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Abstract

The paper deals with the problem of the wall shear stress during rapid transient 1D flows in a piping system caused by
water hammers in two-phase flow induced by a fast valve closure. The evolution of the transient wall shear stress is inter-
preted in terms of two steps. The first step is a sudden and dramatic change of the wall shear stress due to the passage of the
pressure wave. The second step is a relaxation process of the shear stress which is modeled from the Extended Irreversible
Thermodynamics theory. The friction relaxation model (FRM) presented in the first part of this paper describes both steps
of the evolution of the wall shear stress during water hammers. The second part of the paper deals with the application of
the FRM model as a closure law in the WAHA code. The main purpose of the WAHA code is to predict various situations
relative to single- and two-phase water hammer transients in piping systems. The last part of the paper deals with the sim-
ulation of several cases from the UMSICHT databank using the adapted WAHA computer code with the FRM model.
The results of these simulations are systematically compared with the experimental data. It is concluded that the new FRM
model has a clear effect on water hammer pressure wave damping and on the pressure wave propagation velocity.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The paper deals with the problem of the wall shear stress magnitude during rapid transient 1D flows in a
piping system caused by water hammers in two-phase flow induced by a fast valve closure. The evolution of
the transient wall shear stress is interpreted in terms of two steps. The first step is a sudden and dramatic
change of the wall shear stress due to the passage of the pressure wave which induces an abrupt change of
the radial velocity profile. At this time, the new value of the shear stress is quite higher than the value predicted
in steady state. The second step which begins just after the passage of the pressure wave is a relaxation process;
here the shear stress decreases, tending more or less slowly to the new steady-state value of the shear stress
0301-9322/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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corresponding to the new average velocity of the flow. The Extended Irreversible Thermodynamics theory is
proposed to model this relaxation process.

The friction relaxation model (FRM) presented in the first part of this paper describes both steps of the
evolution of the wall shear stress during water hammers. It enables to take into account the information about
the velocity gradient at the wall, which is otherwise not available in a 1D modeling.

The second part of the paper deals with the application and adaptation of the FRM model as a closure law
in the WAHA computer code. The WAHA computer code has been developed during the WAHALoads pro-
ject in the frame of the Fifth European Framework Program. The main purpose of the WAHA code is to pre-
dict various situations relative to single- and two-phase water hammer transients in piping systems. The
WAHA code can simulate thermal–hydraulic transients with one-dimensional six-equation two-fluid model
approximations and calculate the hydraulic forces on the piping system due to water hammers in two-phase
flow. Some specific numerical features of the WAHA computer code are also presented in this second part.

In the third part of the paper, a description of the UMSICHT test facility PPP which has been used for
water hammer tests inducing bubble condensation is given. The installation has been equipped with a new
measurement technology including new wire mesh sensors with thermocouples for the measurement of con-
densation heat transfer and other innovative transient measurement techniques. From the UMSICHT data
bank, some basic data have been chosen as reference cases for validating the WAHA code.

The last part of the paper deals with the simulation of several cases from the UMSICHT databank using
the adapted WAHA computer code with the FRM model. The results of these simulations are systematically
compared with the experimental data. It is concluded that the adapted WAHA code has the ability to correctly
predict water hammers in two-phase flow occurring in a piping system. It is also concluded that the new FRM
model has a clear effect on water hammer pressure wave damping and on the pressure wave propagation veloc-
ity, but not on the amplitude of the first pressure peak induced by the cavitation water hammer.

2. The friction relaxation model

The comparisons of numerical with experimental results show that the simulations of fast transient flows
based on a steady wall friction formula do not give good results. The passage of a water hammer pressure
wave has a significant influence on the velocity gradient at the wall, which is not taken into account in the
steady-state wall friction models. Therefore the transient friction effect due to a water hammer pressure wave
has been modeled by the friction relaxation model (FRM) developed by Kucienska et al. (2002) and
Kucienska (2004). The friction relaxation model integrates two steps of the wall shear stress evolution that
appears in the pipe during the passage of the pressure wave created by a water hammer due to a fast closure
of a valve. These two steps in the wall shear stress evolution were underlined by a 2D axisymmetric simulation
performed with the a CFD code for an air flow and are clearly shown in Fig. 1. The problem treated by Flu-
ent� is defined above the diagram of Fig. 1.

2.1. First step: sudden change in the wall shear stress

Considering a given location in the pipe, the sudden change in the wall shear stress appears each time the
pressure wave is passing through this location. As expected from the 1D theory, the pressure wave splits the
space in two zones where the velocity exhibits a jump in its normal component, the magnitude of which is
related to the shock strength. As a consequence, when a planar pressure wave has crossed a given section,
the velocity profile is simply shifted by a constant value with no distortion of the velocity profile except close
to the wall where the no slip condition prevails. This behavior has been already observed by Vardy and Hang
(1991) and Pezzinga (1999). The deformation of the velocity profile due to the passage of the pressure wave in
the vicinity of the wall is shown in Fig. 2 for an acceleration of the flow and in Fig. 3 for a deceleration of the
flow respectively.

Several simulations with the a CFD code performed for different initial mean velocities of the flow have
shown that the amplitude of the sudden change in the wall shear stress at the wall is roughly proportional
to the amplitude of the pressure wave. According to the Joukowsky relation, this amplitude is proportional
to the mean flow velocity discontinuity between the front and the rear part of the pressure wave:
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Fig. 1. Wall shear stress evolution predicted by the Fluent� CFD code for the fast transient air flow created by the instantaneous closure
of a valve. At the time of the passage of the pressure wave, one notes a sudden reduction of the wall shear stress followed by a progressive
recovery.

Fig. 2. Deformation of the velocity profile – acceleration.
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Fig. 3. Deformation of the velocity profile – deceleration.
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Dpwave ¼ qaDv
where Dpwave and Dv are the pressure and the velocity change across a shock wave respectively, and a is the
isentropic speed of sound. One can thus suggest the following relationship:
Ds ¼ kT Dpwave ¼ kT qaDv ð1Þ
where Ds is the amplitude of the wall shear stress discontinuity, kT is a coefficient of proportionality depending
on the type of pressure wave (acceleration or deceleration process) and Dv is the mean flow velocity discon-
tinuity. The linear relationship (1) is confirmed by several numerical simulation obtained with Fluent�.

2.2. Second step: relaxation process of the shear stress

Contrary to the first step, the shape of the radial velocity profile is changing continuously during the second
step tending to a steady-state profile. The second step is called the ‘‘relaxation process’’ and has been modeled
from the Extended Irreversible Thermodynamics (EIT theory (Jou et al., 2001; Bilicki et al., 2002).

EIT postulates the extension of the classical thermodynamic space of variables by variables that reflect the
non-equilibrium of the system, such as the dissipative fluxes. In fast transient flows such as water hammers,
strong pressure and velocity gradients in space as well as derivatives in time are observed. According to
EIT, we can introduce the shear stress as a one-dimensional dissipative flux to the thermodynamic state
equation:
s ¼ sðu; q; s2Þ ð2Þ
where s is the entropy of the system, u the internal energy, q the density and s the wall shear stress (dissipative
flux). The square of the shear stress is chosen to ensure a positive value.

Considering Eq. (2), the total derivative of the entropy can be written:
ds
dt
¼ os

ou

� �
q;s

du
dt
þ os

oq

� �
u;s

dq
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þ 2s
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ð3Þ
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We can define the non-equilibrium temperature and pressure from the classical irreversible thermodynamics:
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Using the mass and energy balance equations for an adiabatic flow and ensuring that the rate of entropy pro-
duction is positive, we finally obtain the following expression for the wall shear stress during the relaxation
process (cf. Kucienska, 2004 and Pezzinga, 1999):
ds
dt
¼ ss � s

h
ð5Þ
where ss is the wall shear stress corresponding to a fully developed steady-state flow with a mean velocity v and
h is the time constant of the relaxation process to reach steady state conditions.

2.3. The friction relaxation model (FRM)

The friction relaxation model (FRM) integrates the two steps of the wall shear stress evolution explained in
Sections 2.1 and 2.2 that appears in the pipe after the passage of the pressure wave:
ds
dt
¼ ss � s

h
þ kT qa

ov
ot

ð6Þ
The second term on the right hand side takes into account the rapid change of the velocity gradient at the wall
immediately after the passage of the pressure wave (cf. Section 2.1). The effect on the transient being poten-
tially much larger for liquids than gases, the coefficient kT has been evaluated on the basis of the Holmboe and
Rouleau (1967) water experiment. In this experiment, the water hammer was caused by the fast closure of a
downstream valve in a water flow whose initial velocity was 0.244 m/s. The effect of the pipe elasticity has been
taken into account. The adjustment of kT was done in order to obtain the same pressure attenuation as in the
experiment, while h was kept equal to 1.4 ms as for the air flow calculations. The best fit was obtained with
kT = 2 · 10�4 for flow acceleration, and kT = 1 · 10�4 for flow deceleration. A sensitivity analysis, where the
values of kT were multiplied by a factor of two has shown that the shear stress and to a lesser extent the pres-
sure predictions are sensitive to such variations, but not in a dramatic way. This means that systematic ver-
ifications should be performed in the future by using especially designed experiments.

The first term on the right hand side of Eq. (6) represents the relaxation of the wall shear stress associated
with the evolution of the velocity profile to the steady-state profile corresponding to the new value of the aver-
age velocity behind the pressure wave (cf. 1.2).

The two steps of the evolution of the wall shear-stress are clearly shown in Fig. 4 for several go and back of
the pressure wave for the problem posed in Fig. 1. In this figure as well as in Fig. 5, a comparison between the
FRM results and the results given by a 2D axisymmetric simulation with Fluent� is also presented. In Fig. 5,
the corresponding evolutions of the pressure in the middle of the pipe is shown.

The FRM was also used for predicting the pressure history of a water hammer experiment performed by
Simpson (1986). The result of this prediction is given in Fig. 6 and shows a good agreement with the exper-
imental result.

2.4. Approximation of the FRM for code applications

Eq. (6) has a differential form and must be adapted for applying it as a source term in the set of the balance
equations used in thermal–hydraulics code.
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An approximation of the friction relaxation model was used in the WAHA code. The approximated FRM
is a kind of a numerical solution of the exact model expressed by the differential Eq. (6). It is based on the
shear stress value obtained at the previous time step during the integration of the set of the differential balance
equations:
sðtÞ ¼ ssðtÞ þ sunðtÞ ð7Þ

with
sunðtÞ ¼ sunðt � DtÞe�Dt
h þ kT qaDv ð8Þ
where Dt is the time step chosen for the integration and Dv is the corresponding difference between the suc-
cessive velocity values. The total shear stress at every time is the sum of the steady shear stress ss(t) and
the unsteady contribution sun(t) based on its value from the previous time.

At the first time step, we have: sun(0) = 0.



Fig. 6. Pressure history at the valve: Simpson experiment (solid line) – FRM (dashed line).
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3. The WAHA code

3.1. Basic equations and models

The six-equation two-fluid model was chosen as a basic mathematical model of WAHA (Tiselj et al., 2004).
The simpler five-equation two-fluid model was eliminated because the assumption of vapour being in satura-
tion conditions was found to be too limiting for condensation induced water hammers. The seven-equation
two-fluid model with different phase pressures was rejected because of the unknown relations between both
pressures. The basic equations are one-dimensional mass, momentum and energy balances for vapour and
liquid, without terms for wall-to-fluid heat transfer:
oAð1� aÞqf

ot
þ oAð1� aÞqfðvf � wÞ

ox
¼ �ACg; ð9Þ

oAaqg

ot
þ

oAaqgðvg � wÞ
ox

¼ ACg; ð10Þ

oAð1� aÞqf vf

ot
þ oAð1� aÞqfvfðvf � wÞ

ox
þ Að1� aÞ op

ox
� A � CVM� Api

oa
ox

¼ ACijvrjvr � ACgvi þ Að1� aÞqf g cos h� AF f;wall; ð11Þ

oAaqgvg

ot
þ

oAaqgvgðvg � wÞ
ox

þ Aa
op
ox
þ A � CVM þ Api

oa
ox

¼ �ACijvrjvr þ ACgvi þ Aaqgg cos h� AF g;wall; ð12Þ

oAð1� aÞqf ef

ot
þ oAð1� aÞqfefðvf � wÞ

ox
þ p

oAð1� aÞ
ot

þ oAð1� aÞpðvf � wÞ
ox

¼ AQif � ACgðhf þ v2
f =2Þ þ Að1� aÞqfvf g cos h; ð13Þ

oAaqgeg

ot
þ

oAaqgegðvg � wÞ
ox

þ p
oAa
ot
þ oAapðvg � wÞ

ox
¼ AQig þ ACgðhg þ v2

g=2Þ þ Aaqgvgg cos h; ð14Þ
Standard notations are used in the above equations: p denotes the pressure, a the vapour volume fraction, v

the velocity, w the axial velocity of the pipe, e the specific total internal energy, q the density, Ci the interface
drag coefficient, h the inclination of the pipe, vi the velocity of the interface, Cg the vapour generation term,
h the specific enthalpy, Qif, Qig the heat fluxes from interface to phase f or g, and one uses subscripts f for
liquid and g for vapour (where pi is defined and discussed at Eq. (18)). Differential terms are collected on
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the left-hand side of the equations and the non-differential terms are collected on the right. Pipe cross-section
A can vary as a function of coordinate x and time t:
Aðx; tÞ ¼ AðxÞ þ Aeðpðx; tÞÞ;
dAe

AðxÞ ¼
D
d

dp
E
¼ K dp ð15Þ
The Ae term takes into account the elasticity of the pipe walls (E is the pipe elasticity modulus, D the pipe
diameter, and d the pipe wall thickness), which modifies the propagation velocities in the elastic pipes and
is especially important when modelling water hammer transients. The exact value of K depends on the bound-
ary condition on the outer shell of the pipe, and has to be adjusted to the particular conditions under consid-
eration. Here we assume that the pipe wall is free to move radially.

3.2. Additional closure laws

Additional closure equations are needed to close the set of Eqs. (9)–(14).

1. The equation of state for phase k is:
dqk ¼
oqk

op

� �
uk

dp þ oqk

ouk

� �
p

duk ð16Þ

Derivatives on the right hand side of Eq. (16) are determined by the water property subroutines developed
for the WAHA code using pressure and temperature (T) or specific internal energy (u) as input. Properties
– including metastable states – are interpolated from the pre-tabulated data at 400 pressures (0–1000 bar)
and 475 temperatures (273.15–1638 K). These data are calculated by the thermodynamic property corre-
lations of Haar et al. (1984).
2. The virtual mass term CVM in Eqs. (11) and (12) is used to achieve hyperbolicity of the equations in dis-
persed flow:
CVM ¼ ð1� SÞCvmað1� aÞqm
ovg

ot
þ vf

ovg

ox
� ovf

ot
� vg

ovf

ox

� �
ð17Þ

The value of coefficient Cvm was tuned to ensure the hyperbolicity of the two-fluid model equations (Tiselj
and Petelin, 1997). Note that the applied virtual mass term does not ensure unconditional hyperbolicity of
the equations: for very large relative velocities (comparable to the sonic velocity) complex eigenvalues may
appear. However this did not happen for any of the physical test cases used during the WAHA code devel-
opment. The S factor is taken as S = 0 for dispersed flow, S = 1 for horizontally stratified flow, and
0 < S < 1 for transitional flow (Tiselj et al., 2004).
This factor enables to describe the surface waves in horizontally stratified flows.
3. The interfacial pressure term exists only in stratified flow:
pi ¼ Sað1� aÞðqf � qgÞgD ð18Þ

where S represents the stratification factor as already mentioned in point 2.

4. The WAHA code distinguishes two flow regimes: the dispersed flow and the horizontally stratified flow,

with a transition area between both regimes. The source terms are flow regime dependent and their detailed
form is given in the WAHA manual (Tiselj et al., 2004). The terms that do not include derivatives – source
terms – are:
• Terms with Ci – inter-phase drag.
• Terms with Cg, Qig, Qif – inter-phase exchange of mass and energy.
• Terms due to the variable pipe cross-section.
• Terms due to wall friction Ff and Fg.
• Term with gcosh – volumetric forces.
• Terms for wall-to-fluid heat, mass, and momentum transfers are neglected in the WAHA code.
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The coefficients which appear in the heat, mass, and momentum transfer correlations for horizontally strat-
ified flows are derived from ‘‘standard’’ (Mills, 1999) correlations for a flow near a flat wall. The heat and mass
transfer model for dispersed flow is derived from the Homogeneous Relaxation Model (Downar-Zapolski
et al., 1996; Lemmonier, 2002), with the additional assumption of a very large gas-interface heat transfer coef-
ficient for the vapour. The inter-phase drag for dispersed flows is modelled with correlations valid for bubbly
and droplet flows. The criterion for the transition from horizontally stratified to dispersed flow is based on the
onset of the Kelvin–Helmholtz instability.

The axial velocity of the structure w in Eqs. (9)–(14) is set to zero in the current version of the WAHA code
and is foreseen for a possible upgrade of the WAHA code into the fluid–structure-interaction code.
3.3. Numerical scheme in WAHA code

The numerical scheme of the WAHA code is based on Godunov characteristic upwind methods. These
methods produce solutions with a substantially reduced numerical diffusion and allow the accurate modelling
of flow discontinuities. Eqs. (9)–(14) can be written in a vectorial form as:
A
o~w
ot
þ B

o~w
ox
¼~S ð19Þ
where ~w ¼ ðp; a; vf ; vg; uf ; ugÞ represents the vector of the independent variables, matrices A and B represent
matrices in front of derivatives of ~w, and ~S the vector of sources. WAHA solves the basic equations in a
non-conservative form. Numerous tests were performed with the six-equation model (described by Tiselj
and Petelin, 1997) with different basic variables, and the most successful set of variables turned out to be
~w ¼ ðp; a; vf ; vg; uf ; ugÞ.

Non-conservative variables present an acceptable approximation for fast transients while for the long tran-
sients, where conservation of mass and energy is more important, this might be a drawback. In the test cal-
culations reported in the WAHA code manual (Tiselj et al., 2004), negligible fluctuations of the overall
mass and energy have been observed despite the non-conservative scheme.

Due to the stiffness of the relaxation (inter-phase exchange) source terms, the WAHA code uses a two-step
operator splitting to solve Eq. (19):

1st Step: Convection and non-relaxation source terms – source terms due to the smooth area change, wall
friction and volumetric forces – are solved in the first sub step:
A
o~w
ot
þ B

o~w
ox
¼~SNON RELAXATION ð20Þ
Eq. (20) is solved with a characteristic upwind numerical scheme, which is based on the explicit evaluation of
the eigenvalues of the Jacobian matrix C = A�1B of the system:
C ¼ L � K � L�1 ð21Þ
The diagonal matrix K is the matrix of eigenvalues and L is the matrix of eigenvectors of matrix C. The eigen-
values, the eigenvectors, and the inverse matrix of the eigenvectors are numerically calculated between the grid
points in the WAHA code. An upwind discretisation of the spatial derivatives is then performed in the space of
the characteristic variables. A second-order accurate scheme is obtained with implementation of the slope lim-
iters. The upwind discretisation and the slope limiters are used also for the calculation of the non-relaxation
source terms in Eq. (20) (Tiselj et al., 2004). Such approach preserves the steady-state solutions-for example,
steady flow in ducts with a variable cross-section, or steady-state flows in vertical pipes with presence of
gravity.

2nd Step: The relaxation source terms are integrated in the second sub-step of the operator splitting
method:
A
d~w
dt
¼~SRELAXATION ð22Þ
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The relaxation source terms-inter-phase heat, mass and momentum exchange terms-are stiff, i.e., their charac-
teristic time scales can be much shorter than the time scales of the hyperbolic part of the equations. The inte-
gration of the relaxation sources within the operator-splitting scheme is performed with variable time steps,
which depend on the stiffness of the source terms. The properties of the operator splitting used in the WAHA
code are described by Tiselj and Horvat (2002).
4. UMSICHT water hammer experiments

In the frame of the WAHALoads project, the UMSICHT test facility PPP (Dudlik, 2003) has been
extended and improved with the installation of a new measurement technology including new wire mesh sen-
sors for local void fraction measurement with thermocouples for the measurement of condensation heat trans-
fer and other innovative transient measurement techniques. This instrumentation was installed in PPP
additionally to the existing one. A schematic view and a picture of the test facility PPP are given in Figs. 7
and 8, respectively.

Two different scenarios of water and ‘‘cavitation’’ hammers which are typical of conditions in power plants
were investigated on the PPP test facility:

Scenario 1: Water and ‘‘cavitation’’ hammers at increasing temperature (20–180 �C) and at two operating
pressures of 1 and 10 bars as shown in Fig. 9.

Scenario 2: Condensation hammer induced by cold water injection in steam as shown in Fig. 10.
The typical scenario 1 for the origin of pressure surges is fast closing valves triggered by the breakdown of

auxiliary power and fast acting control devices. For experiments according to scenario 1 the experimental set-
up including the main measuring positions is given in Fig. 7.

Hot water is pumped into the circuit from the pressurised vessel B2 into the test pipe section of 110 mm (or
50 mm) inner diameter. When the valve is closed rapidly (while the pump keeps running), pressure waves are
induced downstream of the valve in the whole pipe system and measured by fast pressure transducers (P03–
P23). Forces on pipe supports are also measured as well as displacements. The measuring frequency is 2 kHz.
Local void fraction and temperature distributions in several cross sections of the pipe were measured with a
new wire mesh sensor and local void probes (WM) developed by the Forschungszentrum Rossendorf e.V.
(FZR).

The operating conditions of the initial steady-state flow of the experiments achieved in the frame of scenario
1 are given in Table 1:
bridge
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Fig. 7. Sketch of the PPP facility in UMSICHT (P = pressure measurement; WM = wire mesh sensor; FP = fixed point).



Fig. 10. PPP experiment: scenario 2: closure of the main pipe followed by a cold water injection downstream of the valve.

Fig. 9. PPP experiment: scenario 1: sudden closure of the valve. Observation of the phenomenon in the downstream section of the pipe.

Fig. 8. Picture of the PPP facility in UMSICHT.
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In this paper, the reference test of the PPP experiments which has been selected for the comparison with the
WAHA code simulation is test No. 307. For this test, the following initial conditions at the starting of the fast
closure of the valve have been measured:



Table 1
PPP experiment characteristics – scenario 1

Initial steady state velocity 1.0 6 v 6 5 m/s 5 velocities
Liquid temperature 20 6 # 6 150 �C 9 temperatures
Re-opening of valve after 10 s Yes/ no –
System pressure 1.0; 10 bar 2 pressures
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• Pressure in the B2 tank: 9.92 bar.
• Initial water temperature: 119.1 �C.
• Initial water flow rate: 132.2 m3/h.
• Mean water velocity of about 4 m/s.

The experimental data of this test, i.e. pressure and void fraction evolution close to the valve, are given in
Section 4 below.

5. WAHA code simulations

Three particular test cases have been selected for testing the ability of the WAHA code to correctly predict
fast transient two-phase flows in different situations:

• Super Moby Dick experiment – steady state critical two-phase flow.
• Benchmark simulations of ‘‘cavitation’’ water hammer with the FRM model.
• PPP water hammer tests – depressurisation inducing cavitation water hammer initiated by a fast valve

closure.

For each of these particular test cases, a systematic comparison between the data and the results of the
WAHA code are given below. Several possible options of the WAHA code corresponding to different models
have also been tested.

5.1. Super moby dick experiment

The Super Moby Dick tests were chosen for verifying the ability of the WAHA code to correctly reproduce
steady state situations, for example critical two-phase flows.

The Super Moby Dick experiments performed by the CEA Grenoble (Rousseau, 1986) consist in two-phase
critical flashing flow experiments. Steady-state critical flow conditions were measured in a long nozzle. The
nozzle has a convergent section at the entrance followed by a straight pipe of about 0.5 m long and of
20 mm inner diameter and ended by a 7� divergent section.

For the WAHA code simulation, the pipe is initially filled with pure liquid at the inlet pressure and inlet
temperature of the test. The liquid is at rest (velocity equal to zero). The transient is initiated by imposing
the pressure at the outlet of the nozzle corresponding to the pressure measured during the test. The simulation
is run until a steady-state critical flow is established.

Two Super Moby Dick tests have been chosen for the comparison with the WAHA code simulations. The
inlet conditions of these tests are:

– test 1: Inlet pressure of 20 bar, inlet temperature of 192.3 �C.
– test 2: Inlet pressure of 120 bar, inlet temperature of 305.7 �C.

The back pressure, located at the downstream end of the divergent nozzle, is the atmospheric pressure.
The pressure profiles in the convergent and in the straight pipe predicted by the WAHA code for the two

tests and the pressure measurements are given in Figs. 11 and 12.
Since the Homogeneous Relaxation Model (Downar-Zapolski et al., 1996) was developed by using the

Super Moby Dick experimental results, and used in the WAHA code in its basic option, the agreement
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between the WAHA code simulations and the experimental data is excellent. Measured and predicted mass
flow velocities are very close to each other too.

5.2. Benchmark test with FRM model

In order to show the impact of the friction relaxation model on the ‘‘cavitation’’ water hammer, benchmark
case 1 proposed during the WAHALoads project has been chosen as the reference case. The cavitation water
hammer was induced by the fast closure of a valve placed downstream from a straight pipe. The characteristics
of the pipe are as followed:

– Diameter: 20 mm
– Length: 50 m
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– Initial velocity: 5 m/s
– Initial temperature: 523 K

The results of the WAHA code simulations with the FRM and with the ‘‘steady state’’ wall shear stress
model are given in Figs. 13 and 14 where the pressure and the void fraction evolutions at the middle of the
pipe are given for both cases. As observed in Fig. 14, the FRM does not have much influence on the quantity
of vapor created at the middle of the pipe. On the other hand, the evaporation starts later for the FRM com-
pared with the ‘‘steady state’’ wall friction model, especially for the second flashing. This result has to be
related to the result of Fig. 13 where we can clearly observe a phase shift between both pressure evolutions.
This means that the friction relaxation model influences the pressure wave propagation velocity.
Fig. 13. Pressure evolution at the middle of the pipe: FRM: solid line–dashed line: ‘‘Steady state’’ model.

Fig. 14. Void fraction evolution at the middle of the pipe: FRM: solid line–dashed line: ‘‘Steady state’’ model.



202 B. Kucienska et al. / International Journal of Multiphase Flow 34 (2008) 188–205
5.3. UMSICHT tests

For the PPP facility described in Section 3, one transient experiment (test 307) corresponding to scenario 1-
cavitation water hammer due to the fast closure of a valve-has been selected for the comparison with the
WAHA code simulations.

Different options of the WAHA code have been tested for this test case:

– Homogeneous relaxation model (HRM) with steady state wall friction model.
– Homogeneous equilibrium model (HEM) with steady state wall friction model.
– Homogeneous relaxation model (HRM) with the friction relaxation model (FRM).

Before simulating the transient due to the fast closure of the valve, the steady state flow conditions need to
be reproduced all along the pipe system. These conditions have been determined with the WAHA code with
the following boundary conditions:

– Pressure in the downstream tank: 9.92 bar.
– Inlet water temperature: 119.1 �C.
– Mean water velocity at the entrance of the pipe (at the valve location): 4.01 m/s.

The pressure profile along the pipe after 10 s of simulation is given in Fig. 15. We can observe on this figure
that the steady state conditions of the flow are obtained after this time.

These conditions have been chosen as the initial flow conditions for the test case simulating the transient
after the closure of the valve. To simulate this second step of the test case, the restart option of the WAHA
code was used to automatically create the adequate input file. Only the boundary condition corresponding to
constant velocity at the entrance has been replaced by a close end condition.

The pressure evolution during the transient just downstream the valve (pressure P03) predicted by the
WAHA code is given in Fig. 16 in comparison with the experimental data. The void fraction is shown in
Fig. 17.
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We can observe that the first pressure peak occurs much later than the time needed for one go and back of
the pressure wave at the speed of sound of the liquid (about 1500 m/s). This can be explained by the additional
time needed to condense the steam pocket created near the valve just after its closure. The time for condensing
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the steam depends on the speed of sound in two-phase flow which is much less than the speed of sound in
liquid. The water hammer occurs just after this condensing process.

We can conclude that:

– The WAHA code can more or less correctly predict the first pressure surge due to the cavitation water ham-
mer. For this first peak, there is no big difference between the models: HRM, HEM, FRM.

– The pressure surges following the first peak are not well predicted neither for the peak amplitude nor the
peak phase. However, the HRM model is much better than the HEM model which means that the mass and
energy transfer plays an important role for such a transient. The void fraction comparisons indicate that
there is still room for improvement of the HRM model.

– For the wall friction model, there is quasi no difference between the FRM model and the steady state fric-
tion model which means that the wall friction is not an important factor for such a transient, or that it pro-
vides insufficient damping.
6. Conclusions

The wall shear stress at the wall has been modeled for fast transient flows resulting from the fast closure of a
valve. It is shown that the wall shear stress evolution involves two steps: the first step corresponds to a sudden
change of the wall shear stress for each passage of the pressure wave, the second step is a relaxation process of
the wall shear stress to the steady state flow conditions. The model is described by Eq. (6) and is called ‘‘Fric-
tion Relaxation Model’’. This model was implemented in the WAHA code.

The WAHA code developed during the WAHALoads project in the frame of the Fifth European Program
is based on a 6-equation two-fluid model in an elastic pipe with second-order accurate numerics. It allows sim-
ulations of ideal gas–liquid water mixtures, or vapour–liquid water mixtures. The geometry consists of a set of
pipes with smooth varying cross-sections, or abrupt area changes. At the boundaries closed ends, constant
pressure tanks or constant velocity can be considered. The model is made more realistic by including relaxa-
tion models for the simulation of the non-equilibrium phenomena encountered in fast transients.

The WAHA code has been tested against several test cases. In this paper, three test cases have been chosen
for verification of the ability of the WAHA code to correctly predict fast transient two-phase flow. The results
of the WAHA code simulations are more or less in good agreement with the data of the test cases. Neverthe-
less further improvements are still needed to better simulate ‘‘cavitation’’ water hammers.
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