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Abstract

The problem of pressure waves in liquid filled pipes is still receiving
attention especially in the design of pipelines and the fuel injection
system of desel engines. The present study deals with an analytical

model including the governing equations, the method of characteristics,
and the finite difference solution to simulate a piping system under
unsteady flow conditions. The model results, by computer programming,
are presented for several factors affecting pressure wave propagation
in a pipeline. The study shows that the pressure wave amplitude is
affected by increasing the reservoir head or decreasing the pipeline
diameter. The time of wave travel 1is directly proportional to the
length ' of pipeline, but the change in friction factor has no
appreciable effect on fhe wave peak pressures. The accustic wave speed
depends mainly upon the diameter to thic kness ratio and the physical
properties of both pipe wall material and the flowing liquid.
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Nomenclature

a = acoustic wavespeed

A = cross-sectional area

B = constant, Eq. (6)

C = coefficient of discharge

D = pipe diameter

‘e = pipe wall thic kness

E = Young's modulus of elasticity of pipe material
f = friction factor

g = gravitational acceleration

H = piezometric head

K = bul k modulus of elasticity of liquid
L = pipe length

N = number of computational reaches
Q = discharge

R = P arameter, Eq. (7)

t = time

Uy, U = parameters, Egs. (8) and (9)

X = distance along the pipe

p = density

v = Poisson's ratio of pipe material
Subscripts

d discharge

i node in x-direction
steady state condition

R reservoir end

v valve end
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'he study of wunsteady flow in a pipeline’ is an important design
frameter to avoid maximum pressures and propable separation in fluid
The wunsteady flow occurs when the gperating conditions changes
such as valve closure, starting or stobping of a pump, or changing the
‘ in a reserveir . Most of the injection system problems in diesel
are related to wave phenomena in the high pressure line

between pump and injector.

Streeter and Wylie [1] studied the fundamental equations governing
unsteady flow in a pipeline and showed how to use the method of
 characteristics to solve the partial differential equations. The sonic
velocity of a pressure wave is reduced in the case of flow inside an
elastic pipe than the flow inside a rigid pipe. Parmakian [2].
Stuc kenbruc k, Wiggert and Otwell [4] investigated the factors affecting
acoustic wave propagation such as the physical properties of pipe
 material and the methods of supporting the pipeline. Streeter [3],
 Chaudhry and Hussaini [5] studied the numerical methods used to treat
the unsteady flow governing equations and the use of digital computers

instead of the conventional graphical methods.

The present study deals with constructing an analytical model
representing pressure wave propagation in liquid pipelines. The method
of characteristics is wused to transform the partial differential
equations into particular total differential equations. Then the finite
difference technique is applied to solve the characteristics equations
numerically by the digital computer. The study includes the main
factors affecting pressure wave propagation such as reservoir head,

pipeline length, diameter, pipe wall thic kness, the change in friction
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factor, and the physical properties of both the flowing liquid and the

pipe material.

MODEL ANALYSIS
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Fig.1 Schematic Diagram of the Fiping System .

The change from steady state flow in the piping system shown in Fig. 1
occurs from the change in the valve boundary condition. The governing
equations describing waterhammer in <closed conduits, which are the

momentum equation of motion and the continuity equation, are given as

follows, [1, 31]:

9 Q 0H f

e ghretens (e-sarefele 0 (1)
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It is known that the magnitude of the acoustic wavespeed in a pipe flow
is influenced by properties of both the fluid and the pipe material.

Then, the sonic wavespeed can be written as follows, [3,4]:
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L
= {(K/ p)/[1+(D/e)(K/E) 41 }F (3)
e ¢ is a factor depends on the way the pipe is supported and the

son's ratio for pipe wall material [2], [3], and [4].

[’
acteristics Equations
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Fig. 2 Rectangular Grid for Solution

of Characteristics Equations .

e method of characteristics is wused to transform the partial
~differential equations into particular ordinary differential equations

which can be solved by using first-order finite difference technique,
r [5’6].
for the (S) line, where (adt = + dx):

Hy = Hy ; - B(Q;-Q; ;)-RQ, , IQi-l | (4)

for the (S7) line, where (adt = - dx):
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Hy = Hyjy + BQu=Q, 50480, 4 [Qy ] ()
where,

B = (a/gA), and (6)

R = (£.A x)/(2gDa%) %))

By collecting the Iknown terms of Eqs. (4) and (5) into two constants
(U, and U ) as follows:
b m

[on]
]

p=H 1 +Q _; ®B-R[Q ;) (8)

m =B QL B-RIQ ) (9)

Now solving Eqs. (4) and (5) using the constants (Ub and Um) we
get:

>
I

3 (Ub ¥ Um) (10)

o
I

(l/B)(Ub - Hi) (11)

All enterior sections of the rectangular grid of solution may be

calculated in this manner.

Boundary Conditions

(1) Steady State Conditions

The steady state head and discharge at valve end are denoted as (Ho

and Qo) respectively, then we have
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v/r fL 1
Q = HR/( ...... 9 + eccccccca- 2-) (12)

2
H = (Qo/chV) /2g (13)

(2) Upstream Boundary Conditions

At the wupstream end, the head is equal to the reservoir head (H1 =
HR), then the discharge can be calculated using the (S~ ) line given

by Eq. (5) as follows:
Q =Q, + (1/B)(H -H,) - (R/B).Qzl Qzl (14)

(3) Downstream Boundary Conditions

The valve discharge at point (N+1) is given by:

Que1 = Cq A, YV 28 H (15)

refering to the (S*) line appling Eqs. (4) and (8) we get:

HN+1 = Uy - BQN+l (16)

solving Eqs. (15) and (16) we get

2 2.2 2
QN+1=-gB(CdAV) +v/[gB(chv) ] +(chv) 2guy 7
where U as defined by Eq. (8) is given at point (N) as follows:

Uy = He + Qu(B - R IQNI) (18)
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RESULTS AND DISCUSSION

Fig. 3 shows a computer plotting of pressure wave head at different
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Fig. 3 Complete Waves at Pgints X/L = (0.0,
0.5, 1.0) ‘
For: L=2000.0 m., D=2.032 m., HR=10C0.0 m.

positions of the pipeline. It is clear that the head at the tank end
(x/L = 0.0) 1is constant, but the duration of peak pressures is
remar kable at the valve end (x/L = 1.0). It is also noticed that the
peak pressure decreases with time (damping effect). Fig. 4 shows the
variation of discharge with time at different pipeline sections. It is
clear that the oscillations of discharge are large near the tank (x/L =
0.0) and are small at the valve end (x/L = 1.0). Detailed tables of

results and computer programming are given by Adel A.A. Ramadan [6].
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Fig. 4. Dicharge Against Time at Points X/L=(.0.,0.5,1.0)

For:- L=2000.0 m., D=2.032 m., HR=1000.0 mn,

In order to show the effect of pipe diameter on the peak pressure, a
complete pressure wave 1is ploted in Fig. 5. A curve connecting peak
pressures at points (1,5,9) is drawn to show the wave damping with
time. Several cases of changing pipe diameter with the same length and
reservoir head are shown in Fig. 6. It is clear that the reduction in

pipe diameter from 1.727 m to 1.168 m results in rapid increase in peak

pressures.

A case study was examined to show the effect of chahging the friction
factor on the wave pressure. Several cases of pipes of the same
dimensions but different surface roughness resulting in different
values of friction factor ranging from 0.016 to 0.029 were examined. It
was found that the change in friction factor has no appreciable effect
on the wave peak pressures. The effect of pipe length is shown in Fig.7
It is shown that the complete wave period is directly proportional to

the pipe 1length. Thus, decreasing the length of the pipe leads to a

decrease in the time of wave travel.
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Fig. 8 Values of Wave Speed for Different Pipe Materials.

Fig. 8 shows the variation of wave speed with pipeline (diameter/
thic kness) ratio and pipe wall material. It is shown that the sonic
wave

speed decreases as the ratio (D/e) increases. The pipe materials
of high values of Young's modulus of elasticity (E) such as steel have
much higher values of sonic wave speed than materials of low values of

modulus of elasticity such as polyethylene.

Alexandria Engineering Journal April 1989



Study On Pressure Waves In Liquid Pipelines Exposed To High Pressure 91

CONCLUSIONS

1.

The problem of wave propagation in a pipeline can be treated by
using the method of characteristics with suitable boundary
conditions to perform computer programming.

A complete pressure wave, consisting of compression and expansion
intervals, takes place every (4L/a)seconds.

The duration of peak pressures is remarkable near the valve end
(x/L = 1.0).

The main factors affecting wave propagation are the reservoir head,
pipeline length, diameter, sonic wave speed, and the change in
friction factor. The <change in the reservoir head affects the
pressure wave amplitude while the wave duration is not affected.
The time of wave travel is directly proportional to the length of
pipeline. A reduction in pipe diameter results in rapid increase in
peak pressures. The change in friction factor has no appreciable
effect on the wave peak pressures.

The acoustic wave speed depends mainly upon the diameter to
thic kness ratio, and the physical properties of the pipe wall

material for the same flowing liquid.
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