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ABSTRACT

Water-hammer phenomenon occurs in pressure pipes due to sudden change in boundary conditions such
as a quick opening and closing of the valves, sudden connection and disconnection of a pump or turbine and
similar situations. In this case, as a result of sudden changes in the momentum of the flow, high speed
pressure wave flows through the pipelines and if the maximum pressure created goes beyond the maximum
pressure allowed for the system, its destruction is inevitable. Therefore it is essential to consider these factors
during designing of hydraulic systems.

In this study the water hammer phenomenon is simulated with the help of FLUENT software and
implementation of UDF s(user defined functions) in the program to consider different aspects such as wall
and fluid elasticity. The results of this modeling process were verified by Araya Experiment for water-
hammer and after the verifications, the data obtained from the model were used to analyze the water-hammer
phenomenon in series of pipes and their effect on the severity of the water-hammer impact. It has been
derived for series of pipes, combination of reflected pressure with initial pressure in pipe junction creates
waves with higher pressure head and lower frequency. These effects are intensified especially when origin of
water hammer is in pipe with larger section. FLUENT can be used as a tool for initial estimation of water
hammer phenomenon in series of pipes, and obtaining value of primary head in pipe systems.
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For those flows in which the regional changes in

1. INTRODUCTION

The temporary condition caused in fluid transport
systems where the wall's and fluid’s elasticity can not be
overlooked is called water hammer phenomenon. This
usually occurs in liquid transmission pipelines and at the
time of wvalves opening or closing, starting or
disconnecting pumps or changing of the turbine's load.
The changes in momentum that result from the above
mentioned factors move through out the system in the
form of pressure waves and with high speed and if their
maximum pressure passes the level allowed in the system,
it could cause damage or a total destruction of the system.
Therefore during design stage of any hydraulic systems;
this phenomenon should be taken into consideration.

In initial models used for simulating water-hammer
phenomenon, steady friction coefficients like Darcey-
Weisbach and Moody diagram were frequently used in
equations. Today these models are labeled as the "classic"
water-hammer models [11].

Reynolds factor are not considerable, it is helpful to
assume the steady and unsteady friction coefficient equal.
But in water hammer phenomenon and in the classic
model such assumptions result in under-estimation of
friction coefficient and therefore the pressure fluctuations
are estimated higher than the real situation [1]. In other
words, this model could only calculate the primary
maximum pressure of water hammer phenomenon
correctly.

In the past two decades, different models were
presented to calculate the unsteady friction coefficient
[2,3]. These models have been relatively successful in
determining the tension and fluctuations of water hammer
phenomenon. Among those are Zielke's model [4] for
steady flow and Brunone’s model [5] [6] for turbulent
(chaotic) flow. These models include terms that are added
to the steady friction coefficient to simulate the unsteady
condition of friction coefficient.

Today methods for analyzing the water hammer
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phenomenon are mostly based on using “method of
characteristics”  together ~ with  “unsteady friction
approximation” , and the resulting equations are solved
with finite differences methods[10,11,12,13].

However, in present study, FLUENT software was
used to model the water hammer phenomenon. This
should be mentioned here that FLUENT does not have
any option for unsteady friction approximations. The
effects of friction in pipes lead to creation and growing
boundary layers between the wall and the fluid and make
a change in velocity profile between pipe input and
output. In FLUENT, to make a correct model for
boundary layer, certain experimental correlations are
used, these models simulate the velocity profile near the
walls correctly. Considering the points mentioned so far,
whether FLUENT could model properly water-hammer
phenomenon or not is a subject for current investigation.

2. EQUATIONS INVOLVED IN WATER HAMMER
PHENOMENON

Using momentum and mass conservation equations
along the pipeline, the following equation can be derived:
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These two are the main water hammer equations. In
equation (2), a is the speed of pressure wave and
considering the interactions between the wall and fluid we
would have:
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If the friction coefficient, in equation (2), is calculated by
Darcey-Weisbach equation, the new equation will be the
classic water hammer equation.

To solve this problem, the unsteady friction coefficient
methods were developed. In Brannon’s model [5] of
unsteady friction coefficient, the coefficient term is a
function of average momentary velocity, V, acceleration,
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unsteady friction coefficient methods, the friction
coefficient consists of two parts: the Darcey-Weisbach

semi-steady part, f, , and the unsteady part « f, where:

f=r+1 (4)

At the end, according to Brunone’s model [5] the
unsteady friction coefficient is defined as :
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3. EQUATIONS IN FLUENT

FLUENT [7] is general purpose CFD software in
which according to boundary conditions and primary
conditions of the conservation equations of mass,
momentum and energy are solved using the finite volume
method for the considered geometry. These equations
have the following general form:

0
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oot fper = Tipdt s [
Unsteady Convection Diffusion Generation
By changing ¢, as showed in Table (1), general
conservation equations will be derived.

Table (1)
Equation 0]
Continuity 1
X-momentum u
Y-momentum v
Energy €

FLUENT provides the following choices of turbulence
models: Spalart-Allmaras model, k-€ models, k-© models,
Reynolds stress model (RSM), Detached eddy simulation
(DES) model, Large eddy simulation (LES) model. It is
an unfortunate fact that no single turbulence model is
universally accepted as being superior for all classes of
problems. The choice of turbulence model will depend on
considerations such as the physics encompassed in the
flow, the established practice for a specific class of
problem, the level of accuracy required, the available
computational resources, and the amount of time
available for the simulation.

The simplest complete models of turbulence are two-
equation models in which the solution of two separate
transport equations allows the turbulent velocity and
length scales to be independently determined. The
standard k- € model in FLUENT falls within this class of
turbulence model and is used in the current paper. In
FLUENT the turbulence kinetic energy, k, and its rate of
dissipation, €, are obtained from the following transport
equations:
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There are two methods available to correctly model the
field near the walls in FLUENT, named as wall function
and near wall model.

In wall function method, the flow field is not solved
near the walls and the velocity profile for this area is
calculated by semi empirical correlation. Boundary layer
between the fluid and walls is divided into several parts
and in each area the velocity profile is calculated by the
semi empirical correlation valid for every part. These
areas are demonstrated in figure (a-1)

o PSR

Wall Function Approach ’ I Near-Wall Model Approach |
@ ®)

UUy = 251Uy ¥y + 545

4
2%

Uiy

Upper limit
depends on

e Fally rarbulent region

or
or
Gieasis log-lsw region Reyuolds no.
viscous sublayes|  TEEIOU
oo v = ;
Y'=5 ¥ =60 0 Uy yiv

(¢)

Figure (1) Two methods of analyzing border layer (a) and (b)
and the semi empirical correlation in wall friction (c) [7].

The characteristics of wall friction in brief are:

-the border layer is modeled by semi empirical
correlation.

- Without solving this area, the software connects it
directly to the turbulent area by bridging over it.

- In turbulent model equations terms are inserted to
include the effect of wall presence.

- In fluids with high Reynolds factor this method
reduces the time needed for solving the problem,
considerably.

- In industrial applications as a result of tendencies
towards using the extremely turbulent (chaotic) flows,
this method is even more precise and economic.

- But for flows with lower Reynolds factor, since the
entire boundary layers are not developed, this model is
not exact and reliable. In such situation it is better to solve
the boundary layers with the whole field of pipe.

Another method for treating boundary layers is the
near wall function method, in which by choosing the
small mesh near the wall, the method practically models
the boundary layers and solves it.

4. VERIFICATION
4.1 ARAYA TEST

Water hammer phenomenon for simple pipe flow was
conducted by Araya [8]. In 1993, Araya prepared the
following equipment for this experiment in Albrook
hydraulic laboratory of Washington University.

Table (2) Experiments characteristics

parameter Primary value
Primary discharge 0.0165 m’/s
Water-level in tank 2.65m
Friction coefficient 0.0223

Primary valve location 0.62
Wave speed 1125 m/s
Water density 999.1 kg/m’

Dynamic viscosity 1.06 x 107 m¥s

Tank
Pressure gauges

I t t t

—+|

Figure (2) Araya experiment design and the related data.

The experiment involves an open tank that has a steel
pipe with the inside diameter of 0.101 m , thickness of
0.00635 m and length of 32m attached to it. A petcock tap
is placed at the end of the pipe. The water that exits the
system through the pipe is gathered in an in-between
container and is pumped back into the main tank, so that
the water level stays the same through out the experiment.
Four pressure gauges are placed on the 0.25L, 0.5 L, 0.75
L and L of the pipe. In stable conditions water exits the
pipe with a discharge of 0.0165 m*/s which is equal to
Reynolds figure (2.06 x 10°).

Transient phase in the system begins with closing the
tap gradually. At first only 0.62 parts of the tap are open
and after that it is completely closed in a time span of
1.085 seconds. The pressure fluctuations caused in the
system are recorded for the next two seconds after the
beginning of the temporary phase.

In FLUENT the sliding mesh method was used to
model the closing of the tap. The relation between wave
speed and fluid compressibility (based on Bulk Modulus)
were defined to the software as UDF (user defined
functions) programs in C language. And wall function
method was used for simulation of boundary layers.

The pressure fluctuations caused by closing the tap,
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where it is placed in the middle of the pipe from point 4
are displayed in Figures (3-A) and (3-B). The straight
lines show the experimental data and the dotted lines are
indicator of the data obtained from the classic water
hammer theory and are calculated with the assumption
that friction coefficient is fixed. The FLUENT results are
shown in Figures (4-A) and (4-B).

As we can see, the FLUENT results are more desirable
than the classic water-hammer data, but the pressure wave
in FLUENT fades a little faster than from the real
situation. This indicates that the friction coefficient for
water hammer in wall function model would be estited
higmaher than the real situation.
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Figure (3-A) a comparison of Araya experimental data and
classic water hammer theory data (History of static pressure near
valve).
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Figure (3-B) a comparison of Araya experimental data and
classic water hammer theory data (History of static pressure in
L/2 of pipe).
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Figure (4-A) a comparison of FLUENT data and
experimental data (History of static pressure near valve).
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Figure (4-B) a comparison of FLUENT data and Araya
experimental data (History of static pressure in L/2 of pipe).

4.2 BERGANT TEST

In this test, the effect of unsteady friction on water
hammer wave forms is investigated for the case of rapid
closure of the downstream end valve(Fig. 5). The sloping
pipe is 37.2 m long with internal diameter of 22 mm and
1.6 mm of wall thickness. The experimental apparatus is
fully described by Bergant et al. [14].

Tank 1
= I:im Tank 2
H,
203m —
VAN
0.0m
DATUM

Valve Pipeline

Figure (5) Experimental Apparatus of Bergant.

Experimental tests, starts with the initial flow velocity
of 0.2 m/s. In tank 2, the static head is 32 m.Valve closure
time and water hammer wave speed are 0.009 s, and 1319
m/s ,respectively [14]. Fluent and Experimental results
are compared in Table3 and Fig. 6.
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Figure (6) Fluent result comparison with Bergant apparatus.
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Table (3) Results of comparison

parameter Experimental Fluent
Max Initial Head
(meter of H20) - 2l
No of Oscillations
In First 0.8 sec ‘ R

Like previous section, pressure wave in FLUENT
fades a little faster than from the real situation thus, the
number of oscillations calculated by Fluent is more than
those counted in the real experiment.

5. WATER HAMMER PHENOMENON IN SERIES OF PIPES

The water hammer phenomenon in series of pipes has
a more complicated form. Mitosek et al [9] carried out
some experimental investigation in this field. Their work
shows that pressure wave produced by water hammer
moves through one pipe and in junctions of two pipes
divide in two parts. One part is reflected back while the
rest of the pressure wave moves through another pipe.
The resulting pressure wave is a combination of the initial
wave and the reflected one. To show this phenomenon
and investigate the effect of the type of pipe junctions on
water hammer, two series steel pipes, as contraction and
expansion (shown in Figure 7) were modeled by
FLUENT, as we can see in second setup arrangement of
two pipes have been changed. The thicker pipe is 2
meters long and the smaller pipe is half that size. The
wave’s speed is 1250 meters per second and the pressure
equals 20 kPa. The water hammer is created by the
sudden blockage of the fluid in the exiting point. The
pressure fluctuation on the exiting valve point and in the
middle of the pipe where the fluid enters (points shown in
the figure) are recorded.

Flow input Flow output

2 1
S
— —
—_——
Arrangement No.1
P L SR |
— —
B
4 3

Arrangement No. 2

Figure (7) the arrangement design for pipes in series.

In Figure 8, the pressure fluctuations for the points
shown in Figure 7 are demonstrated. As it was expected
where the smaller pipe is placed near the exiting valve
(contraction) the water hammer phenomenon is more
intense and has bigger fluctuations.

To analyze the effect of contraction area on maximum
pressure head of water hammer, five arrangements with
different D/D. were used. D and D. are the pipe diameters
before and after contraction.
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(8-1) pressure fluctuations for point 1.
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(8-2) pressure fluctuations for point 2.

Pressure (Pa)

40E+06

30E+06 f

20E+06
[

1.0E+06

00E+00

-1.0E+06

-20E+06

-30E+06

-40E+06

Time (sec)
point (3)

Figure

(8-3) pressure fluctuations for point 3.
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(8-4) pressure fluctuations for point 4.
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Table (4) summaries the results of these calculations.
In the first arrangement, D/D. of one denotes that there is
no contraction in flow path. Maximum pressure head for
this arrangement is P-= 8 Mpa.

The following table shows that as the ration of D/D.
decreases, the maximum water hammer head will
decrease too, but the number of oscillations will increase.
Another calculation has been done to determine the effect
of pressure head on water hammer in series of pipes.
Increasing input pressure head for arrangements of Fig. 5
from 20kPa to 40kPa causes that maximum pressure
increases 1.36 times for contraction and 1.28 times for
expansion. These analyses show the effect of input head
on water hammer maximum pressure head.

Table (4) Effect of contraction on water hammer
maximum head

D/D. Maximum Head| No of Oscillation
1 P, 15

0.8 0.75 P. 15

0.6 0.6 P. 16

0.4 0.55P. 17

0.2 0.53 P. 18

6. CONCLUSION

— The modeling of the water hammer phenomenon
with the help of FLUENT software was investigated in
this study. The points that should be taken into
consideration in this modeling is that this software does
not have separate equations or method for calculation of
unsteady friction. But with the help of semi empirical
correlation used in boundary layer modeling of FLUENT,
proper simulation of water hammer was derived. To make
a better modeling of water-hammer phenomenon, the
physics of the experiment and turbulence flow reviewed
and proper turbulence model is selected for simulation.

— Although in initial time of starting water hammer
phenomenon these models are not much different from
each other, after some pressure oscillations, differences in
their results can not be overlooked.

— In smaller geometries the results obtained from this
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