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This paper presents a numerical study of fluid transients in a pipelinewith the suddenopening of a valve.Anetwork

flow simulation software (GeneralizedFluid SystemSimulationProgram)based on the finite volumemethodhasbeen

used to predict the pressure surges in a pipeline that has entrapped air at one end of the pipe. Themathematicalmodel

is formulated by involving the flow equations in the liquid (water) zone and compressibility of the entrapped air. The

numerical results are compared with the experimental data available in the literature. The study is conducted for a

range of the reservoir pressure and for different amounts of initial air present in the pipeline. The numerical results

comparewell within reasonable accuracy (less than8%) for a range of inlet-to-initial pressure ratioswhen the amount

of air present is relatively high (α ≈ 0.45). A fast Fourier transform is performed on the pressure oscillations to predict

the various modal frequencies of the pressure wave.

Nomenclature

A = area, ft2

C = Courant number
CL = flow coefficient
D = diameter of the pipe, ft
f = friction factor; frequency in cycles per second, Hz
gc = conversion factor for engineering unit
H�f� = frequency domain function
h = enthalpy, Btu∕lb
h�τ� = time domain function
J = mechanical equivalent of heat, equal to778 lbf · ft∕Btu
Kf = flow resistance coefficient, lbf · s2∕�lbm · ft�2
L = length of the tube, ft
Lg = initial length of air column in the pipe
LT = initial total length of liquid and air column; Ll � Lg
L1 = initial length for the water volume in the pipe
m = nodal mass, lbm
_m = mass flow rate, lbm∕s
�mair�0 = initial air mass
N = number of internal nodes; number of data points for

fast Fourier transform calculation
PR = pressure ratio
p = pressure, lbf∕ft2
pR = reservoir pressure
R = gas constant, lbf · ft∕lbm · R
Re = Reynolds number
S = source term
T = temperature, °F
tk = kth time value, s
U = characteristic velocity
u = fluid velocity, ft∕s
V = volume, ft3

V0 = initial total volume, ft3

x = spatial coordinate along the pipe length, ft
Z = compressibility factor
α = void fraction of air
Δτ = time step, s
ε = surface roughness of pipe, ft
ε∕D = surface roughness factor
θ = valve angle
μ = dynamic viscosity, lbm∕ft · s
ρ = density, lb∕ft3
ρu = density of fluid at upstream node, lbm∕ft3
τ = time, s

Subscripts

f = liquid state
g = vapor state
i = ith node
ij = branch connecting nodes i and j
j = jth node
N = for the Nth node
w = water

I. Introduction

F LUID transients (also known as water hammers) have a signif-
icant impact in the design and operation of spacecraft and launch

vehicle propulsion systems. The pressure rise due to the sudden
opening and closing of valves of a propulsion feed line can cause
serious damage during the activation and shutdown of propulsion
systems. A pressure surge occurs when either a propellant feed-line
system is opened or closed suddenly by using control valves. The
accurate prediction of pressure surge is very important from the
structural integrity point of view of the propulsion systems.
Apart from aerospace applications, the pipe system is also a crucial

component of many commercial and industrial facilities, such as
the hydraulic, thermal, and nuclear powerplants; urban supply; and
drainage systems. In many such systems, valves are often used at
several junctions to regulate the flow. Also, there may be entrapped
air in these pipelines with the liquid carrier. The high pressure
developed in these pipelines due to the opening or closing of a valve
can cause serious structural damage to the pipelines and other
associated components, such as the feed pumps. The presence of
entrapped air can have a significant effect on the amplitude and
frequency of the pressure oscillation.
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There have been numerous studies to predict the pressure surge in
pipeline-reservoir systems: particularly in spacecraft propellant
systems.Many papers have been published on this, but only a few are
mentioned here. Prickett et al. [1] have done a series of experimental
studies to test thewater hammer effects in a straight pipe, as well as in
pipe networks, using water as the reference fluid. They concluded
that the potential for a water hammer is reduced due to frictional and
branching dissipation. Lin andBaker [2] conducted testing in the feed
system priming process and developed a method of characteristics
(MOC) model to compare with the experimental study. The theo-
retical predictions were moderately accurate (maximum error is
about 35%) with that of the testing. Hearn [3] studied the effect of
valve opening in a propellant loading line from a reservoir, both
analytically and experimentally. The MOC is one of the most widely
used semianalytical methods for water-hammer surge prediction
[4,5]. This method is based on solving ordinary differential equations
along the line of characteristics. MOC, however, is not particularly
suited for a typical fluid network with branching, solid-to-fluid heat
transfer, and phase change. Majumdar and Flachbart [6] used the
network flow analysis simulation based on the finite volume method
to compute the fluid transients of a long cryogenic pipeline. They
compared their results with the MOC simulation results and demon-
strated the application in branching flows.
The existence of entrapped air can lead to an even higher pressure

rise in the pipeline; this has been studied experimentally and analyt-
ically by many researchers. Some of the relevant works are by Lee
and Martin [7], Zhou et al. [8], and Lee [9]. Zhou et al. [8] presented
the experimental measurements from a horizontal pipeline where
the pipe length was fixed, the initial reservoir pressure was twice the
atmospheric pressure, and the void fraction of air was varied in a
wider range from 20 to 95%. This work showed that, when less air
was present, the maximum pressure of the air pocket increased as the
cushioning effect of air decreased. Lee and Martin [7] and Lee [9]
investigated the effect of initial void fractions of air pockets in
horizontal pipelines with a closed end. In the most recent study, Lee
[9] provided experimental results for different lengths of the air
pocket and a wider ratio of the inlet pressure to the atmospheric
pressure. This work provides a benchmark for validating the current
numerical model.
In the present study, a network flow simulation software based on a

finite volume method (Generalized Fluid System Simulation Pro-
gram (GFSSP) [10]) has been used to study the problem of a sudden
valve opening of a pipe system with entrapped air. A methodology
has been developed to model the dynamics of the liquid–air interface
by coupling themass andmomentum-conservation equation of liquid
system and the thermodynamic equation of state for the air. The
methodology has been implemented in the finite volume procedure
[10] of the GFSSP to model the experimental setup of Lee [9] for a
sudden valve opening in a water system with entrapped air. The two
controlling parameters that are used for the numerical study are 1) the
initial pressure to atmospheric pressure ratioPR, and 2) the ratio of air
column length to the total length (also called the void fraction of air
α). The numerical results are compared with that of Lee [9]. A fast
Fourier transform analysis has also been conducted to convert the
pressure–time characteristics into a frequency domain to predict the
frequency band of the pressure oscillations

II. Problem Description

A long pipe is attached to a reservoir containing liquid water at one
end, and it is closed at the other end, as shown in Fig. 1. The liquid
water and entrapped air regions in the pipe are separated by a ball
valve located at sectionCD. SectionAB represents the entrance of the
fluid to the pipe, and this will be the starting location for the GFSSP
model, with appropriate boundary conditions for the reservoir pres-
sure. Section C′D′ represents the moved fluid–air interface location
at a later time.
The dimension of the pipe and other controlling parameters, such

as reservoir-to-air pressure ratio, length of air column, etc., are taken
from [9] so that the numerical results can be compared to the
experimental data. The ball valve is opened from a 0% opening to a

100% opening by controlling the angle of the ball valve, and it is
shown in Fig. 2. The reservoir pressure is considerably higher than
the pressure of the entrapped air (air is assumed to be at atmospheric
pressure). The ratio of the reservoir pressure to the initial pressurePR
varies in the range of two to seven, i.e., with the reservoir pressurepR
range being 29.4 psi to 102.9 psi. Apart from the initial pressure ratio,
another controlling parameter is the ratio of the initial length of the
entrapped air column to the total length of the pipe (α � Lg∕LT). The
initial length for the water volume in the pipe Ll is fixed to 20 ft, and
the initial length of the air column in the pipe Lg varies from a low of
1.23 to 16.23 ft, with the value of α ranging from 0.0579 to 0.448,
respectively. The pipe diameter is 1.025 in. The entrapped air and
water are initially at 14.7 psia and 60°F, respectively.
The ball valve does not open until about 0.15 s, and then it

gradually starts opening. It opens 100%at about 0.4 s. Figure 2 shows
the ball valve angle position with time; 0 deg refers to the full closed
position, and 90 deg refers to the full open position. In the present
numerical model, this is accounted for by providing the valve area
change history.

III. Mathematical Formulation

The GFSSP [10] has been used to model the experimental config-
uration of Lee [9] (Fig. 1). The GFSSP is a general-purpose finite-
volume-based network flow analysis code. A fluid system is discre-
tized into nodes and branches, as shown in Fig. 3.Mass-conservation,
energy-conservation, and species-concentration equations are solved
at the nodes, whereas momentum-conservation equations are solved
at the branches in conjunction with the thermodynamic equation of
state. Figure 3 also shows the general capability of the GFSSP for
mixing different species in a flow network. Pure hydrogen (H2),
oxygen (O2), and nitrogen (N2) enter into the flow network through
inlet boundary nodes. The mass concentrations ofH2,O2, andN2 are
calculated by solving species-concentration equations in conjunction
with mass-, momentum-, and energy-conservation equations. A
mixture of H2, O2, and N2 exits the network through the outlet

Fig. 1 Schematic of the water pipe with entrapped air [9].

Fig. 2 Ball valve angle change with time [9].

2 AIAA Early Edition / BANDYOPADHYAYAND MAJUMDAR

D
ow

nl
oa

de
d 

by
 A

IA
A

 o
n 

Se
pt

em
be

r 
25

, 2
01

4 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.B

35
19

4 



boundary nodes. This feature, however, has not been used in the
present study.
The GFSSP employs a pressure-based algorithm; therefore, pres-

sure is calculated from the mass-conservation equation. It also uses a
hybrid solution scheme that consists of a simultaneous and suc-
cessive substitution method of solving nonlinear conservation
equations. The mass and the momentum conservation equations and
the equation of state are strongly coupled and solved simultaneously
by the Newton–Raphson method, whereas the energy- and species-
concentration equations are solved by a successive substitution
method. The GFSSP is integrated with the thermodynamic property
programs GASP [11] and WASP [12], which provide required
thermodynamic and thermophysical properties in all conservation
equations during iterative calculation.
The GFSSP has three major parts, as shown in Fig. 4. The first part

is the graphical user interface, which allows users to create a flow
circuit and the GFSSP input file after the completion of the model
building process. The second major part of the program is the solver
and property module. This is the heart of the program that reads the
input data file and generates the required conservation equations for
all internal nodes and branches with the help of thermodynamic
property data. It also interfaces with user subroutines, the third major
part of the program, to receive any specific inputs from users.
This consists of several blank subroutines that are called by the
solver module. These subroutines allow the users to incorporate any
new physical model, resistance option, and nonlinear boundary
conditions.
Modeling of the fluid transient using the finite volume method

requires the solution of unsteady mass, momentum, and energy

conservation. In addition, the variation of the compressibility factor
plays a significant role for modeling the pressure oscillations.
Selection of the time step to satisfy the Courant’s condition is another
critical factor. In theMOC, the compressibility effect is implicit in the
velocity of sound that appears in the governing equations of
the MOC.
For the present study, the mathematical formulations for solving

the complete flow equations are quite complex and involve two
fluids: water column and entrapped air. The numerical model has
been separated into two parts: 1) solving the mass, momentum, and
energy equations of the water using the finite volume method, and
2) solving the thermodynamic relations in the gas (air). The interface
conditions should be suitably used for the twoway coupling between
thewater and air domains. The interface conditions are 1) implemen-
tation of the force equilibrium by equating the pressure of the gas
phase and liquid phase, and 2) implementation of thermal equilib-
rium by equating the temperature across the interface in two phases.
The sizes of the control volumes containing the liquid–air interface

are adjusted by estimating the volume change of the entrapped air due
to the compressibility of air. The momentum-conservation equation
of the liquid also accounts for the force exerted by the entrapped air on
the liquid volume due to the aforementioned change involume. All of
these changes have been added into the GFSSP code through the user
subroutine. A more detailed description of the two-fluid interface
coupling is described in Sec. III.B.

A. Numerical Method and Governing Equations

The entire domain is split into a set of finite volumewith a number
of segments, as shown in Fig. 5. Node 1 is the boundary node that
represents the tank (reservoir). Node 12 has an interface with an
imaginary control volume containing air only. The imaginary control
volume has a fixed amount of air, but the volume changes as it is
pressurized due to the fluctuation of pressure at node 12. Thereby, the
volume of node 12 changes as the volume of the imaginary control
volume changes. The entire liquid column is divided into 10 equal-
length pipe segments. The pressure, temperature, and mass flow rate
are computed in each of the internal nodes; and the velocity is
computed in each branch. Details of the governing equations and
finite volume discretization are explained next.

1. Mass-Conservation Equation

Figure 6 is a schematic showing adjacent nodes, their connecting
branches, and the indexing system. To solve for the pressure at
internal nodes, the mass-conservation equations are written as fol-
lows, and each term has the unit of pounds of mass per second:

mτ�Δτ −mτ

Δτ
� −

Xj�n
j�1

_mij (1)

Equation (1) requires that, for the unsteady formulation, the net
mass flow from a given node must equate to the rate of the change of
mass in the control volume. In the steady-state formulation, the left
side of the equation is zero. This implies that the total mass flow rate

Fig. 3 Typical flow network consisting of boundary and internal nodes
and branches.

Fig. 4 GFSSP structure showing the interaction of threemajormodules
(VTASC — Visual Thermofluid dynamics Analyzer for Systems and
Components). Fig. 5 Finite volume model of the flow network.
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into a node is equal to the total mass flow rate out of the node.
However, in the present problem, the unsteady term was active.

2. Momentum-Conservation Equation

The flow rate in a branch is calculated from the momentum-
conservation equation [Eq. (2)] that represents the balance of fluid
forces acting on a given branch. A typical branch configuration is
shown in Fig. 7. Inertia, pressure, and friction are considered in the
conservation equation. In addition to these forces, a source term S has
been provided in the equation to input any external momentum
source. The source term S is set to zero in all branches without an
external momentum source:

�mu�τ�Δτ − �mu�τ
gcΔτ

� �pi − pj�Aij − Kf _mijj _mijjAij � S (2)

The left-hand side of the equation represents the rate of the change
of momentum with time. The first term in the right-hand side
represents the pressure gradient in the branch. The pressures are
located at the upstream and downstream faces of a branch. The
second term represents the frictional effect. Frictionwasmodeled as a
product ofKf and the square of the flow rate and area.Kf is a function
of the fluid density in the branch, with the nature of the flow passage
beingmodeled by the branch. S represents a generic source term.Any
additional force acting on the control volume can bemodeled through
the source term. In this problem, node 12 has a momentum source,
given in Eq. (13).
To determine Kf for pipe flow, Kf is expressed as

Kf �
8fL

ρuπ
2D5gc

(3)

whereL is the pipe length,D is the pipe diameter, and ρu is the density
of the fluid at the upstream node of a given branch.
The Darcy friction factor f is determined from the Colebrook

equation [13], which is expressed as

1���
f
p � −2 log

�
ε

3.7D
� 2.51

Re
���
f
p

�
(4)

where ε∕D is the surface roughness factor, and Re (equal to ρUL∕μ)
is the Reynolds number.
It may be mentioned that all pipe flow options assume fully

developed flow, and the friction factor correlation used corresponds
to the steady-state friction factor. The friction factor in the developing
flow region, however, is larger as compared to the fully developed
flow. As the friction has a damping effect on water-hammer pressure
surges, the predicted pressure peaks are supposed to be less as
compared to the fully developed flow. Since the length of the pipe is
much larger than the diameter, the fully developed flow assumption
seems reasonable.

The steady-state friction factor has been used in the current work.
Most of the previous models in the water hammer are based on this
practice. However, a few investigators have attempted to study the
effect of an unsteady friction factor on water-hammer pressure
predictions. Dehkordi and Firoozabadi [14] have developed anMOC
model using Brunone et al.’s model [15] of the unsteady friction
factor, which is a function of local and convective accelerations. It is
observed that the unsteady friction factor improves the prediction of
frequency. However, based on their study, the pressure amplitudes do
not change much.
For flow through a restriction, Kf is expressed as

Kf �
1

2gcρuC
2
LA

2
(5)

whereCL is the flow coefficient, A is the area of restriction, and gc is
the conversion factor for engineering unit. It is assumed that the role
of the flow coefficient CL is independent of the flow direction.

3. Energy-Conservation Equations

The energy-conservation equations for water are solved in each
internal node. The energy-conservation equation is expressed in
terms of enthalpies as given:

m�h − �p∕ρJ��τ�Δτ −m�h − �p∕ρJ��τ
Δτ

�
Xj�n
j�1
fMAX�− _mij; 0�hj −MAX� _mij; 0�hig

�
MAX�− _mij; 0�
j _mijjJ

��pi − pj� � Kij _m2
ij��uijA� (6)

Equation (6) shows that, for transient flow, the rate of increase of
internal energy in the control volume is equal to the rate of energy
transport into the control volume minus the rate of energy transport
from the control volume. The “MAX” operator used in Eq. (6) is
known as an upwind-differencing scheme and has been extensively
employed in the numerical solution of Navier–Stokes equations in
convective heat transfer and fluid flow applications [16]. When the
flow direction is not known beforehand, this operator allows the
transport of energy only from its upstream neighbor. In other words,
the upstream neighbor influences its downstream neighbor but not
vice versa. The last term in Eq. (6) represents the pressure work and
viscous dissipation.

4. Equation of State for a Real Fluid

Transient flow calculations require the knowledge of residentmass
in a control volume. The residentmass is calculated from the equation
of state for a real fluid, which can be expressed as

m � pV

ZRT
(7)

It may be noted that Eq. (7) is valid for liquid, gas, and a gas–liquid
mixture. For an ideal gas, the compressibility factor Z is unity. The
compressibility factor for a real gas is computed from the equation of
state of real fluids using the thermodynamic property programWASP
[12]. For real fluid, Z is computed from the following relation:

Z � p

ρRT
(8)

where

ρ � f�p; h� (9)

Fig. 6 Schematic of the GFSSP nodes and branches in the context of a
mass-conservation equation for node i.

Fig. 7 Schematic of the GFSSP nodes and branches in the context of a
momentum-conservation equation for branch ij.
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B. Computation of the Node Volume and the Momentum Source

Themodeling of dynamics of entrapped air and its interaction with
the liquid column is critical for predicting the pressure transient of the
present system. TheGFSSPmodel (shown in Fig. 5) does not include
the control volume representing entrapped air. Therefore, a separate
model for entrapped air is necessary to establish the interaction
between the liquid and air columns by calculating the volume change
and the interfacial force (included as a momentum source in the
momentum equation).
To compute the volume change in the liquid and air columns, it is

assumed that all the volume changes occur at the last node (node 12 in
Fig. 5), and the adjustments are done by using the equilibrium
conditions as explained in Fig. 8.
The air mass is constant, as the air is entrapped and is not going out

of the pipe (closed pipe). The initial air mass �mair�0 is computed by
using the ideal gas law for air using the initial air volume, pressure,
and temperature. The air volume at any instant of time can be
computed by using the ideal gas law as

Vair � mairRairTair∕pair (10)

The volume of liquid water in node N is computed using

VN � �mwRwTNZN�∕pN (11)

wherem, R, T, Z, p, and V represent the resident mass, gas constant,
temperature, compressibility factor, pressure, and volume of liquid
water, respectively; and the subscript N refers to the Nth node. N is
the last node, which is node 12 in Fig. 5.
Using the volume balance (the change in water volume will be a

negative of the change in air volume) as the total volume remains
constant,

V0�the initial total volume�� �Vair�Vw�0

�V�total volume at any instant of time�
�Vair�VN

where VN is the water volume of node N.
Using the expressions of Vair and VN as given previously, and

using the force equilibrium (pair � pN) and thermal equilibrium
(Tair � TN), it can be shown that

VN � V0∕�1� β� (12)

where

β � mairRair

mNRNZN

The momentum source for the Nth node will be as follows:
Momentum source:

� −
1

gc
ρN
�VN − V�N�

Δτ
uN (13)

where uN is the velocity at the last node, and VN and V�N are the
volume of the Nth node at the current and previous time steps,
respectively.

It may be noted that Eqs. (10–13) were incorporated in the GFSSP
user subroutine (Fig. 4).

IV. Results and Discussion

A. Grid and Time-Step Independence Test

The governing equations are solved numerically. First, a grid
independence study and a time-step independence study have been
conducted to establish computational accuracy. The computation
domain, as illustrated in Fig. 5, has been divided into 1) 10 pipe
segments and 2) 20 pipe segments, thereby reducing the spatial step
size by 50% from 10 to 20 pipe segments.
The inlet-to-initial pressure ratio PR is taken as seven, i.e., the

reservoir pressure is seven times higher than the ambient pressure;
and the air-length-to-total-length ratio α is taken as 0.448. The
entrapped air pressure and the liquid (water) pressure at the end of the
pipe (Nth node) are the same. Figure 9a shows the computed results
for this pressure (where the Nth node pressure is the same as the air
pressure) with the two different grids, and it shows that the pressure
does not change appreciably when the number of nodes is doubled.
To get a time-step independent solution of the problem, the

simulation was carried out with time steps of 0.01 and 0.005 s. These
time steps satisfy the Courant–Friedrichs–Lewy condition [17] as
given:C�Courant number� � UΔτ∕Δx ≤ 1, whereU is a character-
istic velocity, Δτ is the time step, and Δx is the spatial interval.
Figure 9b shows the transient pressure distribution at node 12 using
two different time steps; the results are almost identical. The time step
was reduced even further to 0.0025; no further changes in resultswere
noticed. Hence, for the present study, a time step of 0.01 s has been
used for all computations.
Table 1 shows a comparison of the computational time using a

personal computer with an Intel core i5 64 bit processor for the two
different grid distributions (10 and 20 pipe segments) and two
different time steps (0.01 and 0.005 s).

Fig. 8 Equilibrium conditions across the water–air interface.
Fig. 9 Accuracy of numerical solution for air pressure: a) grid
independence study and b) time independence study.
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B. Validation with Experiments

In this section, numerical results obtained from the current
simulation are comparedwith the experimental data of Lee [9].As the
pressure developed in thewater column is the highest at the end of the
pipe (node 12 of Fig. 3), it is more appropriate to plot this pressure
(pressure at node 12), which is also the same as the bulk pressure in
the entrapped air. Figure 10 shows the transient pressure plot with
about 45% entrapped air initially. The numerical results agree
reasonably well with that of the experimental data, both at low
(PR � 4) and high (PR � 7) pressure ratios. The peak pressure rise is
about 272 psia from the numerical computation as compared to
251 psia from the experimental data for PR � 7 (about 8%
difference) and 102 psia (numerical) to 107 psia (experimental) for
PR � 4, which is a difference of about 5%.As the pressure ratioPR is
reduced, the agreement is better.Maximumpressure occurs at the end
of the pipe (node 12 of Fig. 3), and this is the same as the bulk pressure
of entrapped air. Therefore, the pressure history at node 12 is plotted
in Figs. 10 and 11.
Figure 11 shows the comparisons for the relatively low void

fraction of the air (α ≈ 0.2) at pressure ratios PR of two and five,
respectively. As observed from these two plots, the numerical results
match quite well with that of the experimental results at a low-
pressure ratio, but the difference is quite large (about 25% in the peak
pressure estimate) when the pressure ratio PR is five.
From Figs. 10 and 11, it is observed that the numerical results

predict the pressure distribution reasonablywell at a higher value of α
(α ≈ 0.45); i.e., with more air, the peak pressure rise is relatively

smaller for a particular inlet pressure ratio PR. At a lower value of α
(α ≤ 0.2), when the pressure rise is relatively high due to less cushion
effect, the difference in the peak pressure is more. It is also observed
from Figs. 10 and 11 that the frequencies of pressure oscillations
match quite well between the computed results and the experimental
results. However, a phase shift occurs in the pressure peaks, par-
ticularly after the first peak (Fig. 11) for the case of low entrapped air
(α � 0.2). The overall discrepancy between numerical results and
experimental data can be attributed to several factors, which include
1) compliance due to structural deformation, 2) compliance due to
dissolved air in water, and 3) assumption of a steady-state and a fully
developed friction factor. Astleford et al. [18] studied the effect
of compliance due to dissolved gas and a distributed bubble in the
propellant feedlines, and they have noticed this might have some
secondary effects on pressure fluctuations. The observed phase shift
between experiments and numerical predictions may also be attrib-
uted to probable inaccuracy in modeling the ball valve operation.

C. Pressure Distribution at Multiple Nodes

The pressures in the water column at different nodes (spatial
locations) are plotted as a function of time as shown in Fig. 12. Nodes
are taken at equal intervals along the pipe at distances of 0, 4, 8, 12,
16, and 20 ft, respectively. The pressure oscillations are due to the
water-hammer effect caused by rapid valve opening and due to
compressed air pushing the water column back from expanding. The
frequencies of all the nodes appear to be the same.

D. Fast Fourier Transform of the Pressure Oscillations

A frequency analysis of water-hammer oscillation (of the peak
pressure) has been carried out using fast Fourier transform. The
pressure as a function of time is converted into a frequency domain by
using the discrete Fourier transform analysis. In general, a time
domain function h�τ� can be converted into a frequency domain
function H�f� by using Fourier transform as given next:

Table 1 CPU time

No. of pipe segments

Time steps, s 10, s 20, s

0.01 115 235
0.005 383 1494

Fig. 10 Comparison of predicted and measured air pressures for
a) PR � 4 and b) PR � 7 at about 45% initial air volume (α ≈ 0.45).

Fig. 11 Comparison of predicted and measured air pressures for
a) PR � 2 and b) PR � 5 at about 20% initial air volume (α ≈ 0.2).
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H�f� �
Z�∞

−∞

h�τ�e2ππif dτ (14)

where τ is time measured in seconds, and f is the frequency in cycles
per second (in hertz).
In the present study, the discrete pressure datasets are converted

from time domain into the frequency domain by using the efficient
fast Fourier transform algorithm of Danielson and Lanczos [19]. A
FORTRAN program has been developed that can take multiple
pressure fluctuations in the time domain as input and generate the
corresponding amplitudes in the frequency domain. Figures 13a and
13b show the Fourier transformed frequency domain pressure fluc-
tuations corresponding to the pressure plots of Figs. 10a and 10b,
respectively. The frequencies match reasonably well between the

computed pressure oscillations (solid line) with that of the experi-
mental data (dotted line). Table 2 gives the frequencies of the first
five peaks of Figs. 13a and 13b from the Fourier transforms of the
computed and experimental data.

V. Conclusions

This paper demonstrates that the finite-volume-based network
flow analysis method can accurately predict the fluid transient during
the rapid opening of a valve. It can also model the compliance caused
due to the compressibility of the gas. The simulation results com-
pared reasonably well with the experimental data. The computed
results agreed well with the experimental data of Lee [9] at a higher
fraction of entrapped air (α ≈ 0.45) for a wide range of inlet pressure
ratios. The maximum error between the computed and experimental
results is less than 8% in the peak pressure computation. The
numerical results at relatively low entrapped air (α ≤ 0.2) deviate
considerably from the experimental measurements, especially at a
higher inlet pressure ratioPR. Thismay be due to several factors, such
as a rigid pipe assumption using a steady-state and fully developed
friction factor and ignoring any compliance due to dissolved air
in water.
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