operation. Increasing the inertia
of rotating elements (pu@p, motor, and entrained water) can reduce the
upsurges and downsurges, whether a valve is used at the pump discharge

side or not.

L

7. In some pump-discharge lines, increasing the inertia of rotating
elements can be a satisfactory means of eliminatiné (or at least re-
ducing) harmful water hammer effects. However, pump manufacturers do
not produce pumps having more rotational inertia than is necessary to,
deliver the rated discharge. Large inertia pumps may be cheaper than
the cost of constructing a surge-control device, or may reduce the

’
cost of the device necessary. Tests should be conducted by manufac-

) I
turers to evaluate the exact rotational inprtia of pumps; including
entrained water, as this egtimate is important in evaluating the least

cost method of reducing pressure transients.

v

8. Recommendations: The method developed in this study should be applied to
pipelines of variable diameters and friction, as well as branched pipes

(51) for three

and pipe net-works. The pump data published by Donsky
specific gpeeds are the only published data available in the literature.
It is recommended that tests be conducted for pumps having other specific

speeds, especlally in the zones of energy dissipation and turbine opera-

tion. Consulting engineérs and professional companies should be encouraged

to publish their water hammer test results.



) 140

BIBLIOGRAPHY

References 2-47 were cited by F.M. Wood (see page 1)

1.

10.

11.

12.

13.

Wood, F. M., History of Water-Hammer, C. E. Report No. 65. vil
Eng. Dept., Queen's University, Kingston, April 1970.

Euler, L., "Principia pro motu sanguinis per arterias determinando"
Opera Postuma Tomus Alter XXXIII 1775.

Newton, I., The Principia (Cajori translation).

Euler, L., '"De la Propagation du Son" Memoires de 1'Acad. d. Wiss.
Bexrlin 1759.

Lagrange, J. L., Mecanique Analytique 1788.

Monge, G., "Graphical integration, etc.' Ann. des Ing. sortis des
Ecoles de Gan{l789.

Laplace, .P. S., Celestial Mechanics (4 Volumes) Bowditch translation.

Wertheim, Pogg (Ann. d. Phys. und Chimie) Vol. 77, 1848,

Riemann, B., Partielle Differentialgleichungen, Braunschweig 1869.

Weber, W., "Propagation of waves through water or other incompres-
sible fluids in elastic pipes' Akad. d. Wiss. Leipzig Berichte
1865.

Weber, W., (as above) 1850. Weber, E. and Wellenlehre, . (text book)
Leipzig 1825.

Kundt. Pogg Vol. 153.

Dvorak. Pogg Vol. 154, 1875.



14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

141

Marey, Dr., ''Mouvement des Ondes Liquides pouriservir a la Theorie
du Pouls" Travaux du Laboratoire de M. Marey, 1875.

Resal, H., "Movement of an incompressible fluid in an elastic pipe"
Journal de Math. pures et Appliquees, 1876.

Korteweg, D. J., "Uber due Fortpflanzungsgeschwindigkelt ‘les Schalles
in Elastischen Rohren' Ann. d. Physik u. Chimie 1878.

Michaud, J., "Coups de Belier dans les conduites' Bulletin de la
Soc. Vaudoise des Ing. et des Architectes, Lausanne 1878.

Gromeka, V. I., "Concerning the pro-agation velocity of water—~hammer
waves 1In elastic pipes" Scientific Soc. of Univ. of Kazan, May
1883.

Weston, E. B. Trans. ASCE 1885.

Church, I. P. Journal of the Franklin Inst. 1890.

Church, I. P. Cornell Civil Engineer. 1898.

Carpenter, R. C., "Experiments on Water-hammer'" Trans. ASME 1893-4.

Frizell, J. P., ""Pressures from velocity changes in pipes" Trans.
ASCE 1898,

Joukowski, N., Paper to Polytechnic Soc. Moscow, Spring of 1898.
(English translation by Miss 0. Simin. Proc. AWWA, 1904).

Allievi, L., (a) "General theory of pressure variation in Pipes"
Ann. d. Ing. et Archit. Ital. Dec. 1902.

(b) '"Mouvement de 1'eau dans les Tuyaux de Conduite" Revue de
Mecanique, Jan. March 1904,

(c) "Theorie Generale du Mouvement varie, etc.' Dunod. Paris 1904.
(d) "Notes" Atti d. Cole d. Ing. e. Arch. Milan 1913.

(e) English trinslation by E. E. Halmos ASME 1925.



26.

27.

28,

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

142

Warren, M. M., "Penﬁfzz;-and Surge Tank Problems' Trans. ASCE 1915.

Constantinescu, G., Ann. des Mines de Roumaine, Dec. 1919 - Jan. 1920.

(abstract in Le Genie Civil Vol. 76, No. 15).

Gibson, N. RL "Pressures in Penstocks caused by gradual closing of
turbine gates'" Trans. ASCE 1920.

Strowger and Kerr. "'Speed Changes of Hydraulic Turbines for sudden
changes of load" ASME June 1926.

LBwy, R., '"Druckschwankungen in Druckrohrleitungen" Springer 1928.

Schnyder, 0., '"DruckstYsse in Pumpensteigleitungen" Schweizerische
Bauzeitung. Nov., Dec. 1929.

Bergeron, Louis, "Variations de regime dans les conduites d'eau"
Comptes Rendus des Travaux de la Soc. Hydrotech. de France 1931.

Schnyder, 0., "Uber druckst8sse in Rohrleitungen" Wasserkraft u.
ﬁ;sserwirtschaft. Heft 5, 1932.

"Symposium o; Water-Hammer' ASME and ASCE. Chicago, June 1933 (also
a Supplement to the Symposium).

Angus, R. W., "Simple Graphical Solutions for Pressure Rise in Pipe
and Pump Discharge Lines" Journal EIC Feb. 193S5.

Allievi, L., Air Chambers for Discharge Pipes.

Angué, R. W., Air Chambers and Valves in relation to water-hammer.

De Juhasz. Hydraulic Phencmena in Fuel-injection Systems for 5iesel'
Engines.

Knapp, F. Operation of emergency shut-off valves in pipe lines.

Knapp, R. T. Complete Characte;istic§ of Centrifugal Pumps and their

|

use in the prediction of transient behavior,



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

143

Schnyder, 0., Comparison between calculated and test results on
water-hammer in Pumping Plants.

Strowger, Relation of Relief valves and Turbine characteristics in
the determination of water-hammer.

Wood, F. M., "'The paplication of Heaviside's operational calculus to
the solution of problems in Water-Hammer'.

Angus, R. W., "Water-Hammer Pressures in Compound and Branches
Pipes' Proc. ASCE 1938.

Lupton, H. R., "Graphical Analysis of Pressure Surges in Pumping

Systems' Journal Inst. of Water Engrs. 1953.

Richards, R. T., "Water Colummn Separation in Pump Discharge Lines"
Trans. ASME 1956.

Kittredge, C. P., "Hydraulic Transients in Centrifugal Pump Systems"
Trans. ASME 1956.

Parmakian, John, '"Pressure Surges at Large Pump Installations"
Trans. ASME, Vol. 75, August 1953, pp. 995-1006.

Parmakian, John. Waterhammer Analysis. Prentice-Hall, Inc., New
York, 1955. J

Parmakian, John, ''One-Way Surge Tanks for Pumpgng Plants', Transac-
tions of the ASME, October 1958, pp. 1563-1572.

Donsky, Benjamin, '"Complete Pump Characteristics and the Effect of

Specific Speeds on Hydraulic Transients", Journal of Basic /

Engineering, Transactions of the ASME, December 1961, pp. 685-699.
Evans, W. E., and Crawford, C. C., ''Design Charts For Air Chambers
, on Pump Lines", Proc. Separate No. 273, ASCE, Paper No. 2710,

Sept. 1953.



53.

54.

55.

56.

57.

58.

59.

60.

144

Streeter, V. L., and Chintu Lai, "Waterhammer Analysis Including
Fluid Friction', Journal of the Hydraulics Division, Proc.,
ASCE, Vol. 88, HY3, May 1962, pp. 79-112.

Streeter, V. L., '"Valve Stroking to Control Water Hammer', Journal
of the ﬁydraulic Division, ASCE, Vol. 89, HYZ2, pp. 39-66, March
1963.

Streeter, V. L., "Waterhammer Analysis of Pipelines", Journal of the
Hydraulics Division, Proc., ASCE, Vol. 90, No. HY4, July 1964,
pp. 151-172.

Kinno, H., and Kennedy, J. F., "Waterhammer Charts for Centrifugal
Pump Systems", Journal of the Hydraulic Division, Proc., ASCE,
Vol. 91, HY3, May 1965, pp. 247-270.

Stephenson, D., "Discharge Tanks for Suppressing Water Hammer in
Pumping Lines", Proceedings of the lst International Conference
on Pressure Surges, Canterbury, England, Paper F3, BHRA Fluid
Engineering, 1972.

Martin, C. S., '"Method of Characteristics Applied to Calculations of
Surge Tank Oscillations', Proceedings of the lst International
Conference on Pressure Surges, Canterbury, England, Paper El,
BHRA Fluid Engineering, 1972.

Streeter, V. L., "Unsteady Flow Calculations by Numerical Methods",
Journal of Basic Engineering, Trans., ASME, June 1972, pp. 457-
466. /

Sheer, T. J., "Water Hammer Studies for a Pumping Line Protected by

One-Way Surge Tank",



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

145

Streeter, V. L. Fluid Mechanics, McGraw-Hill Book Company, New York,
1971,

Pickford, John. Analysis of Surge, Macmillan and Co. Ltd., 1969.

Thomas, G. 0., "Determination of Pump Characteristics for a Compu-
terized Transient Analysis', Proceedings of the lst International
Conference on Pressure Surges, Canterbury, England, Paper A3,
BHRA Fluid Engineering, 1972.

Donsky, B., Discussion of Reference No. 63.

Stephenson, D., '"Water Hammer Protection of Pumping Lines', Trans.

S.A.1.C.E., December 1972. ¥

&

Parmakian, John, '"Pressure Surge Control at Tracy Pumping Plant", i
i

Proc. Sep. No. 361, ASCE, Vol. 79, December 1953. &

%

Livingston, A. C., and Wilson, J. N., "Effects of Valve Operation”, %
Symposium on ''Surges in Pipelines', Proc., The Institution of ;

T

Mechanical Engineers, Vol. 180, Part 3E, Paper 3, 1965-66, ?
Westminster, London. ,?
Angus, R. W., Discussion of Reference No. 48. 3
Streeter, V. L., and Wylie, E. B., Hydraulic Transients, McGraw-Hill, ?
&

1967. o
Donsky, B., Discussion of Reference No. 50. ﬁ
\ i

E:

-

e

P

3

7 A B
e B,

(A



CL

CR

M4

146

NOTATION

The following symbols are used in this thesis:
cross sectional area of pipe;

cross sectional area of surge tank riser;

Cross secgional area of surge tank;

cross sectional area of air vessel;

celerity of pressure wave;

pipe wall thickness;

a subscript which denotes values calculated after time increment
At ’

pipe rigidity, or a factor of pipe restriction;
diameter of pipe;

diameter of surge tank;

diameter of surge tank riser;

diameter of air vessel;

modulus of elasticity of pipe wall material;
darcy-weisbach friction factor;

acceleration due to gravity;

dimensionless piezometric head;

‘calculated dimensionless head at the left hand slde of an in-line

device, after time increment At; *

calculated dimensionless head at the right hand side of an in-line
device, after time increment At;

the Joukowski head (avo/g);

steady state dimensionless head loss across the downstream valve;
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steady state dimensionless head loss across the upstream valve;
dimensionless head loss acrosinge pump discharge valve;

dimensionless water surface elévation in the downstream reservoir,
measured from an arbitrary datum;’

dimensionless water surface elevation in the upstream reservoir,
measured from datum;

total dynamic head of the pump divided by the rated head;
dimensionless steady state head loss across an in-line valve;

dimensionless steady state head loss across the pump discharge
valve;

plezometric head;

water surface elevation in the downstream reservoir measured from
the pipe centerline;

parometric head;

calculated head at the left hand side of an in-line device, at the
end of time increment At

calculated head at the right hand side of an in-line device, at the
end of time increment At;

frictiop head; )
steady state head loss across the downstream valve;
steady state head loss across the upstream valve;
head loss across the pump discharge valve;

rated pump head:

water surface elevation in the downstream reservoir, measured
from datum;

water surface elevation in the upstream reservoir, measured
from datum;

water surface elevation in the upstream reservoir, measured from
the pipe centerline;

A}

system static head;
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h* = absolute head in the air chamber;
Ah = steady state head loss across in-line valve;
Ahv = steady state head loss across the pump discharge valve;

I = polar moment of inertia; . .

K = bulk modulus of elasticity of liquid; ,

L = length of pipe;

N = pump speed, number of reaches;

N_ = rated pump speed;

N. = pump specific speed;

n = number of pumps;

n' = polytropic exponent;

Q = dimensionless discharge (= q/qo);

QT = dimensionless discharge into discharge tank (= qT/qo);

Q' = pump discharge divided by rated discharge;

q = discharge;
q_ = steady state discharge;
= rated discharge;
q__ = steady state discharge divided by the rated pump discharge;
= discharge into surée tank;

S = maximum surge at surge tank, measured from the operating level;
T = pump torque, dimensionless time;
T, = rated torque; '
AT = dimensionless time increment;
t = time;

tdh = total dynamic head;

At = time increment;
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volume of air in the ;ir chamber;
velocity;q

steady state velocity;

rotational inertia;

dimensionless length along the pipe;
dimensionless length increment;
length along the pipe;

length increment;

dimensionless pump elevation;

elevation of the pipe at its connection to the surge tank,
measured from datum;

elevation of the pipe at the downstream end;
pump elevation measured from datum;
elevation of the pipe at the upstream end;
height of air vessel;

initial height of water Iin air vessel;

pump speed divided by the rated speed,

pump torque divided by the rated torque;
pump efficiency at rated conditions;
specific welght of fluid;

poisson's ratio for the pipe wall material;
pipeline constant;

a known function of time; and

angular velocity of pump.
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