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PUMP OPERATING EFFECTS ON THE TRANSIENT FLUID FLOW
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Abstract

A water hammer phenomenon due to sudden closure of a valve, with centrifugal pump at upstream, was
studied both experimentally and numerically. Taking into consideration the fluid-structure interaction, it
produced a four equations model (fluid continuity, fluid momentum, and pipe wall momenturn and stress-
strain equations). The four equations model was apalytically solved using the method of characteristics to
clarify, the centrifugal pump effect on the hammering waves. A FORTRAN program was devetoped to solve
the model. The theoretical and experimental results indicated the pressure-time history at different positions
atong the pipe for different valve clesing times. Also, predictions for stress-time history, fluid velocity-time
history and structure velocity-time history were obtained at different positions along the pipe at different
valve closing times. The obtained predictions are useful in pipeline design.

Keywords: Water Hammer, Fluid Transient, Pump Operating, Method of Characteristic, Fluid-Structure
Interaction

I-INTRODUCTION of friction Josses are estimated by

applying a coefficient of pressure drop.
Attributions of frictional losses are found
in the valve and pipe, as consequence of
fluid contractions and shear stress. Four
equations model 18 two-dimension
hyperbolic partial differential equation
and describes the dynamic behavior of

Water hammer is the dynamic slam,
bang, or shudder that occurs in pipes
when a sudden change in fluid velocity
creates a significant change in fluid
pressure, that can destroy hydraulic
devices and pipes. There are two models

of equations used for analyzing water
hammer problem with developing a
numerical solution for solving these
models. The first type is two equations
model, and the second type is four
equations model. Two equations model is
a one-dimensional equation, and deals
with parameters varied during transient
gccurred in fluid only and investigation

structure and fluid. The common aspect
in these phenomena is the energy
exchange between the fluid, and the
structure; such exchange allows the
writing of the continuity conditions
necessary to drive the equations for the
interactive system. This study indicates
the effect of the centrifugal pump located
at upstream end of the pipe line on the
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hammering waves. Thorley (1969)
developed the equations of motion for a
cylindrical tube containing a fluid by
considering the forces and moments
effects on the tube wall. Walker and
Phillips (1977) investigated a system of
four linear, first-order, hyperbolic partial
differential equations whose eigen-values
give the wave velocities in the fluid and
pipe wall. Stuckenbruck et al. (1985)
calculated the magnitude of the acoustic
wave speed influenced by properties of
the fluid and the pipe materials based on
a quasi-static control volume. Wiggert et
al, (1985) studied the effect of elbow
restraint on pressure transients, They
showed that transient pressure in piped
liquid is a function of structural restraint
at elbows. The influence of structural
damping on internal pressure during a
transient pipe flow was studied by Budny
et al (1991). They wused the four
equations model of axial wave
propagation with Poisson coupling,
which includes viscous damping, to
account for structural energy dissipation.
Sato et al. (1991) stated that Zielke's
technique of using the method of
characteristics to simulate transient
phenomena of a liquid pipeline is
accurate and widely used. The
interactions  between  axial  wave
propagation and transient cavitations in a
closed pipe were studied by Fan and
Tijsseling (1992). [Elansary and
Contractor (1994) studied how to reduce
the undesirable dynamic pressure
oscillation that occur in a simple pipeline
due to valve closure and prevent the
-occurrence of column separation. Kerh et
al. (1997) studied the transient fluid-
structure interaction in a control valve,
using numerical investigation on the
interaction of a viscous incompressible
fluid with a control valve by finite
element method and new-mark approach.
Hawam (2000) studied and analyzed
numerically  the  water  hammer
phenomena, taken into consideration both
pipe wall axial motion as well as outside

fricion damping. Bergant and
Tijsseling (2001) predicted the possible
sources that may affect the wave form by
using the classical water hamumer theory
including unsteady friction, cavitation,
and a pumber of fluid-structure
interaction  effects. Redaelli (2002)
introduced the equations that describe the
dynamic behavior of a structure and a
fluid and describe a formulation suitable
for modeling the flow in domains with
moving boundaries. Tijsseling (2003)
investigated theoretically a method of
exact calculation in terms of simple
recursion. The method is valid for
transient events only, because the
calculation time grows exponentially with
the duration of the event. Kratz et al.
(2003) derived two methods which are
used in fluid-structure analysis; (i)
uncoupled method, where a fluid-
dynamic analysis is carried out with the
assumption of a fixed structure; next with
resultant time dependent pressure and
reaction forces the structural analysis is
made, This method neglected the effect
of fluid-structure interaction. (i) coupling
method that coupled of both parts,
simultaneously calculated the fluid and
structure response under consideration of
fluid-structure interaction. They
recommended that fluid-structure
interaction should be taken into account.
Static and dynamic analyses of a piping
system at NASA were done by Nieves
(2004); he determined the natural
frequencies, static stress and the
limitations of the pipeline system. Also
he developed simple chart characterizing
the relation between stress and location
along the length of the pipe line for all
segments. Tijsscling (2007) studied a
one-dimensional mathematical model
which described the acoustic behavior of
thick-walled liquid-filled pipes. The
model uses was based on conventional
water-hammer and beam theories, taking
into account fluid-structure interaction.
He stated that the resulting fluid-
structure jnteraction four-equation model
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has small correction terms and factors
accounting for the wall thickness. Also
Exact solutions of this model showed that
these corrections were important only for
very thick pipes, with, say, a
radius/thickness ratio smaller than 2.
Tijsseling (2009) found exact solutions to
the problem of two coupled axially-
vibrating liquid-filled pipes. Fluid-
structure interaction at pipe ends and
junction, and along the pipe because of
axial-radial Poisson contraction, is taken
into account. The solutions obtained for a
water  hammer  problem  showed
unprecedented details that resemble
noise. Ismaier ‘and Schlicker (2009)
investigated experimentally the dynamic
interaction between water hammer and
pressure pulsations. Different
measurements at this testing facility
showed that pulsating centrifugal pumps
can damp pressure surges generated by
fast valve closing. They also showed that
1-dimensional fluid codes can be used to
calculate this phenomenon. Furthermore
they presented that pressure surges pass
centrifugal pumps almost unhindered,
because they are hydraulic open.
Djebedjian. et.al. (2009) linked between
water hammer in the distribution systems
and optimization in designing and
planming  networks, taking into
consideration water hammer event. The
main objective of this study is to
investigate numerically and
experimentally the effect of the pump on
the hammering wave generated in a
pipeline due to sudden valve closure. The
effect includes the maximum and
minimum pressures, maximum stress,
maximum  structural  wvelocity, and
maximum flow velocity and damping
time for each wave, according 1o different
valve closing times. The mathematical
mode! for hammering wave was driven
using the method of characteristics. The
mathematical model is four equations
model. A comparison between theoretical
study and the experiments is presented.

-EXPERIMENTAL SET-UP
2-1 Experimental Test-Rig:

.....

1- Centrifugal purop 2- Support 3- Check valve 4- Ball
valve 5- Sensor & Dwmtalogger 7- Compuier 8- Joint

Figure 1 Experimeptal test-rig

Figure 1 show a schematic diagram of the
test-rig which was used to observe the
dynamic behavior of pressure resulting
from a sudden valve closure during pump
operatton. The test-rig is basically
consists of five main parts;

2-1-1 Water Supply

It consists of a centrifugal pump with
characteristic curve

P = -5410% + 4.18] where P is the
pressure (bar), and Q is the discharge,
(m/s).

2-1-2 Test Section

The test section is a straight pipe
manufactured from white cast iron, with
14.35m length, 25.4mm inner diameter
and 34mm outer diameter. The pipe
material has the following properties:
pipe density of 7250 kg/n’, tensile stress
of 290 GN/m*, Poisson ratio of 0.23, and
modulus of elasticity of 120 GN/m*. The
pipe is placed in a horizontal plane and
mounted to the ground to prevent the
axial motion with clamps of pitch 2.7m

2-1-3 Hammering Generation Device

The water hammer was produced by a
rapid valve closure; the valve is suddenly
closed by means of a spring attached to
the handle of the valve. Closing time can
be changed by shortening or extending
the spring which is attached to the valve.

2-1-4 Measuring Devices

The dynamic pressure is sensed by the
pressure transducer and the sigpal is to be
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sent to the data logger which is the media
between sensors and computer where the
measured values are restored in a data
file. The pressure is sensed by the
pressure transducers located at three
sections; at the pump outlet, x,;=0.0027,
just before the valve, x,;=0.998 and at
x2=0.56 where (x, is dimensionless
distance and defined as (distance/ pipe
length), L = 14.35).

Pressure transducer

The used pressure transducer has a
pressure range of 0:8 bar, power source
input of 12 Volt DC and transducer output is
in Ampere according to pressure value which
is converted to variation in volt. The
uncertainty of the pressure transducer as
estimated by the manufacturer is + 3
percent of maximum pressure range. The
pressure transducer was calibrated using
the circuit shown in Fig. (2) and the
following equation was obtained;

P=(V-11.61607143)/0.4732142857 (1)

where V' is in volt and £ is the pressure in
bar.

1- Borden tube pressure gaupe (0:25 bar)  2- Pressure transducer
3- Avometer  4- Resistance 1000£1 5- 12 Volt battery

Figure 2 Pressure transducer calibration
circuit

Pressure gauge
The pressure gauge used is a Bourdon
tube gauge has a range 0:25 bar and its
accuracy is + 2 % of full scale. The gauge
have indicator to indicate the maximum
pressure values.

2-1-5 Recording Devices

The data  logger  with  type
(VELLEMAN_Kit, (K8047)) is used as
media between pressure transducer and

computer. The data logger has four
coupled input channels, with a maximum
input Volt equal to 30 Volt DC, the least
count is 10 m} and 100 samples per
second. The major source of the
experimental uncertainty is the data
logger, which takes 100 samples per
second, where as theoretically the
pressure varies 1000 times during one
second

2-2 Experimental Procedure

The experimental procedure is as follows;
» Agsure that the test-rig is rigidly
clamped horizontally to the ground.
o Open the ball valve to fully
opened position, then the pump is
started to pump water through the
pipe until all air is removed
completely from the pipe and
steady-state flow is attained.

e Check the pipeline and zll joints
against any water leakage.

» Switch on computer and assure
that data logger is powered.

o Check data logger by reference
values as 1.5 Volt battery.

e Check all electrical lines and
joints against cut-off and open
circuit.

¢ The valve is suddenly closed
under the effect of the spring, and
the closing time is measured by
oscilloscope (BK  PRECISION
(2190B), dual time  base,
SmVidivision sensitivity, sweeps
Sns/division, 30 F maximum and
100MHz sample).

e The pressure is measured at
three positions, just at pump exit,
just before the valve and at the
middle of the pipe.

e Open the valve completely
again and wait until steady-state
condition is attained.

e Change the spring stiffness
many times to change the closing
time and repeat the previous steps.
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Al the data are recorded as voltage
values, and after that they transformed to
pressure values using Eq. (1).

3- MATHEMATICAL FORMULATION

The four-equation model is considered in this

study. Assuming that:

e The fluid remains in liquid phase
at all the time, no cavitation
occurs.

o Velocity of fluid in the direction
of the axis of the pipe is uniform
over any cross-section of pipe
(one-dimensional flow).

o The pressure is uniform over a
transverse cross-section of the
pipe and is equal to the pressure at
the center line of the pipe.

o Pipe material remains in elastic
Zone.

» Fluid shear is expressed in terms
of constant friction coefficient
(unsteady  shear stress are
neglected).

o For all relations, the radial strain
of the tube wall is negligible
compared to radius of curvature
of the middle surface.

e All points on radial plane before
deformation occurs remain plane
after deformation.

¢ The bulk modulus for the liquid is
constant.

inviscid slightly compressible liquid and
fluid velocity is much smaller than the
speed of sound in the pipe, hence the
fluid motion is governed by a three
equations system given by Walker and
Phitlips (1977) in the form:

188 8% V8 2)
K ot ar F dx

GFr av
— il PR | | (3)
8x 2y 8t
ap av, 4
g =0 )
ar Py 81!

In addition, the pipe motion is governed
by the equations for small deformation,
elastic; stress problem. Budny et al.
(1991) give that;

90« _, %x_, )
ox F Bt
Doty DOk | .o -0 (6)

[ eg
o 2 T%%

30, E 13U, vU,|_ o €)]
ot h-,I§ ax 2D
on - E \[2{1,”30",r -0 (8)
¢ ll_vzjt D a:l'

Budny et al. (1991) used the four
equations model considering the axial
pipe motion and implementing distributed
damping outside the pipe wall as well as
inside shear stress. The four equations are
rewriften here in slightly modified form
in terms of fluid variables: the pressure P
and the fluid flow velocity ¥, as well as
pipe variables: the axial pipe stress ¢ and
the pipe axial displacement velocity U, as
follows:

Fluid continuity
2_2,,1(‘6_("_.,.,{‘_&&:0 ®
é dx ax

W D (10)
PP PR 70

;
Pipe momentum
do au D U
o Len= ¢, L =g QD
PR T
Stress-strain
99 _8U _vDér _ (12)

ot dx  2e Ot
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The modified bulk modulus K of
elasticity is taken into consideration in
the fluid-pipe interactions.

The four partial differential equations
(fluid continuity, fluid momentum, pipe
momentur, and stress-strain equations)
are transformed into ordinary differential
equations by the method of
characteristics. First the relation for total
time derivative of any quantity (which
may be P, V, ¢, and U) for an observer
traveling along the pipe at wave speed 4
is taken as:

6{8) ) 3(8) - a(f) (13)
at dx dt

Then Equations (9) to (12) are
transformed  into  four  ordinary
differential equations.

The relation for the eigen-values (wave
speeds) is:

A,?zl(az +d +2/fa” d J
VAN A rb

+1 a* +a +2v2a29: 2—-4aza2
2 / f b Sr

(14

where
- ra p
a';:K 3 G’i_-——ﬁ—— ? b='—_£—7 d=':§_)—'
P, p Py ¢
and

i=1, or 2 A represents the positive or
negative axial pipe wave speed

i=3, or 4 ) represents the positive or
negative liquid wave speed.

As noted by Stuckenbruck et al. (1985), if
the second order Poisson term is dropped
from the above equation, the classical
fluid wave speed prediction for a pipe
anchored throughout against axial motion
is obtained. The four compatibility
equations, for i = 1, 2, 3, and 4 have the
formy;

B

My, do  WR U

e ld-5)* (#-4)

G

dV 2i (wm 0|, w0 |
1{&2 )tpf’fp oA, | PA,

(15
Each compatibility equation is integrated
along its appropriate characteristic line,
and algebraic equations are produced
which are solved on a time-space grid.
The algebraic equations are solved for the
dependent variables (P, ¥, ¢ and U) by
using the method of characteristics.

3-1 Boundary Conditions

At either end of a single pipe, only one of
the compatibility equations is available in
four variables. For each of the upstream
and downstream ends, there are three
points which are taken as boundary
poits.

3-1-1 Upstream Boundary Conditions
1- Boundary condition at point (N=1)

t o

B
=

LLWH&
g-o[ oy T
8]

i+3

Figure (3-a) x-t grid for solving single-pipe

problem at point (N=1I)
At N=1 the centrifugal pump with known
head-discharge curve is described by
Equation (16). The pump is supplying
flow from a constant pressure suction
source which equals to the atmospheric
pressure.

P(lu'.) = P_,. + pg,fIV(]Ij)(al + azAV(I,}-))
P(”.}J: P(,.,J,=0 (16)

9 = O ey =0
Ut p= Uga, p =0
Vorp=Vis p=0
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By substituting the previous values of
Equation (16) in Equation (15) to obtain
the values of ¥, U, and ¢ at point (N=1)
at any time ( and taking into
consideration that P 7] J)=P g in the
previous equations.

2- Boundary condition at point (N=2)
] j}

4

4

.3

Vgt T T ¥
e = | ] »

.

= [ ] il 13

Figure (3-b) x-f grid for solving single-pipe
problem at point (NV=2)

At point N=2, to obtain the values of P,
¥, U, and o at point N=2, and at time ¢ the
following  equations are  solved
simultancously by using the Newton-
Raphson method and taking into
consideration the following values:

Poay =Pas: (1) =Py,
Vs p = Van (1) = [2*V (1) +V (1)]/3

amn

U g = Usan (1) = [2*Us (1) +Us (173
9 pap = Oats (1) = [2%0, (1) +o (1))/3

By substituting the previous values in
Equation (17) in Equation (15) to obtain
the values of P, ¥, U, and ¢ at point
(N=2) at any time ¢.

3- Boundary condition at point {¥=3)
' Jr

23

~ b

J uwerTy, /T\n.\“" N

L : o
I ] i ol "}

Figure (3-¢) x-¢ grid for solving single-pipe
problem at point (V=3)

At point ¥=3, to obtain the values of P,
V, U, and & at point N=3, and at time ¢ the
following  equations are  solved

simultaneously by using the Newton-
Raphson method, and the values:

Prsy=Pall) = Pa

Vies.y=Va (1) = [V (D) + 2%V (1)]/3

Uy = Uss (1) = [Us () +2°Us ()3 (13)
0 g = as (1) = [o, (1) + 2% (1}]/3

By substituting the previous values in
Equation (18) in Equation (15) to obtain
the values of P, V, U, and ¢ at point
(N=3) at any time ¢.

3-1-2 Downstream boundary conditions

At the downstream end (x=L), a valve is
discharging fluid into the atmosphere.
Hence, the pressure drop across the valve
1s equal to the gauge pressure just before
the valve. The coefficient of pressure
drop for a wide open valve A, is defined
as:

For x=L <90

2

4

The valve is closed during the time .
During valve closure, the valve hydraulic
resistance increases with time until
reaching infinity when it is fully closed.
By assuming that the valve is closed in no
time, the source of non-linearity is
elirninated and helps understanding many
aspects  of  fluid-pipe  coupling
mechanism, which is the main objective
of this study. This simplification yields
the upper bounds for maximum pressure
and stress which are important for pipe
design, compared to cases where {. > 0.
As valve closure optimization 1s an
important subject, hence, the
hydrodynamic boundary condition for
positive time is simplified to:

For: x=L , 20

V=0 (20)
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1- Boundary condition at point (N)

t

P
_-7!6!
J‘vl.ﬂlo
—

x 1

{ i

Figure (4-a) xf grid for solving single-pipe

problem at point (Ny)
At point N, to obtata the values of P, U,
o at any point Ng, and at time ¢ the
following  equations are  solved
simultaneously by using the Newton-
Raphson method and solving Equation
(15) after substituting the following
values,

Poety=Pusy=0
Virs p= Vaes p =0

2n
s, p= Ugesp =0

Tael, = T aed p =0

2- Boundary condition at point (V1)

4

Figure (4-b) x- grid for solving single-pipe
problem at point (Ny-1)

At point N;-1, to obtain the values of P,
V., U, and ¢ at any point Ng-/, and time ¢
the following equations are solved
simultaneously by using the Newton-
Raphson method and solving Equation
(15) after substituting the following
values:

Pousy=Pas(N) = [2°P, (N) + P (NJ}/3

Viesry = Vaus (N) = 2V, (N + V(NJJ3 (22)
Uneny = Uit (N) = [2*Up, (N} + U (NJJ/3

7 rs.9= aan (N = [2%. (N + o (N3

4 .

= L) L]

Figure (4-c) x-f grid for solving single-pipe
problemat point (¥-2)

At point N;-2, to obtain the values of P,
Y, U, and o at any point Ni-2, and time ¢
the following equations are solved
simultaneously by using the Newton-
Raphson methed and solving Equation
(15) after substituting the following
vatues:

Pges = Pu(Ng) =[P, (NJ+ 2*P (NJ]/3
Varsp=Va (NJ =V, (NJ + 2*V (/3 (23)
Ugers,p = Uaas (Ny) =[Uss (NJ+ 2*Us (NJJ/3
T o2, = Oas (V) =fa, (N + 2*c (NJ]/3

3.2 Iunitial Conditions

Initial conditions are the steady-state
conditions at the moment when the valve
is widely open and steady operation of
pump. First, the pressure (P) is linearly
decreasing along the pipe length as
follows:

2
-p =V 24
f0 =5 D2 @)

at steady-state and assuming that:

V f g = constant = Visain {25)
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Due to this pressure distribution the
stresses and pipe wall velocity is solved
by neglecting the radial stress as follows:

(r&) + (r)
o = P B
woy = Fuoy Ty o7y 6
Knowing the pump discharge (,;, Ppl is
obtained from the performance curve of
pump.

. a
U (1,0) = —Z9 1,0y
5 @7

4- RESULTS AND DISCUSSION

The results demonstrate the effect of
centrifugal pump at upstream end of the
pipe during the transient condition. In this
section, a comparison between the
numerical and the experimental results is
presented.

4-1 Experimental Results

Typical results for the conditions of
rigidly fixed clamps with an initial
steady-state  Reynolds number of
3.67*10°, and at positions x.,=0.0027,
x,2=0.56, and x,;=0.998 are displayed.
Figures (5), and (7), (9) illustrate the
pressure-time hbistory for this case of
study (fixed clamps), where (pressure
ratio, P, = actual pressure / initial
pressure). ¥rom these figures it can be
noted that for the same initial boundary
conditions, the pressure-time history
curves at the different positions along the
pipeline have the same trend as that
obtained numerically by the four
equations model Figures (6, 8, 10) but
Figures (9- b, ¢) and Figures (10- b, ¢)
have a trend difference. The pressure-
time history curves have some variations
in the maximum pressure value and
differences in the frequency and damping
time. This differcoce is due to the data
logger responsibility.

4-2 NUMERICAL RESULTS

Theoretical results are calculated at
different closing times from f.=t,, to
t.=40t,,; the sample of results are taken
at closing times #,= t.,, 20twp, and 401,y

4-2-1 Program Validation

The validity of the FORTRAN program
(WHPUMP2) developed by Streeter
(1993) and is checked by solving an
example, [17], to assure program
accuracy. The results obtained are close
enough with that obtained in [17]. The
previous program is taken and developed
to solve the four equations model,
(WHPUMP4), to predict the pressure,
fluid velocity, stress, and strain versus
time variation. The program is fed with
properties of fluid, pipe, and pipe
fixation, valve closing time and pump
characteristics curve.

4-2-2 Pressure-Time Variations Analysis

Figures (6), (8), and (10) illustrate the
pressure-time variation using the four
equations model at different closing time
values, (I.= tup 201, 40t,, and at
different positions along the pipe, where
the pressure transducers are located.
From these figures, it can be seen that;
the pressure wave peaks (and
intermediate pressure wave peaks) take
more rectangular shape at downstream
locations. Also, the maximum pressure
value increases at downstream locations,
and reaches its maximum value at
locations near the valve with closing time
less than or equals 201,,, but when the
closing time is greater than 201,,, the
maximum  pressure  decreases  at
downstream locations from the pump.

An intermediate pressure wave peaks
resulted from impeller effect appears at
points near the pump. Also, the damping
time increases at downstream locations
from the pump.

At different closing times and different
distances from the pump, the maximum
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pressure value decreases with increasing
the closing time, and the damping time
decreases with increasing the closing
time.

4-2-3 Stress-Time Variation Analysis

Figures (11) to (13) illustrate the stress-
time variation at different closing times,
(te= twp, 20 typ, 40 t,;) and different
positions along the pipe.

At the same closing time, and #; < 10 £,,
and different positions from the pump, at
the downstream location along the
pipeline the maximum stress value
increases. Also the positive stress waves
are higher than the negative stress waves
at the same position along the pipeline,
and the damping time for stress waves is
semi equals the damping time for
pressure waves at the same condition.

At the same closing time, and £ > 10 4,
and different distances from the pump,
the meaximum stress occurs at the
intermediate positions along the pipe line,
and the negative stress waves are stronger
than the positive stress waves at the same
section along the pipeline. Also, the
damping time for stress waves is semi
equals the damping time for pressure
waves which have the same conditions.
At different closing times, and f. < 10 f,,
and different distances from the pump,
the maximum stress occurs near the
valve, while the minimum stress occurs
near the pump.

At different closing times, and £, > 10 #,;
and different distances from the pump,
the maximum stress occurs at the
intermediate positions, and the minimum
stress occurs at both positions near the
pump and near the valve, and as the
closing time increases the stress reaches
its maximum values at the moment the
valve is fully closed.

At different closing times, and ¢, < 40 1,
and different distances from the pump, as
the closing time increases the maximum
stress values (positive and npegative)
decreases. Also, the wave peaks become
smooth as the closing time increases. And

the stress waves damping time increases
as the closing time increases, and the
damping time for pressure wave is less
than damping time for stress wave at the
same conditions.

4-24 Fluid Velocity-Time Variation
Analysis

Figures (14) to (16) illustrate the fluid
velocity-time variation at different closing
times (¢:= f,p, 20 tup, 40 1,,) and different
positions along the pipe.

At the same closing time and different
distances from the pump, the maximum
value of fluid-velocity occurs at the
intermediate positions of the pipe line,
and decreases on both ends of the
pipeline. Also, the wave peaks take more
regular shape at approached locations
from the pump.

At different closing times and different
distances from the pump, as the closing
time increases, the damping time
increases. Also, the absolute negative
fluid velocity decreases as closing time
increases; this may be attributed to the
impeller effect.

4-2-5 Structure Velocity-Time
Variation Analysis

Figures (17) to (19) describe the structure
velocity-time  variation at different
closing times, (f:= tup, 20t., 40t,;) and
different positions along the pipe.

At closing time £, < 20 f,,, the maximum
structure velocity occurs at intermediate
positions, whereas at closing time ¢, > 20
fy, the maximum structure velocity
occurs at positions near the pump, and the
damping time is equal to the damping
time for the stress waves.

At different closing times and different
distances from the pump, as the closing
time increases the maximum structure
velocity decreases. Also, as the closing
time increase the damping time for
structure velocity wave’s increase.
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4-3 Comparison between Numerical
and Experimental Results

The comparison between numerical
results, Figures (6, 8, 10), and
experimental results, Figures (5, 7, 9),
shows good agreement for the values of
maximum and minimum pressures. The
difference between experimental and
numerical results is due to the accuracy
of the devices used in the measurements,
e.g. as the data logger takes 100 samples
per second and the real varations are
1000 variations per second. Also, the
damping time obtained from the
numerical results is lower than that from
the experiments. This can be attributed to
the accuracy of the measuring devices,

5- CONCLUSIONS

The  present study  investigated
numerically and experimentally the effect
of the pump on the hammering wave
generated in a pipeline due to sudden
valve closure. The following conclusions
were obtained:

* A series of pressure-time history
curves were obfained numerically
and experimentally in case of
using pump at the upstream end.
The trend of numerical curves
agrees enough with that obtained
experimentally.

¢ Numerical and experimental
results indicated that the pressure
reaches the maximum value near
the valve and decreases as the
downstrearn location along the
pipeline decreases.

* A series of stress-time history
curves were obtained numerically.
The curves indicated that the
maximum stress values occur at
the middle positions of the
pipeline and decreases along the
two sides of the middle position.

» Effect of valve closing time was
numerically explored, the results

indicated that as the valve closing
time jncreases the maximum
pressure value decreases.

Stress waves energy and pressure
wave's energy represent the total
energy of the hammering waves.
Stress values effect on the pipe
during transient flow is calculated
only by using the four equations
model. Stress waves travel along
the pipe with speed approximately
four times more than the pressure
wave.
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Nomenclature

A Cross-sectional area of pipe

Ag Valve opening area

a  Wave speed of sound

B Pipeline characteristics impedance
B = a/ gd

b Ratio of pipe density to fluid density

Cys Orifice discharge coefficient

C. Viscous damping coefficient

e

Inside pipe diameter

Ratio of pipe radius to wall thickness

Young’s modulus of elasiicity

Thickness of pipe wall

Friction factor

Acceleration due to gravity

Instantaneous piezometric head

Initial head

Bulk modulus of elasticity

Modified bulk modulus of elasticity

K" =K;[1+DK (i-vzn
eE

Pipe length

Mass of system

Number of nodes

Fluid pressure at pipe centerline
Initial Presswre

Shutoff pressure

Stready-state flow rate
Resistance coefficient

R= fo.-’(ZgDAz)
R,  Reynolds number R,=pVLiy
r;  inner radius of Pipe
ro  outer radius of Pipe
Time
Displacement of pipe in axial
direction

MR mme S Ay

HODE TR N

c:-\

Structure velocity

Average velocity of fluid

Volt

Weighting function used in friction
ferm

Distance

Xy Dimensionless distance from the
pump (x/ L)

TN,

®



M. 20

Greek Symbols

Angle of inclinations of the pipeline with o
the horizontal

[/4
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Pipe axial stress

B Time used in convohution integral ¢ Damping ratio(¢=C, /2ma)
p  Density o  Circular frequency ot K AE
m mlL
v Poisson ratio for pipe material A Modified wave speed
u  Absolute viscosity At Time step in space-time grid
1ty Fluid  shear  stress at wall Ax Distance associated with At in space-
.. ZEP:{;‘J( 17(:)+ 440’_;;""; i%(ﬂ)”(‘-ﬂyﬂ tlmegr:d
Subscripts
f Flud p Pipe
o Steady state r,8 x  Principle cylindrical coordinate
directions
Abbreviations
MOC Method Of Characteristics WHPUMP4  Water Hammer, with Pump at

WHPUMP2 Water Hammer, with Pump at
Upstream end, and using two
equations model
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