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Abstract

The capability of a homogeneous model to simulate steady and unsteady two-phase flows is
investigated. The latter is based on the Euler set of equations supplemented by a complex
equation of state describing the thermodynamical behavior of the mixture. No equilibrium
assumption is made except for the kinematic equilibrium. The return to the thermody-
namical equilibrium is ensured by three source terms that comply with the second law of
thermodynamics. The numerical code built on the basis of this model has been verified and
some validation results are discussed here. The speed of propagation of a pressure signal is
first studied and compared with experimental measurements. Then a more complex situation
is investigated: SUPERCANON experiment which corresponds to a sudden depressurization
of heated water (associated to a Loss Of Coolant Accident, or LOCA). At last, the results of
a numerical experiment of heating of flowing water in a pipe are compared to those obtained
with an industrial code.

Key words : Two-phase flow, homogeneous model, mass transfer, mixture sound speed,
depressurization, heat transfer.

1 Introduction

When two different phases of the same component coexist in a stable manner, the thermodynamical the-
ory states that their temperatures, pressures and chemical potentials must be equal [1]. Conversely, when
the equilibrium between the two phases is not yet reached, these temperatures, pressures and chemical
potentials may differ. Most of the models that are used to perform two-phase flow simulations involving
mass transfer are based on one or more equilibrium assumptions. This can be restrictive when dealing
with highly unsteady flows for which these assumptions may not be relevant. The homogeneous model
used in the present work [2, 3, 4, 5] only makes the assumption that the velocities of the two phases are
equal and the full thermodynamical disequilibrium is accounted for. This hypothesis of equal velocities
can show some limitations - for instance when gravity plays an important role, or when simulating jets,
etc... - but it remains acceptable for a lot of industrial applications with forced convection in pipes,
as those encountered for nuclear power plants. One can note that some two-fluid models are developed
without equilibrium assumptions; for instance those in [6, 7, 8, 9, 10, 11, 12] which are based on the
Baer-Nunziato model [13], or in [14]. It should also be mentioned that homogeneous models have been
studied with different velocities for the two phases [15].



The homogeneous model in the present work was first proposed in [2]. It is built on the Euler set
of equations supplemented by three fractions which allow to account for the temperature, pressure and
chemical potential disequilibria between the two phases. The return to equilibrium is then ensured by
three source terms which are defined in order to fulfill the second law of thermodynamics. The resulting
model possesses a complex Equation Of State (EOS) for the mixture and is hyperbolic provided that each
phasic entropy is concave with respect to the phasic specific volume and to the phasic specific internal
energy, and that the mixture temperature is positive [4]. Moreover, the transition between single-phase
flow and two-phase flow is managed quite naturally. This is a crucial feature since a lot of industrial
situations involve such transitions.

Among other transient phenomena involving two-phase flows in confined or pressurized devices, one
may for instance cite: water hammers [16, 17], Boiling Liquid Expanding Vapor Explosion (BLEVE)
[18, 19], breaches in pressurized pipes, erosion due to the collapse of cavitation bubbles [20], etc... In
such situations, pressure waves are produced that may damage the installation. Hence, the prediction
of the propagation of such waves is important for safety studies. It is well-known that the propagation
of pressure waves in two-phase flows strongly depends on the gas fraction [21]. Roughly speaking, the
speed of sound in a medium depends on the ratio of its specific volume to its compressibility. In a homo-
geneous mixture of liquid and gas, the compressibility is close to the compressibility of the gas, whereas
the specific volume is close to the specific volume of the liquid. As a consequence, the sound of speed
will be lower than that in the pure phases [22]. This behavior has been investigated with experimental
measurements for liquid-gas mixtures (without mass transfer). The aim of the present paper is to evaluate
the capability of a code to reproduce some schematic situation encountered in nuclear applications. We
first compare the speed of propagation of a pressure pulse for different air-water mixture fractions to the
measurements of [21]. A more complex situation of depressurization of heated water is also investigated.
In the latter, waves are generated by the sudden depressurization and travel in both the pure liquid and
in the steam-water mixture. We also investigate the case of the heating of water flowing in a pipe.

The whole code that is used in this study possesses very few physical parameters, and the time-scale
associated to the return to the thermodynamical equilibrium is the most tricky to determine. This time-
scale should be chosen on the basis of physical phenomena but this is a difficult task and very few work
are available on that subject when considering a complete two-phase flow model [23, 24].

The schemes that provide the unsteady numerical approximations are described in [25, 4]. An im-
portant verification process has been done and it has been reported in [25, 4]. In these references, the
verification test cases have been chosen to mimic the main situations encountered in the nuclear domain.
Two kinds of problems have thus been studied: Riemann problems which are classical unsteady test
problems, and a steady-state problem involving the heating of a two-phase mixture. The former (resp.
latter) are representative problems of the situation induced by the experiment proposed in section 6 (resp.
5). The case of section 5 corresponds to the computation of a steady-state. In order to obtain accurate
approximations with little CPU-time, we propose in section 3 a steady-state algorithm based on the idea
of [26].

An overview of the model and the numerical schemes is first proposed in section 2 and 3. In section
4, we assess the computation of the propagation of a pressure-pulse by our code. This is done on the
basis of the measurements of the speed of propagation of a pressure-pulse in air-water reported in [21].
Section 5 is then devoted to the study of a case of heating of water in a pipe involving small pressure
variations. This case is inspired from the work [27, 28]. It is schematic of the steam production in a
steam generator of a Pressurized Water Reactor (PWR) and we compare results obtained by the model
to the results obtained with an industrial code. We then focus in section 6 on a more complex situation
: the SUPERCANON [29] experiment, which could be assimilated to a two-phase shock-tube with mass



transfer. These experiments where conducted in the late 70s on this experimental facility to measure
the depressurization of heated water. They were designed to be representative a of a Loss Of Coolant
Accident (LOCA) in the primary circuit of a PWR nuclear power plant, as the Edwards’pipe blowdown
experiments [30].

2 A homogeneous model for two-phase flows

The aim of this section is to provide a quick overview of the model and of the numerical schemes. For
a more detailed presentation, the reader could refer to [2, 4, 5] for the model, to [4] for the numerical
schemes and to [25, 4] for the verification process. In the following, a subscript v will denote a vapor or
gas quantity, and a subscript [ a liquid one.

The quantities describing the mixture of the two phases are: the specific volume 7 = 1/p where p is
the density, U is the velocity and e is the specific internal energy. The three fractions define the way the
two phases are mixed in terms of: the volume through the vapor volumic fraction «,, the mass through
the vapor mass fraction ¥, and the energy through the vapor energy-fraction z,. In fact these fractions
allow to express the phasic quantities in terms of the mixture quantities:

QT T Zp€ zie
Ty = — ,lei, ey = U,el—l U,=U, U =U, (1)
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where oy = 1 — v, y1 = 1 —y, and z; = 1 — z,. The set of equations for the homogeneous model is then:
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where Y = (aw, Y, 2v), and where E stands for the specific total energy:
E=e+U?/2.
The thermodynamical closure of the system is ensured by the definition of the mixture entropy:

8 = YuSu(To, &) + yisi(71, €1), (3)
where the phasic entropies si(7x,ex) must be specified by the user. The phasic pressures Py and the
phasic temperatures T} are deduced from the phasic entropies through the phasic Gibbs relations

desk = d€k + Pdek, (4)

which lead to the definitions:
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The pressure law P and the temperature law 7" for the mixture are obtained by writing the Gibbs relation
(6) for the mixture, which involves the mixture entropy (3):
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We then have the definitions:
1 0 P 0
T = % (8)|7_7Y and f = E (S)‘e,Y7 (7)

for the pressure and the temperature of the mixture. Using the phasic pressure Py and temperature T},
they can be written:
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The three source terms I'y (one for each fraction) rule the thermodynamical exchange between the
phases and allow the system to return to the thermodynamical equilibrium. Hence they must be chosen
to comply with the second principle of thermodynamics. They are written here as in [2, 4]:

qu_Y
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where A is a characteristic time-scale, and

qu = (av,eq; Yu,eq zv,eq), (10)

defines the equilibrium fractions. This equilibrium state Y., maximizes the specific entropy of
the mixture s for a given specific internal energy e and a given specific volume 7. When the
two phases coexist Y, belongs to 0, 1[> and the derivative of the entropy with respect to the mixture
fractions Y is then null. A simple calculus of this derivative shows that this means that the
temperatures, pressures and chemical potentials are equal.

The sound speed of system (2) is defined as:

¢ =22 p), =2 (p)
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and, using the formula (8) for the mixture pressure P, it can be written:
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where d?s, stands for the Hessian matrix of the phasic entropies sj (Tk, €k):
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We recall that the phasic sound speeds are defined as:

% __(1p) ..s',;.< ;i ) (14)
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It must be emphasized that this mixture celerity ¢ is thus not a barycenter of the phasic celerities c.
This point will be discussed in section 4 on the basis of numerical results. However, if

(1) each phasic entropy is concave with respect to the phasic specific volume and to the phasic specific
internal energy,



(74) and the mixture temperature is positive,
then c? is non-negative, and hence c is real. Thus the conditions (i) and (ii) provide a sufficient condition

for system (2) to be hyperbolic.

We restrict hereafter to Stiffened Gas EOS, that is:
Sk(Tk, ek) = Cv,k In ((ek — Qk — Hka)T]Zk_l) + 82 (15)

where C,, j, is the heat capacity, Q) is a reference value of the enthalpy hj = ey, + Py 7y, the parameter —IIj,
corresponds to the minimal pressure!, 7, is the adiabatic coefficient and 82 is the reference entropy. This
phasic entropy allows to define the pressure and temperature laws through the phasic Gibbs relations (4):

e —_
Py (11, ex) = kiQk(Wk — 1) — Mgy, (16)
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3 Numerical schemes

We propose in this section a quick overview of the numerical schemes which are detailed in D and C.

3.1 Numerical schemes for the unsteady simulations

The overall numerical scheme is a fractional step method, as proposed in [4]: the convection part of the
system is first solved using a Godunov type explicit scheme; and the source terms are then integrated. As
proposed in [4] a VFRoe-ncv scheme is used to compute the numerical fluxes at the interface between two
cells of the mesh. The linearised problem at the interface is solved by considering the variables (Y, 7, U, P)
[31] and, in order to avoid non-entropic waves to be computed, this algorithm is supplemented with the
entropic correction proposed in [32]. Moreover, a partial WFRoe scheme [33] is performed to improve the
prediction of the speed of the contact wave in the linearised problem at the interface between two cells.
In order to improve the accuracy of this scheme (particularly for regular solutions), a modification has
been proposed in [25] on the basis of the idea of [34]. The interfacial pressure issued from the linearized
Riemann problem is thus mixed with a centered pressure chosen as the mean of the pressure of the left
and right cells. The details of the scheme are given in D, and it is used in section 4 and 6.

3.2 Numerical scheme for the steady-state computations
We propose here a numerical scheme devoted to the computation of the approximations of the one-

dimensionnal steady-state problem associated with (2), that is Vo € [0, L] (L > 0):

d
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!The phasic entropy and the phasic sound speeds are defined for P, > —II;; and the phasic temperature is positive for
P > Il



The source terms F and ® respectively denote the volumic forces acting on the system and the power
received by the system. In particular, the term ® gathers the power associated with the forces F and the
external heating sources ¥: ® = pUF + W. The details of the scheme are given in C and it is used in
section 5.

4 The speed of propagation of a pressure-pulse in a mixture of air and
water

When considering a two-phase flow model, an important question that arises is to investigate if the speed
of propagation of a pressure-pulse in the mixture is physically relevant. This is indeed an important point
for two-phase flow simulation because this speed determines the speed of propagation of the pressure
overshoots that could damage industrial devices. It is well-known that the speed of propagation of a
pressure-signal in a mixture is not the barycenter of the phasic sound speeds. In particular, this speed of
propagation can be far less than the phasic sound speed in the gas phase when considering intermediate
volume fractions [21]. We thus focus here on the air-water configuration for which experimental results
are available in [21]. In order to make such comparisons, the test case proposed in [35, 36] is reproduced
to calculate the speed of propagation of a small pressure-perturbation.

The test case consists in calculating the speed of propagation of a pressure perturbation in a mixture
of air and water at different volume-fractions o, € [0,1]. The computational domain is 1 m long and
the mixture is at 1 bar and 293 K. For this pressure and temperature, the sound speed in pure water
(cy, = 0) is 1480 m/s and 343 m/s in pure air (a,, = 1). The initial conditions are thus:

ay € [0, 1],
T=293.0 K, (19)

P =10°+10% exp (—(m;ﬁ) Pa;

with ¢ = 0.01 m. The other variables are deduced from the previous one (19) by imposing the tempera-
ture and pressure equilibrium (see appendix A for details about the modifications of the model of section
2 when the mass transfer is not accounted for). With these initial conditions (19), two pressure peaks
travel towards the left and towards the right outlets. Their speed Cpeqr is computed by measuring at
time t the distance d(t) from the peak to the middle of the domain (x = 0.5, which is the initial location
of the peak) and with the obvious formula: Cpeqr = d(t)/t.

The results are plotted on figure 1 when considering different configurations for the relaxation time-
scale. Simulations have been carried for different relaxation time-scales

A={1072 51077 5,107% 5,107° 5,107 s}.

The “frozen” sound speed corresponds to the value of the celerity (12). This sound speed corresponds to
the celerity computed for the convective part of system 2, thus omitting the effect of the thermodynamical
relaxation due to the source terms. With the 2000-cell mesh used for the simulation, the time-step
always remains in the range [1.5 107 5,4.0 107 s]. The smaller time-scale thus corresponds here to an
instantaneous relaxation to the thermodynamical equilibrium. When the time-scale is increased above
10~° s, three peaks can be observed for intermediate volume fractions. Figure 2 shows the pressure at
time 10™* s for different values of the time-scale A. The central peak that can be observed for A < 1072 s
can afterwards separates into two other peaks while the two small peaks tend to decrease. The transition
between the two kinds of solutions is fast with respect to A. Roughly speaking, A can be gathered into
two classes : those that lead to a speed of propagation close to that of A = 1072°, and those that lead to
a speed of propagation close to the frozen celerity.
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Figure 1: Speed of propagation of the pressure-perturbation Cpeqr (in m/s) with respect to the air volume-
fraction a,,, comparison with the measurements of [21]. The figure on the bottom is a zoom around the
experimental measurement points from [21].
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Figure 2: Pressure-pulse at time 10™* s for a volume fraction of a,, = 0.5 and for different values of the
time-scale A. Two series of peaks located around x = 0.65 and x = 0.35 correspond to the speed of
propagation of the liquid.



5 The heating of water flowing in a pipe

We are interested here in the computation of steady states by using the method proposed in C, which
allows to obtain approximate solutions of the system (18). For this purpose, we choose to mimic the
BARTOLOMEI test case [27, 28] by the 1D test case described on figure (3). Liquid water at Ty = 495 K
is injected in the pipe with a flow rate of Dy = 1500 m3/s with a pressure of Py = 68.9 bars. The fluid
is heated until x = 1 m and, depending on the value of the external power heating Wj, steam may be
created. The external forces F' are set to zero here. The thermodynamical parameters of the phasic EOS
used in this section are given in B.3.

Flow

[
>

Liquid Steam-liquid water
voer NN e
Heating zone

L | '
T

x=0 x=1 x=1.4

Figure 3: Description of the test case .

In section 5.1 we propose to study the influence of the mesh refinement and of the relaxation time
scale on the results computed using the method of C. Then in section 5.2, we compare these results with
those obtained with the industrial code TH1D [37]. The 1D test case proposed here can not reproduce the
complexity of the real BARTOLOMEI experiment, thus comparisons with the experimental data would
be meaningless. We thus choose a code-to-code comparison.

5.1 Mesh refinement and relaxation to the thermodynamical equilibrium

We first study the evolution of the approximated solutions when the mesh is refined. We set ¥y =
5.5 108 W/m? and A = 1078 s and we compare the approximated solutions computed for 40, 80, 160, 320,
640 and 1280 cells. Results are plotted on Figure 4. It can be seen that the approximations barely vary
for meshes with more than 160 cells, at least at the visualization scale. In the following, we will thus use
a mesh with 300 cells which gives a very satisfactory accuracy.

Moreover, in this case, U < 5 m/s and the mesh size associated with \ is then: dy = U\ =5 107% m.
If a cell is greater than dy, then the fluid remains in this cell during a time that is larger than A. Hence
the thermodynamical equilibrium is achieved in this cell. The dimension dy = 5 10~% m corresponds to
a uniform mesh of the domain [0, 1.4 m| that contains more than 28 millions of cells. As a consequence,
the thermodynamical equilibrium is always achieved for the meshes proposed on Figure 4.

We refer in the following lines to Figure 4. Pure liquid enters the domain at z = 0 and a two-phase
mixture flows to the right outlet at x = 1.4. We can observe three zones.

(i) On [0,0.74 m], the temperature of the liquid increases and the pressure slightly decreases. The
liquid reaches the saturation temperature at 0.74 m.

(ii) On [0.74 m,1 m], steam is instantaneously created at saturation temperature and the pressure
decreases more rapidly (since the time scale A is small).

(iii) Beyond the heating zone [1 m, 1.4 m], nothing happens and all the variables remain close to the
value they have reached at x =1 m.



This would be different with a greater time-scale as shown on Figure 5. It can be observed that with
A = 10"* s the steam production is slightly delayed and that it continues after = 1 m. It should also
be noticed that small time-scales A lead to less smooth approximate solutions.
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Figure 4: Approximated solutions along the domain = € [0,1.4 m] for different meshes: 40, 80, 160, 320,
640 and 1280 cells.
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Figure 5: Approximated solutions along the domain = € [0,1.4 m] for 300 cells and different values of
the time-scale : A = 1078 s (black) and A = 10™* s (red). On the temperature plot, the dashed lines
represent the saturation temperature.
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5.2 Comparisons with the results obtained with TH1D

We compare here the results obtained by the method proposed in C and the results obtained by using the
TH1D (TermoHydraulic in 1D) module [37]. The latter is a one-dimensionnal steady-state version of the
code THYC [38, 39, 40, 41] (TermoHydraulic of the Core) and it is based on the THETIS [42] tabulated
thermodynamical laws. The THYC code is based on a two-phase flow model (of the so-called Homoge-
neous Relaxed Model type) for which the mixture law is obtained by assuming the pressure equilibrium
and by assuming that the vapor phase is always at saturation, as in [43, 15].

The TH1D computations presented here are part of the work reported in [44]. We then set the
relaxation time-scales to zero for both codes, and all the sub-models of TH1D are disabled, in particular :

e the relative velocity between the phase is maintained equal to zero;

e the specific source term used to produce steam in the mass fraction equation in the case of wall
heating is disabled (the sole volumic heating source term is kept);

The results are then compared for different heating powers: 4.0 108 W/m3, 4.5 10% W/m3, 5.0 108 W/m?3,
5.5 10 W/m?3, 6.0 10® W/m3, 6.5 108 W/m3 and 7.0 108 W/m3. Figures 6 to 12 show the differences
between the two codes.

The global behavior of the two codes is the same, but some quantitative differences can be noted.

It must be emphasized that in TH1D the reference pressure 6.89 10° Pa is imposed at x = 1.4 m,
whereas this pressure is imposed at x = 0 for the code of C. This difference leads to a shift in the two
pressure profiles. The influence of this shift on the thermodynamical results (density, temperature) is
not very important. Indeed, the relative variations of the pressure are small and the associated variation
of the saturation temperature (the dashed lines on the figures below) is negligible with respect to the
variation of the temperature due to the heating.

For the low heating powers 4.0 108 W/m3 and 4.5 108 W/m3 (see resp. Figures 6 and 7), no vapor
is created by the two codes. The results are almost identical, which tends to prove that the liquid states
are correctly represented by the Stiffened Gas EOS. In particular the two temperatures are very close
which implies that the saturation is reached at almost the same coordinate x (when the heating power is
sufficient). Nevertheless, some differences can be noted in the amount of vapor created and therefore in
the mixture density (see Figures 8-12). It can also be noted that the differences tend to decrease for high
heating powers (see Figures 12).

The quantitative difference observed with these numerical simulations is a consequence of the two
different thermodynamical laws used to described the two-phase mixture.

12
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Figure 6: Comparison of the approximate solutions obtained with the method of C (black), and those
obtained with TH1D (red). The heating power is here equal to 4.0 108 W/m3. The volumic steam fraction
is equal to zero on the whole domain for both codes.
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Figure 7: Comparison of the approximate solutions obtained with the method of C (black), and those
obtained with TH1D (red). The heating power is here equal to 4.5 108 W/m?3.
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Figure 8: Comparison of the approximate solutions obtained with the method of C (black), and those
obtained with TH1D (red). The heating power is here equal to 5.0 108 W/m?3.
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Figure 9: Comparison of the approximate solutions obtained with the method of C (black), and those
obtained with TH1D (red). The heating power is here equal to 5.5 108 W/m?3.
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Figure 10: Comparison of the approximate solutions obtained with the method of C (black), and those
obtained with TH1D (red). The heating power is here equal to 6.0 108 W/m?3.
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Figure 11: Comparison of the approximate solutions obtained with the method of C (black), and those
obtained with TH1D (red). The heating power is here equal to 6.5 108 W/m?3.
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Figure 12: Comparison of the approximate solutions obtained with the method of C (black), and those
obtained with TH1D (red). The heating power is here equal to 7.0 108 W/m?3.

The comparison proposed here between the method of C and TH1D allows to estimate the difference
between the two thermodynamical representations of the two-phase flows. A difference can be noted for
the vapor volume fraction and the mean density, at least for the intermediate heating powers. This may
indicate that the Stiffened Gas EOS used here are satisfactory, at least for this test case which involves
very small variations of the pressure.
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Figure 13: Sketch of the SUPERCANON configuration. The pressure is measured at the points Py, ..., Ps
and the vapor fraction is measured at the point F;.

1.5e+07 e T T T T T T T T T T
? ~— Initial pressure ]
1.25e+07 1 Arrival of the ]
| — saturation wave
iy

le+07 Non—equilibrium

756406 - Equilibrium

]

Pressure (Pa)

Arrival of the

e =&~ vaporisation front
5e+06 - CRON B

W
= \

2,5e+06 -
[ N

M L M B P
0 0,05 0,1 0,15 0,2 0,25
Time (s)

Figure 14: Sketch of the time evolution of the pressure at the points P for two different experimental
runs.

6 Sudden depressurization of heated water

The present test case is associated to the experimental facility SUPERCANON [29]. It was set up to
measure the sudden depressurization of heated water from 150 bars to 1 bar, which is representative of a
LOCA in the primary circuit of a PWR. Figure 13 is a sketch of the facility. A tube (100 mm of inner
diameter and 4.389 m long) is filled with water and closed with a cap. The water is heated and when the
operating conditions are reached (in pressure and temperature), the cap is released by a system based on
an exploding cordon and is supposed to be almost instantaneous with respect to the fluid phenomena.
The pressure in the tube is measured at six different locations P; ¢, and the vapor fraction is measured
at the point P; (see figure 13). Three different initial temperatures have been tested for the liquid water
in the tube: 280°C, 300°C' and 320°C, which respectively correspond to: the temperature at the inlet
of the core, the mean temperature in the core and the temperature at the outlet of the core. Moreover,
different breach diameters have been used at the outlet of the tube, but we only focus here on the case
with a fully opened tube. We also restrict ourselves to the initial temperature of 300°C.

The scenario of the experiment is the following [30]. When the cap is released, a “saturation” wave
travels from the cap location to the end of the tube. Due to this wave, the temperature in the pipe
remains almost constant and the pressure drops to the saturation pressure at the initial temperature:
P = P,;(573.15 K) = 86 10° Pa. Then a vaporisation front travels into the pipe and the vapor fraction
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starts to increase. The vaporisation front is a two-phase phenomenon and it travels much slower than the
“saturation” wave which occurs in pure liquid water. Through the vaporisation front, the vapor fraction
increases and both the pressure and the temperature drop again. The sketch of the time evolution of the
pressure at points P is plotted on figure 14 for two different experimental runs.

In this experiment, the two phases are likely to be out of the thermodynamical equilibrium [45]. As a
consequence, the response of the model should be sensitive to the choice of the time-scale A\. Unfortunately,
we are actually not able to derive a law for A on the basis of physical considerations. For this reason,
we propose here two different laws for the relaxation time-scale A. These laws are built following the
observations reported in [23], on the basis of an experiment of a flashing (steady) flow in a divergent duct.
These laws combined two terms :

e one term that diminishes the relaxation time-scale when the flow is too far from equilibrium,
e and one term that decreases the relaxation time-scale when the steam fraction increases.

The laws that are proposed here are also built on such terms, but their exact form is modified to account
for strong disequilibria. Hence the laws below are not lying on mechanical assumptions and they must
be seen as “toy laws” whose parameters have been chosen to fit the experiments. The three laws are the
following.

(i) A is uniform and equal to 10730 s. With this choice the two phases always remain at the thermody-
namical equilibrium and the whole model behaves like a Homogeneous Equilibrium Model (HEM).
It will be denoted in the following by “Equilibrium”.

3 e ((=5)) ~((2)), (20)

with the parameters: A\g = 4 107 s, do = 3.16 1072 et a, = 0.35, and where Quy.eq Stands for
the vapor volume fraction at equilibrium. This law for A is denoted by “disequilibrium 1” in the
following.

(ii) A is defined as:

(iii) A is defined as:
4
A= Aoe‘(‘ard?’eil)e_((i) ) (21)

)

with the parameters: A\g = 9 107* s, da = 5 107% et a. = 0.42. This law for ) is denoted by
“disequilibrium 2” in the following.

In laws (ii) and (iii), the first exponential determines the “maximum distance to the saturation”, whereas
the second exponential involves a critical volume fraction of vapor a. above which the flow remains near
the equilibrium. These two terms have been plotted on figure 15 for the two disequilibrium laws.

The gravity effect is classicaly neglected for this test case because the whole depressurisation is rather
rapid. Moreover, the computational domain is € [0,15 m]. The domain z < 4.389 m is filled with
high pressurized water. Since we are dealing with a two-phase flow model, the domain z € [4.389, 15 m]
is filled with steam at a pressure of 1 bar and a temperature of 300°C. In the experiment, this domain
was filled with air at 1 bar and ambient temperature. The right boundary condition is a supersonic exit,
which means that the fluxes at the boundary are computed considering the flow inside the pipe. This
choice for the right boundary condition is legitimated by the high speed flows in the vapor domain (it
reaches 600 m/s).

The numerical results obtained with the three laws (i), (ii) and (iii) are compared to some experiments
on figures 16 et 17. It can be noted that for the pressure, the two different experiments show very different
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Figure 15: Plots of the two exponential terms involved in the laws for “disequilibrium 1”7 (black) and
“disequilibrium 2” (red). Top : the first exponential term involving |a, — ¢4 is plotted with respect to
(0 — Quyeq) , bottom : the second exponential term involving a,/c. is plotted with respect to a.

patterns for the time less than 0.075 s, see figure 16. This corresponds to the fact that, at point Pj, the
flow is out of equilibrium until that time. Yet the sudden initial pressure drop in the pipe generates
vapor by nucleation, and depending on the water purity, the vapor generation includes homogeneous and
heterogeneous nucleation. Each impurity in the water can promote nucleation and then vapor gener-
ation. As a consequence, the flow remains closer to the equilibrium, whereas with few impurities, the
vapor generation occurs through homogeneous nucleation. This could explain the great variability in the
measurements which can also be observed at point P; when considering the volume fraction of vapor, see
figure 17.

The equilibrium law for A gives results that are not satisfactory, which was expected since the flow is
far from equilibrium [45]. On the contrary, the results are in good agreement with the experiments when
considering the laws (ii) and (iii) for A, at least until 0.1 s. The predicted final pressure drop occurs too
early with respect to the measurements (~ 0.105 s versus ~ 0.15 s). It could be due to the Stiffened Gas
EOS which is built around the reference point Py = 85 bar, and thus it could be not accurate enough
for such thermodynamical variations (from 150 bar to 1 bar). Moreover, the code does not account for
head losses or pipe deformation [46, 16, 36] which is known to slow down the propagation of the waves.
This could delay the final pressure drop in our simulations. Nevertheless, it can be observed that the
two “toy laws” can be fitted to retrieve the two different behaviors of the two experiments for times
smaller than 1.0 s. This might indicate that the model is well-suited for the computation of
sudden depressurization, provided the use of: a more physical law for A\, and probably a
more complex set of phasic EOS.
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Figure 16: Pressure at point P1 with respect to the time: two different runs are plotted (black lines with
circles and squares), and the numerical results for the code are shown with different laws for the relaxation
time-scale .

7 Conclusion

The two-phase flow model presented in section 2 takes into account the thermodynamical behavior of
each phase through a simple stiffened gas EOS. It was shown in section 4 that the predicted speed of
propagation of a pressure-perturbation in a mixture is in good agreement with some experimental data.
The comparisons of section 5 between the model of section 2 (using Stiffened Gas EOS) and the industrial
code TH1D allow to estimate the accuracy of the Stiffened Gas EOS used for each phase. The agreement
is quite good between the two codes, which tends to show that Stiffened Gas EOS can be accurate, at
least when small variations of the pressure are involved. When large variations of the pressure and the
temperature are observed, as in the LOCA case of section 6, the agreement between simulations and ex-
perimental results remains satisfactory even if some discrepancies are observed. The algorithms proposed
to account for the thermodynamical disequilibrium (see D.2) are not restricted to Stiffened Gas EOS and
it would be very interesting to extend the present simulations with more realsitic EOS for the LOCA test
case. Furthermore, the sound speed can be very different along the computational domain: high sound
speed in the pure liquid and low sound speed in two-phase regions. In such situations, the explicit numer-
ical scheme used in the present work can lead to small time-steps (chosen with respect to the maximum
sound-speed in the whole domain) which may lead to poor approximations in the two-phase domain.
Improving the convection scheme by using semi-implicit schemes or low-mach schemes could improve the
simulations for these situations. At last, modeling work has to be done to define relaxation time-scales
on the basis on mechanical considerations.

Acknowledgements. The present work is supported by the EDF R&D project “Local Thermohy-
draulic Platform”. The numerical results have been obtained with Code_Saturne which is developed by
EDF R&D and freely distributed under a GNU GPL version 2 licence (http://code-saturne.org). The au-
thor thanks G. Baurin, J. Coulet and O. Touazi for providing their results with the TH1D code presented
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gathered (black circles), and the numerical results for the code are shown with different laws for the
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A Modifications of the model for two-phase flows
whithout mass transfer.

When the mass transfer does not occur, the mass fraction of the mixture must remain constant. In order
to disable the mass transfer in the model of section 2, the source term in the equation on y is then set
to zero. Moreover, the thermodynamical equilibrium is only defined by the temperature and pressure
equilibrium, since the chemical potential equilibrium does not make sense. If the mass transfer is enabled,
the equilibrium fractions oy eq, Yv,eq and 2y ¢4 are defined as the state that reaches the maximum of the
mixture entropy s(Y,7,e) for frozen e and 7. When mass transfer is disabled, the equilibrium fractions
Qypeq and 2z, ¢, are defined as the state that reaches the maximum of the mixture entropy s(Y, 7, e) for
frozen e, 7 and y.

Since the entropy is strictly concave [2, 5, 4] with respect to Y, it is also concave with respect to
(e, zy) for a given y €]0,1[. Thus the equilibrium fractions are also defined in a unique manner when
no mass transfer is accounted for. In this case, and for Stiffened Gas EOS, the computation of the
temperature-pressure equilibrium leads to the resolution of a polynomial of degree two (for Perfect Gas,
ie. Il = 0 for k = [, v, the computation is straightforward). It should be noted that when considering
more complex phasic EOS, the computation of the equilibrium fractions may be more complex.
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B Values of the parameters of the phasic EOS.

The parameters of the phasic EOS (15) are determined on the basis of a reference point (P%, T°) and with
the help of an industrial tool based on the TAPWS formulations. For each test case, the parameters are
chosen with a different reference point (PY, T%). Since we have a restricted number of parameters, we can-
not fit all the thermodynamical properties. The choice of the relevant properties depends on each test case.

The reference entropies 82 are only useful when the mass transfer between the phases is active. In that
case, they play a role in the definition of the chemical potentials ur = hg — Ti Sk, where hy = e + Pp7i
is the specific enthalpy. The reference entropies are then chosen to ensure that the saturation curve com-
puted from the pressure-temperature-potential equilibrium fits the reference (IAPWS) saturation curve
at P().

B.1 Parameters for the air-water experiment

At (P°,T°), the density of the liquid p?, the enthalpies h? and h? and the celerities c? and ¢ are computed.
They are then used to choose C, ., Q, I}, and 7, with the following formulae:

()’

’Yk:1+ hg’

hy

Cv,k = TOy0 (22)
I = p)Coy T (3 — 1) — P,
II, = 0.

The reference entropies 82 and the energy of activation @Q); are only useful when the mass transfer between
the phases is active, hence they are set here to zero. The values used in section 4 are gathered in table
18.

PY (Pa) 10°

7Y (K) 293.15
Cov 7.131396320276339 102
Qu 0
Yo 1.401532423208191
11, 0.0
50 0
[ 1.058283017395257 10T
Q 0
v 2.707619047619048 10T
II; 8.063584804783680 107
s? 0

Figure 18: EOS parameters used for the simulation of 4.
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B.2 Parameters for the LOCA experiment

We use here the method proposed in [47] to evaluate the EOS parameters at a reference pressure equal
to 85 bars. The values used in section 6 are gathered in table 19.

PO (Pa) 85.0 10°
70 (K) 573.15
Cy,v 6.0337 102
Qo 2.28830 10°
Yo 1.49
I, 0.0
50 3.951133539778530 10%
Cy. 3.61217 103
Qi —1.5307 10°
Yl 1.38
I, 5.707983952 10
s? 0

Figure 19: EOS parameters used for the simulation of 6.

B.3 Parameters for the volumic heating experiment

The aim of the test case of section 5 is to compute a steady state associated to the heating of the flow,
so that no waves are computed. Unlike in the two previous sections, B.1 and B.2, the EOS parameters
are chosen here to render a good thermal behavior of the liquid phase by fitting the heat capacities. The
phasic celerities are not considered here for the liquid phase. For the EOS parameters of the vapor phase
we apply the method proposed in B.1.

One of the main features of the test case of section 5 is that the pressure remains almost constant (i.e.
the pressure variations remain small with respect to the reference pressure). The method for choosing
the liquid EOS-parameters is the following. For Stiffened Gas EOS, the liquid enthalpy reads:

hy = Qi+ Cp 14, (23)

where C),; = v,C,;. The parameters ; and C),; are chosen using a linear regression on tabulated data
of the liquid enthalpy for T' € [495 K,554 K| and at P = 68.9 bars. Then we choose a representative
tabulated value of C,; in the range T' € [495 K, 554 K]. Hence we have @Q;, Cy; and v = Cp;/Cyy. It
remains to choose II;; the latter is chosen so that the specific volume for the Stiffened Gas law,
(71 - 1)01) lT
_ : 24
7 Pil, (24)
fits the tabulated specific volume on the range T' € [495 K,554 K] and at P = 68.9 bars. Finally, the
reference entropies s? and 88 are chosen to recover the saturation Tsq:(68.9 bars) = 554 K through the
chemical potential equilibrium. This procedure leads to the parameters gathered in table 20.
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PU (Pa) 68.9 10°
70 (K) liquid : [495,554]; and vapor : 557
[ 2.803 10°
Qu 9.991579270858164 10°
Yo 1.135020250284312
I, 0.0
50 —2.104807279208952 103
Cy. 3.15 103
Q —1.4665 10°
o7 1.549523809523810
I, 7.18 108
s? 0

Figure 20: EOS parameters used for the simulation of 5.

C Numerical scheme for the steady-state computations

We propose here a numerical scheme devoted to the computation of the approximations of the one-
dimensionnal steady-state problem associated with (2), that is Vz € [0, L] (L > 0):

d

%(/}UY):PFY

d

df(PU):O

¥ 25)
d ., (
d

The source terms F' and ® respectively denote the volumic forces acting on the system and the power
received by the system. In particular, the term ® gathers the power associated with the forces F and
the external heating sources ¥: ® = pUF + ¥. Thanks to the second equation of (25), the mass flow
rate Dy = (pU)(z) is uniform. We assume that Dy > 0, and we then have to provide an inlet boundary
condition at x = 0, which is denoted by: Yp, po, Up, €g. Since the mass flow rate is uniform, we have:

vz € [0, L], Do = (pU)(x) = polo. (26)

By replacing U = 7Dy in (25) we finally have to solve on [0, L] the problem:
( Do (v) = pr
0 dr =ply

d
. (D%r + P) = pF (27)

d
Dog— (FE P)=9®
Oda;( +7P)

with Y(z = 0) = Yp, p(x = 0) = pg, U(x = 0) = Uy, e(x = 0) = eg. The problem (27) only depends
on the thermodynamical variables since the velocity U is (afterwards) deduced from 7 by the relation
U= TD().

When the fractions Y are uniform, the system (27) can be solved analytically for F' = 0 and provided
that ¥ can be analytically integrated [25]. For non-uniform fractions, we propose the following discrete
integration.
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We first assume that an approximation of the solution of (27) is known at x = z, € [0, L[. System
(27) is then integrated on the interval z € [z4, 2, = x4 + dz] by using an implicit first-order integration
for the source terms:

Yoo —Ys
DO(Y;) - Ya) = 5acpb%
D3(1p — 7a) + (Py — Pa) = 6205 (28)

Do(Eb — Ea) + D()(prb — TaPa) = (5$(I)b.

The subscripts a and b respectively denote the values at x = z, and & = x3. System of equations (28) is
a non-linear system whose unknowns are Y, 7, and P, (or ep). The velocity U, is deduced from the mass
flow rate and the specific volume: U, = DgTyp.

We now assume that the source term F only depends on 7 and U, which thanks to the uniform mass
flow rate is equivalent to assume that it only depends on 7. The second equation of (28) then gives
explicitly the pressure P, as a function of 73:

Pb:Pa—f—éprFb—Dg(Tb—Ta). (29)

The equilibrium fractions Y, are functions of 7 and e. Since e is a function of Y, 7 and P through (8),
the fractions Y, can also be seen as functions of Y, 7 and P. Hence, the first equation of (28) can be
written:

Yeu (Yo, , Py) — Yy
Do(Yy — Y,) = 8,pp-c00202 700
o = Ya) = b )

Thus, when 73, is known, equation (29) gives P, and the fraction Y; is implicitly defined by (30). At last,
the third equation of (28) provides an estimation of ej:

(30)

2(Tp—Ta
Do(ep — €q) + Do(mp — 7a) (Pa— %) (31)
=4

(P (Y, 7, Py) — DoFy(13)) = 02V (Ys, 71y, Pp).

The solution of system (28) can then be determined by finding the value of 7, such that the internal
energy e, computed through the chain rules (29), (30) and (31) equals the internal energy e(Ys, 75, P),
where the law for e is given by (8).

To summarize, we have to find a zero of:
G(m) = ey — (Yo, 1, %), (32)

where:

e P, is computed through (29) from 7, (explicit computation);

e Y}, is computed through (30) from 7, and P, (implicit computation);

e ¢ is computed through (31) from Y}, 7, and P, (explicit computation);

o (Y,7,P) — e(Y, T, P) corresponds to (8).
In the following, a zero of 7 — G(7) is computed using a Newton algorithm (which is initialized with

T = T4), and at each iteration the fraction Y} is obtained using a fixed-point algorithm for equation (30).

As an example, the function G, o3 and P, are plotted with respect to 7, on figure 21 and 22 considering
the initial conditions of section 5.2. The heating power is equal to 7.0 108 W and dz = 0.8 m (see figure
12). Two time-scales have been used A = 10™* s (red dashed line) and A = 1078 s (black plain line). It
can be noticed on figure 21 that the function G can have a discontinuous derivative which corresponds to
the phase transition from pure liquid to two-phase flow.
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Figure 21: G (top), ap (middle) and P, (bottom) with respect to 7, for the initial conditions of section 5.2
and a heating power equal to 7.0 108 W. The red dashed lines correspond to the time-scale A = 107* s
and the black plain line to A = 10® s. A zoom around the zero of G is proposed on figure 22
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We insist on the fact that, a priori, we are not ensured that there exists a solution or that this solution
is unique when it exists. Nevertheless, since the approximate solution at x; is computed with an initial
guess equal to the solution at x4 (7pini = 74), the whole procedure is rather efficient. The main drawback
of this method of construction of the whole approximation on [0, L] is that the error in the approximation
is transmitted from one point to the next one. Hence a great attention has to be paid to the accuracy of
the non-linear solvers (Newton and fixed point methods).

In the algorithm described above, no linearization of the thermodynamic laws is used and the only
approximation is carried by the source terms. These terms are discretized using a first order formula, but
it could be possible to use higher order integration formulas.

At last, the computation of the equilibrium fractions Y, is explicitely described in D.2.

D The numerical scheme used in the unsteady computations

The overall numerical scheme is a fractional step method, as proposed in [4]: the convection part of the
system is first solved using a Godunov type explicit scheme described in D.1; and the source terms are
then integrated using an semi-implicit Euler scheme as depicted in D.2.

D.1 The numerical scheme for the convective part

The numerical scheme used to compute approximate solutions of the convection part of the model relies
on the WFRoe-ncv scheme [33] and VFRoe-ncv scheme using the variable (Y, 7, U, P) [31]. Let us first
recall the latter algorithm.
For the sake of simplicity, we restrict to regular meshes of size Az such that: Az =z, 1 — 1z, 1,
2 2
i € Z. We denote At the time step, where At = t"*! — " n € N. In order to approximate solutions of
the exact solution W € R? of the conservative hyperbolic system:

0 0
{ o5 (W) + 5= (F(W)) =0 (33
W(.CL',O) = WO(‘T)

| x

with F/(W) in RP. Let W/ be the approximate value of — / o W (z,t")dx. Integrating over [x;_1;w,,
2

7

N

[t"; t" 1] provides:

Wt w2 (g g ) o

The numerical flux ¢, 1 through the interface {x, +1} [t” t"*1] is defined below. The time step must
agree with a CFL condltlons as detailed below. The flux gb" 1 depends on W;* and W/, ; when restricting

to first-order schemes. The approximate Godunov flux qb(WL, W) is obtained by solving exactly the
following linear 1D Riemann problem:

o .
—(Z)+B(Z)— (Z)=0

T, 35)
Zp ifx<0 (
Zr otherwise

with the initial condition: Z; = Z(W;) and Zr = Z(W;41). The matrix:
B(Z) = (Wz(Z)) " AW (2)) W,z(Z) (36)
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A(W) is the Jacobian matrix of flux F(W)). Once the exact solution Z*(%: 7, Zr) of this approximate
¢
problem (35) is obtained, the numerical flux is defined as:

¢(Wr, Wgr) = F(W(Z2*(0; ZL, Zr))) (37)

Let us set l;, 3\; and 7, kK =1, ..., p, left eigenvectors, eigenvalues and right eigenvectors of matrix B (2 )
respectively. The solution Z*(%; Zr, Zr) of the linear Riemann problem is defined everywhere (except

along § = X;;)

zZ" (%§ZL,ZR) = Zi+ Y (l(Zr— Z0)% (38)
>0

= Zrp— Y (h(Zr— Z0))7n (39)
F<

or in a slightly different form:

Zp—Zy =Y ((Zr—Z0))fk =Y ausi (40)
k=1,p k=1,p
setting:
ap =" 1.(Zr — Z1) (41)

The only remaining unknown is the mean Z which must comply with the condition:

Z(Zy = Zo, Zy = Zp) = Zp (42)
The standard average which is used is:
Z(Z1,Zr) = (21 + ZR)/2 (43)
The explicit form of the approximate Godunov scheme will be under conservative form:
Wi =W+ % (F(W(Z(0; 27, Z}41))) — F(W(Z27(0;: 2}y, Z)))) = 0 (44)

This concludes the definition of the VFRoe-ncv scheme [31].
A different prediction may be obtained using instead:

A~

Z(ZL,ZR):Z*(O;ZL,ZR) (45)

where the approximate value at the interface Z*(0; Zr,, Zg) is obtained solving (35) with:

A~

Z(ZL,ZR):(ZL—I—ZR)/2 (46)

This corresponds to the WFRoe-ncv scheme [33].

The sheme used in this study is based on the variable change Z = (Y, 7,U, P). Moreover, the velocity
value of the average state Z(Zp, Zg) = (Z1 + Zr)/2 is replaced by the value of the velocity U*(0; Zr, Zr)
which is computed through (35) as in the WFroe-ncv scheme.

At last, the pressure P*(0; Zr, Zg) obtained by solving (35) is blended with the centred pressure
(P, + Pr)/2 as proposed in [34]. The blending function f,(M) for the pressure is based on the local Mach
number

M = |U*(0; Zp, ZR)|/maz(CL, CR), (47)
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where Cp, and CR are respectively the left and right sound speeds. We have chosen the function:

1—cos(IIM /My;m,) . ]
fb(M) — 2 o it M < My, (48)
1, otherwise.
The modified interfacial pressure P; used to compute the numerical fluxes is then:
x * Pr + Pr
Pig = fo(M)P*(0; Z1, ZR) + (1 = fy(M)) ———; (49)

where P;, and Pg are the left and right pressures. The parameter My, is the limit mach number above
which the pressure correction is not activated.

D.2 The numerical scheme for the source terms

The source terms of the system (2) are accounted for by discretizing the system of ODEs:
B Qeq(T,€) —

A
_ Yeq (7—7 6’) )

B Zeq(T,€) — 2

| | | | | | @
IR ONE SN
|
>
=
2

\ Ot

ar F1) = N0 (51)

o (e(1) =0

It can thus be noticed that if the parameter A is constant, the system (51) can be integrated exactly. We
then approach system (51) by replacing A(t) by its value A(0). It yields for the fractions:

(O _ eq(7(0),e(0)) — aft)
%t(a(t)) = 0 )\Egg t
5 W) = Yea T )’;(0) ) —y(t) 52)
i (2() = 2eq(7(0), (0)) — 2(t)
ot )\(0)

The numerical approximation W"T! is the exact solution of the system (52) at time ¢t = At and with the
initial condition W"*+1* the values obtained after the convection step. The final approximation W71
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then reads: ) o ) .
antl = e(—At/)\ ’ )an-i-l,* _ a?j ’*(e(—At/)\ *) 1);
_ n+41,* n+1’* _ n+41,* .
yn+1 _ 6( At/ L )yn+1,* — yrq 1 (6( At/ L ) _ 1)’
1 _ (=At/ ALY gl bl (—Ap/Antle X
2t = (Al )z — Zeq (e=AY ) —1); (53)

pn+1 — pn—l—l,*
Un+1 — UnJrl,*
en—i—l — en+1,*

It now remains to compute the equilibrium fractions aeq, yeq and ze, for a given couple (7,e). The
equilibrium fractions Yoy = (Qeq, Yeq, 2eq) are defined as the fraction Y such that the mixture entropy (3)
reaches its maximum value at a given specific energy e and specific volume 7. This maximum is indeed
uniquely defined thanks to the concavity of the mixture entropy, see [4, 5]. When the equilibrium fraction
lies in 0, 1[3, the derivative of the mixture entropy with respect to y at ¥ = Y, vanishes. This condition

can be written:
E(Ta €, Yveq) - T’U (7—7 €, Yveq)

PI(T’ 67Y€l]) = Pv(7—76vY€¢I) (54)
,ul(7—7 €, qu) = Mv(Ta €, 1/6(1)'
In order to compute a numerical approximation of Y.,, we choose to solve (54). For Stiffened Gas laws,
a method has been proposed in [4]. In this method, two among the fractions are eliminated and the
system (54) is solved using one non-linear equation for one fraction. We use here the same algorithm
as the algorithm proposed in [3] which can be applied to all the phasic equations of states. The only
requirement is to have the following functions defined on the pressure/temperature thermodynamical
plane :
(Plaﬂ) _>el(-Pl7ﬂ)7 (PvaTv) _>ev(Pv7Tv)7
(PlyTl) —>Tl(Pl»Tl)7 (PvaTv) %Tv(PvaTv)a (55)
(—Pl7ﬂ) _>,U/l(‘P17,Tl)7 (Pv;Tv)%ﬂv(vaTv)-

In the pressure/temperature thermodynamical plane, system (54) can be written :

€ = yeqel(B,TZ) + (1 - yeq)ev(PvaTv)7

T = yequ(PlaTl) + (1 - yeq)Tv(PmTv)v

T, =T, (56>
]Dl =P,

MZ(PZ,TZ) = Mv(Pv’Tv)>

where e and 7 are given. We set 1, =T, =T and P, = P, = P which leads to:

e =Yeqet(P,T) + (1 — yeq)en (P, T),
T = YeqTi(P,T) + (1 = yeg) 70 (P, T), (57)
MZ(P7 T) = Nv(Pa T)

For a given pressure P, the last equation of (57) defines the saturation temperature P — Tgq:(P) inde-
pendently of the first and second equations. The specific energy e and the specific volume 7 are given,
and two liquid mass fractions y; . and y; » can be defined:

€= yl,eel(Pa Tsat(P)) + (1 - yl,e)ev(Pa Tsat(P))a (58)
and
T = Y1 TI(P, Tsat(P)) + (1 — y1.7 )70 (P, Tsat (P)). (59)

These fractions y; . et y; » are functions of the pressure P, and are equal if the pressure P corresponds to
the thermodynamical equilibrium. Hence, finding the thermodynamical equilibrium is equivalent to find
the zero of the function:

P — yl,e(P) - yl,T(P)’ (60)
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Once the equilibrium pressure P, found, the equilibrium mass fraction is known and we compute:

Tl(Peqa Tsat(Peq))

e ( Py, Tsqi (P,
CQeq = Yeq - and  Zeqg = Yeq 1(Peqs Tsar( eq))‘

e

(61)

Once the equilibrium pressure P, is computed,
e if the fraction y., is negative, the equilibrium state is the pure phase v, that is y¢q = 0;
e if the fraction y., is greater than 1, the equilibrium state is the pure phase [, that is yeq = 1;
e otherwise the equilibrium state is the mixture of phase | and v defined by yeq.

For the results presented in the paper, the pressure P, is obtained using a dichotomy algorithm.
This algorithm is robust and accurate, and in practice we have already applied it to compute equilibrium
fractions using the TAPWS97 functions.
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