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Simulations of liquid-vapor water flows with
non-condensable gases on the basis of a two-fluid model.

O. Hurisse*, L. Quibel

Abstract

Two phase flows including liquid water, vapor and non-condensable gases are often encountered
in industrial applications. In this paper, an extension of the classical Baer-Nunziato two-fluid
model is presented in order to account for the non-condensable gases. In this model, the vapor and
non-condensable gases form a miscible mixture of gases at temperature equilibrium and kinematic
equilibrium. The complete model then allows to account for the full kinematic and thermodynamic
disequilibrium between the liquid phase and the gas phase. Moreover, a new form for the mass-
transfer source-term has been retained. It leads to a more straightforward numerical integration.
When focusing on the numerical scheme, a new algorithm is proposed here for the pressure relax-
ation effect. At last, some numerical experiments are performed in order to assess the behavior of
the model with respect to the relaxation time-scales.

Keywords: Two-phase flows, blowdown, out-of-equilibrium, mass transfer, two-fluid model,
non-condensable gas

1. Introduction

Several industrial applications require to handle simulations where water phase change occurs
in presence of non-condensable gases. This is the case when cryogenic flows, fuel combustion,
cavitation and condensation phenomena are at stake. More specifically in the nuclear domain,
numerous safety studies require to deal with pressurized hot water in presence of non-condensable
gases. One may for instance quote two of them. First the steam-explosion phenomenon may occur
during Reactivity Insertion Accident (RIA). In the latter, some very hot particles and hot non-
condensable gases are expelled into hot pressurized water, transferring a great amount of energy
to the fluid. The consequence is a rapid vaporization of the liquid into vapor which is accompanied
by the generation of strong pressure waves that travel into the devices. The second situation of
interest in this work is the Loss Of Coolant Accident (LOCA). In LOCA scenarii for Pressurized
Water Reactor (PWR) power plants, high pressurized liquid water at 155 bars/300°C' vaporizes
through a breach into a room that contains air at 1 bar/20°C. As for steam-explosion, the esti-
mation of the pressure waves that travel through the domain are of prime interest.

Different numerical strategies have been proposed in order to simulate water phase change in
presence of non-condensable gases, as for instance the Smooth Particle Hydrodynamics method
[1], the Lattice-Boltzamnn method [2], level-set methods [3, 4], Volume of Fluid methods [4, 5, 6].
Nevertheless, we focus here on strategies based on finite volume techniques and on diffuse in-
terface models. They seem appropriate to simulate complex scenarii involving strong shock
waves traveling in large domain, as those described above. Many diffuse-interface two-phase flow
models have been proposed in order to perform numerical simulations, see among many others
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7.8, 9,10, 11, 12, 13, 14, 15].

LOCA scenarii have in particular been studied for instance in [11, 12, 13, 14]. In all these ref-
erences, the models do not account for the incondensable gases and the air has thus been replaced
by hot vapor. Even if good agreement has been found with respect to experimental measurements,
it was assumed that the liquid of the primary circuit did not contain air or incondensable gases.
Yet, a mixture of air and water can have thermodynamical properties that are very different from
those of the pure water or pure air, see [16, 17, 18] for instance when considering the speed of
propagation of a pressure wave. At last, as shown for instance in [19, 13, 14|, accounting for
out-of-equilibrium states seems mandatory for the LOCA simulations with high pressure and high
temperature. In the present paper, a model dedicated to the simulation of flows with these features
is used to simulate a LOCA scenario.

Since these scenarii involve strong shock waves and high speed flows, first-order conservation-
law models are promising. Unfortunately, there exists few of these mathematical models in the
literature that allow to account for water/air flows including heat, mass and energy transfer and
that are able to cope with out-of-equilibrium situations. This is particularly true if one focuses
on those that are built on a rigorous thermodynamical background and that possess a minimal
set of mathematical properties. Let us be more explicit on what the terms “thermodynamical
background” and “minimal set of mathematical properties” contain. Obviously a model involving
thermodynamical aspects should be closed using thermodynamical closures that are in agreement
both with the Gibbs relation and with the second law of thermodynamics. Moreover, mixing
miscibility (for vapor and incondensable gases) and immiscibility (between liquid and the “gas”
phase) constraints has to be introduced rigorously in the model. It is an interesting point to note
that the second law of thermodynamics is also of importance for the “minimal set of mathematical
properties”. Indeed, it may help to define an entropy inequality that permits to uniquely define
the Rankine-Hugoniot jump relations, and thus to get a unique definition of the shocks. A sec-
ond important mathematical property that is classically required for first-order conservation-law
models is the hyperbolicity. The latter is directly linked to the notion of stability in time of the
analytical solutions of the model.

Among the models available in the literature, one can for example quote the following references
20, 21, 22] or [23, 24, 25, 26, 27]. The articles of the former set are based on the same thermo-
dynamical closure assumptions and they meet the thermodynamical and mathematical properties
mentioned in the previous paragraph even if they are based on slightly different sets of Partial
Differential Equations (PDE). The miscible phases share the same volume which allows to recover
the Dalton’s law in a very natural manner, whatever the EOS ( Equation Of States) for each phases
are. In the following, this assumption is chosen which means that miscible phases share the same
volume. The details of the thermodynamical closures are explained in Appendix A. We thus focus
in this work on the references [20, 21, 22]. It should be noted that a different set of thermodynam-
ical closures has been proposed in [23, 24, 25, 26, 27] and it has been applied to several models,
including two-fluid models and homogeneous models. In these works, it is assumed that each
phase occupies its own volume, which is a classical choice for instance when dealing with immisci-
ble phases. An explanation of the difference between these two sets of closures can be found in [25].

In [21, 22|, the multifluid approach has been chosen. These models are built as extensions of the
classical two-phase flow model proposed in [28] or in many other works, see [29, 30, 31, 32, 33] for



instance. For multifluid models [21, 22|, as in the Baer-Nunziato model [28], each phase possesses
its own velocity field, so that even the vapor and the air may have different velocities. The return
to the thermodynamical equilibrium is ensured by a “classical” form of source terms for which all
the effects are independent, in the sense that each one is associated with its own time-scale. In the
homogeneous model proposed in [20], which extends the model proposed in [34], it is assumed that
all the phases share the same velocity field. On the contrary to the multifluid models cited above,
the return to the thermodynamical equilibrium is ensured through source terms that are coupled
and that are associated with a unique time-scale. This model has been used to perform numerical
simulations of a simplified LOCA scenario in [13, 35, 36, 37]. It should be noted that homogeneous
models can also be used with independent source terms as in [38, 39] for instance. Moreover,
many homogeneous approaches used for two-phase flow modeling are based upon the model pro-
posed in [40]. The latter is built by reducing the Baer-Nunziato model [28] to a five-equation model.

Some applications require to compute a relative velocity between the liquid phase and the
gas phase, for instance when dealing with the fragmentation of droplets for steam-explosion as
in [41, 42]. For homogeneous models, the relative velocity is not computed and it could only be
reconstructed using correlations. Besides, the multifluid approach seems more appealing for these
situations since the relative velocity can be computed using the velocity field of each phase. Despite
many accurate schemes are available in the literature for two-fluid two-phase flows [43, 44, 45, 46],
there exists less possibilities when turning to a higher number of components [47]. Moreover, it has
been shown in [41, 42] that the numerical simulation of the relaxation source terms of multifluid
models requires complex numerical schemes whereas some robust schemes are available for two-
fluid models [48, 49, 50, 51, 52]|. Considering these points, we choose as a modeling basis a two-fluid
model with pressure relaxation as proposed in [28]. Hence, we may expect to inherit from all the
numerical schemes that have been developed during the past 15 years for two-fluid models. The
two-fluid model proposed in this paper is an extension of the Baer-Nunziato model [28] where the
two phases represent: a liquid water phase, and a gas phase that corresponds to an homogeneous
miscible mixture of water vapor and incondensable gas. In the gas phase, we assume that the
temperature equilibrium always holds between the vapor and the incondensable gas. Hence, the
classical set of PDE of the Baer-Nunziato model just needs to be supplemented by a sole balance
equation for the mass of incondensable gas. Finally, the system of equations associated with the
model proposed here corresponds to the system of equations of the Baer-Nunziato model supple-
mented by an advection equation for the mass of incondensable gas and with a mixture pressure
law for the gas phase that depends on the mass of incondensable gas. The modeling of the ther-
modynamical behavior of the gas phase is then obtained following the classical thermodynamical
principles used to obtain homogeneous models as in [34, 53, 54, 36].

The paper is organized as follows. In section 2, the model is presented. The convective part
of the model directly inherits its properties from the underlying Baer-Nunziato model and some
properties of the relaxation source terms are exhibited. It should be mentioned that following [55],
the source term for the mass transfer is not in a classical form. The overall numerical scheme
proposed in section 3 is based on a splitting of the set of PDE into the convective part and the
source terms. The simulation of the convective part is based on a VFRoe-ncv scheme [56], whereas
new numerical schemes are proposed in order to deal with the thermodynamical relaxation effects.
At last, some numerical results of the simulation of a simplified LOCA scenario are proposed in
section 4.



2. Extension of the Baer-Nunziato model to account for incondensable gases

2.1. System of equations and closure laws

Let us consider a mixture of liquid water, vapor and incondensable gas. Each of these phases
are respectively denoted by a subscript [, v and a. The mixture of phases v and a will be referred
in the following as the gas phase, and it will be denoted by a subscript g. The steam and the
incondensable gas are assumed to be miscible, and to share the same velocity U, and the same
temperature 7;,. We then consider a model for the liquid phase | and the gas phase g which is
directly derived from the classical two-fluid Baer-Nunziato model [28] and which is inspired from
[21]:

( O (ag) +Uy0; (ag) = Dy,
at (aapa) + a (aapa ) = O’
O (agpg) + Ox (agpg ) = -
O (agpgUy) + 0y (Oég(ngg2 + P )) 9: (ag) = =S/, (1)
O (agpgEy) + 0p (agUy(pg By + Fy)) + Plat (ag) = -SF,
O (cupr) + 0, (Oéz/)lUl) = I,
O (upUy) + 0y (cu(pUE + P)) — PO, (w) = S,
L Oy (alPlEl) + 0, (alUl(PlEl +Pl)) —f‘Plgt (Oél) = SlE

The system above has been written in a form that mimics the Baer-Nunziato model. Theses
eight equations involve several quantities which need to be defined, and some closures have to be
specified. We consider here the set of the variable:

W= (a97 Pas Py Ug7 €g, P, Ul7 6[),

where «, is the gas fraction and it is related to o; through a statistical conservation property of
the whole mixture a; + oy = 1 [57, 50, 51|, U, are the velocities, py the densities, e, = Ej, — U? /2
are the specific internal energies and £}, the total specific energies. Then, the pressure F,, P, and
the sources terms have to be defined with respect to W. The pressures and the temperatures of
the miscible mixture of the vapor and the incondensable gas, i.e. phase g, are obtained through
a classical approach described in details in Appendix A. The main closure relations for the gas
phase derived in Appendix A are:

Qg = Qg = Qy, Pg = Pq + Po, Pg€g = PaCa + Pvéo, and Pg = Pa(paa ea) + Pv(pv: ev)a (2)

where the internal energies e, and e, are linked through the temperature equilibrium assumption:

Ta(paa ea) = Tv(pva ev)-

Closures (2) are a direct consequence of the assumption that the vapor and the incondensable gas
share the same volume. The gas pressure-law, i.e. last relation in (2), then obeys the classical
Dalton’s law (or Gibbs-Dalton’s law). Moreover, it should be noted that the entropy of phase g
depends on p,, py and ey; whereas the liquid entropy only depends on p; and e;. The source terms
are defined below on the basis of the second law of thermodynamics.

Let us focus here on the definition of the closure laws for the source terms. For that purpose,
we follow a classical way. Since the source terms ®,, ', S and S account for interfacial transfer
between the phases, they should agree with the second law of thermodynamics. In order to proceed,
we define the mixture entropy s as the sum of the phasic entropies:

ps = MySy(Pa; Pgs €g) + 1usi(pi; 1), (3)
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where p = my +my; and my = agpg. The equation for the entropy of the gas phase is given in
Appendix A by equation (A.10). Thanks to the closure relation for P, (A.11), it reads:

u . Uj
O (agpysy) + Oz (agpgUysy) = %(Pg - b))+ Fl% - Tig (SIE —UyS' + TFl> ) (4)
and the equation for the evolution of the liquid entropy can be written from system (1):
O (upisi) + Oy (upilist) = —Tilt + <51E - US" + UTZF1> : ()

Hence, the equation of evolution of the mixture specific entropy s is obtained by summing equations
(4) and (5):

_U2 772
O (ps) + 0, (alplUlSl + agnggSg) = %(Pg - Pl) + 1 (#v Tgl £ 7(“?/2>
+ SE(R-E) s (B-8).

The source term S} corresponds to the exchange of momentum between the phase g and the phase
[ and it is composed of a part which is directly due to the drag force and a part due to the mass
transfer. In the same way, the term SF acts on the total energies which combine internal energies
and kinetic energies. Hence, SF gathers the energy exchange due to the pure heat exchange and
the amount of heat exchange due to the momentum exchange. We choose here to write S;* and
SF in a classical manner [32, 58, 57] which allows to separate the different contributions:

(6)

U+,
St =D, +T, 12 g (7)
U, U +U,
SF =T l29+Dz l; L+, (8)

where D; stands for the drag force of the phase g on the phase [, and ¥, stands for the pure heat
transfer. The equation for the mixture entropy given by (6) then reads:

O (ps) + Ox (upiUss + agpaUys,g) = %(Pg - R)+T (% - %)

9
+ U (E-2)+Di(E+4) -1y )
Following for instance [55], it can be proved the following result when excluding single phase
situations: the mixture entropy s is concave with respect to the conservative thermodynamical
variables ay, m; and mygeg. Therefore, to ensure the increase of the entropy s through the source
terms in equation (9), one possible choice is to close the terms @4, I';, ¥; and D; such that all the
terms on the right hand side are positive. As proposed in [55], we thus choose:

m; — my

Fl - T, (10)

(P — )
o, :O‘g(l_a9>g)\—Pu (11)
\Ill _ mng mlj-‘l (Tg — jjl)’ (12)

C m T2+ mTE Ar
mg my (Uy, — Up)

D, —
! mg+m Ay
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where Ap, Ay, Ar and Ay are positive but may depend on W. The choices (11), (12) and (13)
are classical, whereas the mass transfer source term (10) is not classical [55]. The mass transfer
source term (10) involves an equilibrium liquid mass, denoted by 7, which is defined below. A
more classical form for the mass transfer could be:

My %]
r :Km =—m
l (ﬂ ﬂ)

with K, > 0. The non-classical form (10) retained here simply arises from the remark that:

o i - Os

a , (14

7—1[ aml |ag,ma,mgeq,mie;,mi+mg

and that s, : my — s(ag, Ma, €q, Mo — Mg — My, Myey, My, mye;) is strictly concave for my €]0,mg —
mg| with mo = m; + my + m,. Then there exists a unique maximum for s,, on |0,my — m,|[, this
maximum is reached at m; = my:

Vmy €]0,mg — my|, Sm(my) < s, (). (15)

Moreover, due to the concavity of s, we also have the classical result for mj €]0, mg — m,[:

OSm
e €10, mo — ml, si(m) < slom) + 22 ot ) (16)
!
which, by setting m; = m; in (16) and using (15), leads to:
Vi €]0 R >0
my y Mo — Mg, My — My) 75— - U.
87nl |og ma,mgeg,mie;,m;+myg

Hence, the second term on the right hand side of equation (9), which can be written:

7= %) = Vo
v l my lag,ma,mgeqg,mie;,mi+mg

is positive for the form of the mass transfer proposed here by equation (10). This proves that
choice (10) for the mass transfer term implies an increase of the entropy of the mixture s, and that
it agrees with the second law of thermodynamics. The reader is referred to [55] for a more detailed
discussion. It will be shown in section 3.2 that this non-classical form for the mass transfer term
helps in defining robust numerical schemes for the mass transfer.

2.2. Some properties of the model

The model described in section 2.1 is very close to the Baer-Nunziato model and it thus shares
a lot of its properties. We propose here a quick overview of some of these properties.

In order to avoid complex computations, we introduce in this section some specific EOS for the
phases k € {a,l,v}. We consider the classical Stiffened Gas EOS whose entropy reads:

5k(Ti, ex) = Oy In <(€k —Qr — Hm)ﬂg%_l)> + Sps (17)



where Cy g, Qk, i, Yk, s are constant parameters. We introduce here the mass fraction y, of
phase a as:

Yo = pa//)gv (18>

which represents the mass fraction of incondensable into the sole gas phase. Before going further
in the study of the properties of the model, let us remark that in this case the thermodynamic
behavior of phase g follows a Stiffened Gas EOS for a fixed y,. Indeed, the specific entropy of the
gas phase is:

89(Yas Tgs €9) = Cvg(Ya) In ((69 = Qy(Ya) — Hg(ya)Tg)Tg(Vg(ya)_l)) + Sg(ya)a (19)

where the parameters Cy,, @y, 11, v, and 32 only depend on y, and on the parameters of each
phase a and v. This feature has been developed in detail in Appendix A and it has already been
used for instance in [59].

2.2.1. Some properties of the convective part of the model
The eigenstructure is studied with the non-conservative set of variables:

Y = (Oég, Ya, U97 Pg7 Sg7 Ul7 Pla Sl)-
When neglecting the source terms, system (1) can be written for regular solutions:
9 (Y)+ A(Y)0, (Y) =0,

with the 8 X 8 convection matrix:

U, 0 0 0 O 0 0 0
0 U, 0 0 O 0O 0 0
(P,—PF)/m, 0 U, 1, 0 0 0 0
0 0 ¢/, U, 0 0 0 0
— g g g
AY) 0 0 0 o U, 0 0 0 (20)
0 0 0 o o0 U =7 0
plC%(Ug—Ul)/Oél 0 0 0 0 Cl/Tl Ul 0
0 0 0 0 O 0 0 U
The sound speed ¢, are defined through the relations:
0P, 0P,
2 22 pZt 2 21
) =t (RGe — 52 (21)
and
oP, oP,
(Yo, Ty €g) = T2 (Pg—g -1 ) . (22)
! ! Oeg I7g:y 0Ty legYa

The strict concavity of the phasic entropies s, with respect to (7x,ex) and the positivity of the
temperatures T, guarantee that c; > 0 for k € {a,l,v}. Consequently, thanks to relation (A.19),



we also have: ¢2 > 0. This implies that the eigenvalues Ay of the matrix A(Y) belong to R and
that the set of the associated right eigenvectors rj, spans R®. They read:

A = U, = (1,0,0,0,0,0,0,0,0);

Xy = U,, ro = (0,1,0,0,0,0,0,0,0);

A3 = U, — ¢, (0,0, 1,—¢,/7,,0,0,0,0,0);
M = U, = (0,0,0,0,1,0,0,0,0) ;

A5 = Ug—i—cg, rs = (0,0,1,¢,/7,,0,0,0,0,0);
)\GzUl—Cl, (0,0,0,0,0,0,1, Cl/Tl, )7
P = (0,0,0,0,0,0,0,0,1);
Xs=U + ¢, = (0,0,0,0,0,0,1,¢,/7,0) .

System (1) is thus hyperbolic provided that resonance does not occur: it occurs when for |U;—U,| =
¢;. From a practical point of view, when introducing the drag force, the situations we are inter-
esting in always lead to small relative velocities with respect to the sound speeds. The resonance
phenomena is therefore very unlikely to appear. The fields associated with the eigenvalues \; for
k € {1,2,4,7} are linearly degenerate since Vy A1y = 0 for k € {1,2,4,7} ; and the fields associ-
ated with the remaining eigenvalues A\, are genuinely non-linear. It should be mentioned here that
the field \;, associated to o, is linearly degenerate thanks to the choice of U, for transporting a,
[32]. According to [32], two other velocities transport for «, allow to recover such a property: U,
and (mU; +m,U,)/(m; +m,). The choice between these three closures does not make consensus,
but it has been noticed in [51] that they give very close numerical results when the drag force is
accounted for.

When examining the set of eigenvectors, it can be noted that the fraction o, remains constant
when crossing the waves associated with A, k& € {3,5,6,7,8}; and that conversely the velocity
U, and the pressure P, respectively do not change in the waves associated with \;, k € {3,5}
and A, k € {6,8}. Then, when crossing a wave o, and P, do not jump simultaneously, neither
do a4 and the product P,U,. As a consequence, the non-conservative products that appear in the
momentum and energy equations of system (1) allow to define unique jump relations for the shocks
in the genuinely non-linear waves. The uniqueness of the definition of shocks is due to the linearly
degenerate nature of the field associated to A, see [32].

As shown in [60] for the Baer-Nunziato model, system (1) is symmetrizable in the variable Y
following the same argument. Indeed, the difference between the convection matrix A(Y'), given
by (20), and the convection matrix of the corresponding Baer-Nunziato model only consists in the
components associated with y,. In matrix A(Y") this corresponds to the second line and second
column, which only contain a non zero term on the diagonal of A(Y").

2.2.2. Some properties of the source terms

From now the properties that have been highlighted referred to the convective part of the
model. We now describe some properties that concern the source terms (10)-(12). We will focus
in particular on positivity properties for the fraction a4, for the partial masses m; and mg,, and
for the temperatures 7; and 7},. Since some EOS, as the Stiffened Gas EOS, allow the internal
energy to become negative, we retain here the temperature and the density as the thermodynam-
ical quantities to be positive. We then consider uniform solutions of system (1) which are regular
in time and bounded. It is also assumed in the following that initial conditions are such that:



ay(t = 0) €]0,1], my(t = 0) > 0, my(t =0) >0, T,(t =0) > 0 and T;(t = 0) > 0. The source
terms @4, I'; and W; are studied individually.

Pressure relaxation @,.

The Ordinary Differential Equation (ODE) system associated with the term ®,, which is as-
sociated with the pressure relaxation effect, reads:

i (ag) = Dy
O (myEy) + PO (ag) = 0,
O (miE) + Poy (o) = 0, (23)
Oy (mg) = 0y (my) = 0 (myU,) = 0 (my) = 0, (mU;) = 0.

From first equation of (23) we can obtain that:

(1 —2ay)(P, — P)

O (ag(1 —ay)) = (1 = 20,4)Py = ay(1 — ay) Ap

As a consequence, provided that (1 — 2«,)(P, — P)/Ap remains bounded, ay(t) lies in |0, 1[. We
straightforwardly get from the mass equations that: m,(¢) > 0 and m;(¢) > 0. In order to maintain
positive temperatures, the terms Ap has to be modified. Indeed, by setting:

1T,

o No(T, +T1)

the energy equations, i.e. second and third equations of (23), ensure that the temperatures are
positive. Since we are dealing with regular solutions, these equations can be written:

dey, Opr

m (2 gy + 22 g <pk>) — _R, ().
(aTk |k ' aT‘k|e;C ! !

and by using the mass equations, it yields:

8ek B 9 8,0k
e Ty, |Pk8t <Tk) a (pk Ty lek Pl) O (ak) '

By combining the equations for [ and g, we get:

o (1T, = T)T,(AT + ATy), (24)
where:
(pig—%ilek - Pz) (Py — P

(T, +T))

Hence, provided that (A,7; + A;T,) remains bounded, the temperatures are positive: Tj(t) > 0
and T,(t) > 0.

Mass transfer I';.



The ODE system associated with the mass transfer, i.e. the source term I';, is:

( O (ag) =0 (my) = 0,
O (my) = T,
o (mUy) = T UZJ;Ug,
o (miky) = T UZQUQ, (25)
O (my) + 0k (my) = 0,
O (mUy) + 0y (myU,) = 0,
L O (muEy) + 0 (myE,) = 0,

where we have: L
myp —my

Am

The liquid mass at equilibrium m; belongs to |0,m;(t = 0) + my(t = 0)] (see section 2), hence,
second equation of system (25) implies that m,(¢) also belongs to ]0,m;(t = 0) + my(t = 0)].
Thanks to the conservation of the total mass, i.e. fifth equation of (25), we deduce that my(t) €
10, my(t = 0) +my(t = 0)[. Moreover, first equation of system (25) straightforwardly gives that the
fraction a, belongs to ]0,1[. Let us now turn to the temperatures. It should first be noted that
we get from (25) that:

I, =

at (mkek) = 07 k € {lag}a

so that when combined with the mass equations, we obtain:

Therefore, setting:
r T,T;
A N (T, +Th)%
and combining the temperature equation for each phase leads to:

o (ITy) =TT, (nuB — myB,) . (26)

with:

B = Tk(m - ml) kaTk - €k%
mgmu\, (T, + T;)? Pk |ey ek |y ’

As a consequence, provided that the term (m;B; — m,B,) remains bounded, the temperatures are
positive: T;(t) > 0 and T, (t) > 0.

Pure heat transfer ;.

The ODE system associated with the term ¥, is:

9 (ag) = 0y (ma) = 0 (my) = 9 (my)
9 (L) = 0, (Uy)
O (myey) =y,
) =

10



It can be straightforwardly obtained that my(¢) > 0 and «,(t) €]0, 1[. As for the source terms U,
and I';, we write the temperature equations, which read:

oe; my My (T, — 1)) Oe
mp—= at(j—‘l):Tj—‘l J J :—m—g 8t(T),
8Tl o1 g 7’17,gT‘g2 + mle )\T g 8Tg pg g
hence the evolution of the product of the pressure is:
(T, —Th) oT, o7,
o, (T =1T,T, T,— —mT,—= . 28
(1) o </\T(mng2 +miT?) o ? Oey o " laeg |0g (28)

As a consequence, provided that the terms in the parenthesis on the right hand side of (28) is
bounded, the temperatures remain positive: 7;(t) > 0 and T,(t) > 0.

3. Numerical schemes

The overall numerical scheme is built on a fractional step approach using a Lie-Trotter splitting.
First, the convective part of the model is accounted for using a classical first-order finite-volume
approach. Numerical fluxes between the different cells are computed here thanks to the VFRoe-
ncv scheme [56] using the variables Y already defined in section 2.2.1. This approximate Godunov
solver is depicted in detail in [56]. In order to assess the implementation of this scheme, a verifi-
cation test case is proposed on the basis of a Riemann problem in Appendix C.

In the second step the source terms (11)-(13) are solved sequentially. In the following, the
numerical scheme associated with the drag force (13) and for the heat exchange (12) are classical
and they have been presented in several references [48, 49, 50, 51|, we thus focus in this section on
the thermodynamical source terms (11) and (10). From now, we assume that the time-step At is
given by the scheme used to solve the convective part, and that the approximated solution at time
t™ is known. Since the time step is imposed by the convective scheme, we need to built implicit
schemes for the source terms in order to maintain a good accuracy and stability of numerical ap-
proximations. We detail below how to compute the approximated solution at time t"*! = " + At
through the fractional steps associated with the source terms (11) (section 3.1) and (10) (section
3.2).

We insist on the fact that the numerical schemes are not restricted to the EOS used in sec-
tion 2.2. Moreover, it should be stressed out that the splitting of the system associated with the
fractional step algorithm complies with the entropy inequality without any constraint. Further-
more, in the schemes dedicated to each source term, conservation properties have been imposed
to the numerical approximated solutions when they are required for the associated continuous so-
lutions (i.e. total mass conservation, total momentum conservation and total energy conservation).

At last, we retain here the source terms (10), (11), (12), (13) without applying the normalization
by the temperature as proposed in 2.2.2. In order to get similar magnitudes in the choice of the
time-scale, the following normalizations are applied : A\p = PyAp and Ay = N /Cy, where B
is a reference pressure and Cy is a reference heat capacity. With these choices, \ and X, are
time-scales, as A, and Ay .

11



3.1. An algorithm for the pressure relaxation term

For this step we need to compute approximated solutions of system of ODE (23). Algorithms
have been proposed for instance in [52, 48, 49, 11] for the pressure relaxation. The scheme proposed
here relies on the same kind of techniques but it takes advantage of the liquid entropy equation
to limit the number of terms that have to be taken explicit. In fact we propose an implicit
Euler scheme for all the quantities. The sole relaxation parameter Ap is explicit. System (23)
straightforwardly provides the solutions:

ma(tn+1) - ma(tn)ﬂ mg(tn+1) - mg(tn)v ml(tn+1> - ml<tn)7 (29>
U, = U, (t™), Ut = U (t™). (30)

It should be noted that thanks to (5), we get with I'; = D; = ¥; = 0 that the liquid entropy is
constant for system (23). Hence we have:

Sl(tn+1) = Sl(tn).

The first three equations of system (23) can be written in an equivalent manner:

00 = ag(1 - a =T, @)
9 (s1) =0, (32)
0y (mgeg) + 0y (mye;) = 0. (33)
Then, by integrating equations (32) and (33) between t" and ¢ > t", we get:
Sl<t) = Sl(tn), (34)
mg(t")(eg(t) — eg(t")) + mu(t")(e(t) — e(t")) = 0. (35)

When considering the thermodynamical plane (p;, s;) for the liquid phase, we get from (31) and

(35):
orlag) = 20 (1 (L2 ent0) - 1 (). (36)
eo(t) = e, (") — w”;”(tn) (el ( (ml(tn)>,sl(t”)> - el(t”)> | (37)

1—a

By substituting e,(¢) given by equation (37) into equation (36), we obtain an equation with a
sole unknown: a,4(t). Note that A\p also only depends on ay thanks to relations (29), (30), (34)
and (37). We have chosen here to approximate A\p in an explicit manner: Ap ~ Ap(ay,(t = 0)).
Even with this simplification, solving explicitly equation (36) in a, can be difficult. Therefore, we
compute an approximated solution «j for a, at time t"*! with the implicit Euler scheme:

aj—ag(t™)  ap(l—-aj) ak % my(t") n
Al - ip(tn)g (Py <mg(gtn)7eg> —n ((1Z_a;)>3l(t )>>

ey = eo(t") = e (o (4 () — )

(38)

Obviously, (38) is non-linear even for very simple equations of states. From a practical point of
view, dichotomy algorithm or quasi-Newton methods are used to find ;. Once the new fraction
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is computed, ag“ = a7, all the other quantities are updated explicitly using relations (29) for the

masses, (30) for the velocities, (38) for the energies and the gas fraction:

0y =,
mZ—H = ma(tn)7 mZ—H - mg(t”)7 m?—H = ml(tn>7

U;H—l _ Ug(tn), Uln—i—l — Ul(tn),
t’fL
o = (0L )

et = e, (t") —

Properties of the algorithm.

It can be proved that (38) possesses a unique solution for o on |0, 1 provided that the pressure
gap in equation (38) remains bounded. The details of the proof may be found in Appendix B.
By construction, the algorithm ensures the conservation of the total mass, the total momentum,
and the total energy. The partial masses are constant for this algorithm and they are thus positive.

3.2. Accounting for the mass transfer

The system of equations that allows to account for the mass transfer arises from the closures
(7) and (8) with D,, = ¥; = 0. The equations for the total energies of system (25) can be written
in terms of the internal energies:

O (myey) = 0, (39)
0y (mgey) + 0y (mye;) =0, (40)
which leads to the integration over [t",]:
mlel(t) = mlel(t”), (41)
mgey(t) = mgey(t"). (42)
Moreover, from the conservation of the total mass, we obtain:
my(t) +my(t) = my(t") + m, (t") = my, (t"). (43)

The equilibrium liquid mass m; is defined as the liquid mass that realizes the maximum of the
entropy s,, defined in section 2. If we exclude single-phase flow situations, the maximum of s,, is
reached when its derivatives vanish. Hence, according to (14) and using (41)-(43), 7 is the unique

solution of:
i (al(t”) mlez(t")) o (mlv%(tn) myey(t") ) _o (44)

L\ m ' m T, (t7) =" muy () —

From a practical point of view, the equation above can be numerically solved by the mean of a
dichotomy algorithm or quasi-Newton methods. An important point to be quoted is that 7; only
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depends on the quantities at time ¢" and it is thus constant when considering system (25). The
liquid mass equation issued from system (25) is then:
(") — m(t)
Oy (my(t)) = . 45

If the time-scale \,, does not depend of the partial masses m, and m;, it is also constant and
equation (45) can be straightforwardly integrated on [t",¢]. In the general case, when the form of
Am does not permit an exact integration, an approximated solution for system (45) is obtained by
computing the exact solution of system:

my(t") — my(t)

at (ml(t)) = )\m(tn)

(46)

which corresponds to system (45) where the time-scale A, has been fixed to its value at time t".
We thus get:
mu(t) = mu(t") + () — (7)) (1 - exp=IAn)

and, hence we set:

mp =y (" + At) = my (") + (") — mu(t) (1= exp=dm0). (47)

Once m}™! is computed, m,,, mye, and mye; are updated according to relations (41)-(43):

QZ—H = ag(tn)’ mZ—H = ma(tn)’

mp = my (") + m, (t") — mpt,

(mye)™ T = mye (1),

(mgeg)wr1 = MgCy (t").

It remains to update the velocities. Since the mass equations have been solved, the term I'; in the
momentum equation of system (25) is known. Let us set Ty At = m)™" — m;(¢"). The subsystem

for updating the velocities is then:
U, - U
2 )
U, — U
5
We then approximate the factor my on the left hand side by a constant value my which can be: the
value at time ¢", or the value at time ¢ (which arises from the integration of the mass equation),
or a barycentric combination of these two values. Since my is constant, we now have to integrate
the equations:

m0y (Uy) =T (48)

my0; (Ug) = —T7 (49)

Iy U, — U
0 (U)) = =5 (50)
Iy U, = U
0 (Uy) =~ (51)
g

Equations (50)-(51) can be exactly integrated by considering the relative velocity U, — U, and the
momentum conservation. Indeed the equation for the relative velocity reads:
1 1\U-U

o (U —Uy) = =17 (~— =+ ~—) %,

my my

(52)
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and it gives the solution:

Uit~ Uy(0) = (i) = Uy(e)exo (e = o7 (4 ).

mp oy
Then, when combined with the equation of conservation of the total momentum:
my(£)UL(t) + mg(£)Uy(t) = my (") Ui (") + mg(t")Uy(t"),

one obtains a 2 x 2 linear system in (U;(t), U,(t)) allowing to update the velocities. It should be
noted that the relative velocity may increase or decrease depending on the sign of I'}.

Properties of the algorithm.

Thanks to its definition (44), 77;(t") belongs to ]0, m,(t") +my(t")[. Then, since the update for the
liquid mass (47) is a barycentric formula, it implies that m"** €]0, m, (¢") +m;(t")[. Thanks to the
total mass conservation, we get that m” ™ also belongs to ]0, m,,(t") +m,(t")[. The fraction a;, and
the energies myey, are constant. Moreover, once the term I'] has been computed, the energies myey
and the velocities are updated using exact integrations. Hence these updates are in agreement
with the total energy equation of (25), and thus they agree with the total energy conservation for

the mixture. At last, momentum conservation for the mixture is enforced by construction.

4. Simulation of the blowdown of a pressurized pipe containing hot water

We are interested here in the blowdown experiments reported in [61]. These experiments are
representative of the Loss Of Coolant Accident (LOCA). LOCA scenarii are classical for the safety
studies in the nuclear domain. They represent the situation where a breach occurs on the primary
circuit of a Pressurized Water Reactor (PWR). In these scenarii, the coolant in the primary circuit
contains water at 300°C' which is pressurized at 150 bars. Hence, when a breach occurs in this
circuit a vaporization front is propagated into the circuit, and a jet expels through the breach the
steam created into the circuit. Initial condition for such a situation corresponds to single phases
inside (water) and outside (air) the circuit. When using a two-velocity model, as the Bear-Nunziato
model for instance, one has to initialize the computation with a mixture of water and steam inside
and outside the circuit. This is due to the set of equations and to the variables that are not defined
for pure single phase situations. Then two drawbacks can be noted. First, the outside of the cir-
cuit is filled with hot steam (with a small amount of liquid water) which may not behaves exactly
as air. Secondly, in the pipes one has to set initial conditions such that the amount of vapor is
sufficient to avoid its complete condensation before the arrival of the depressurization waves, see
[12] for instance. Unfortunately, it is known that a small amount of gas in the liquid can modify
the speed of propagation of the wave in the mixture, see [50, 62] or the results of section 4.1. By
using the present model with a mixture of air, liquid and vapor in the pipes, equilibrium states
with very small amount of gas can be used as initial conditions. Hence mass transfer is avoided
before the arrival of the depressurization waves without modifying their speed of propagation.

The test case investigated here is associated with the experimental facility SUPERCANON
[61]. 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 1 is a sketch
of the facility. A tube (100 mm of inner diameter and 4.389 m long) is filled with water and
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Figure 1: Sketch of the SUPERCANON configuration. The pressure is measured at the points P, ..., Ps and the
vapor fraction is measured at the point P;.

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. This release
is assumed 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 1). 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. More-
over, 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 [63]. 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 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 in figure 2 for two
different experimental runs based on the “same conditions”. The blue curve represents the typical
pressure profile at P; that is obtained when enforcing the thermodynamical equilibrium in the
simulations, which means that all the relaxation time scales in the source terms defined in section
2.1 are set to zero. For this experimental setting, the numerical results obtained by considering
the thermodynamical equilibrium seems not in agreement with the experimental data. Indeed, for
this experiment, the two phases are likely to be out of the thermodynamical equilibrium [19]. As
a consequence, the response of the model should be sensitive to the choice of the time-scale arising
in the relaxation source terms, as shown for instance in [13] (when considering another model) or
in [50, 51].

The computational domain is [0, 10 m]. The domain x < 4.389 m corresponds to the pipe and
it initially contains a mixture of air, liquid and vapor at equilibrium and at 150 bars and 300°C" ;
while the domain x > 4.389 m corresponds to the experimental room in which the discharge of the
pipe occurs. It contains a mixture at equilibrium at 1 bar and 20°C. The pipe-domain contains a
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Figure 2: Sketch of the time evolution of the pressure at the point P;. The black curves represent experimental
measurements for two different runs (for the same conditions). The blue curve represents the pressure profile
simulated when considering the thermodynamical equilibrium.

liquid fraction close to 1 and a small amount of vapor and air ; whereas the room-domain contains a
small quantity of liquid. The left boundary condition is a wall, while the right boundary condition
is an outlet. We are interested in the pressure values at = 0.5 m, which is near the wall at the
end of the pipe. The thermodynamical behavior of the liquid is modeled by a Stiffened Gas EOS,
while air and vapor are modeled by a perfect gas law. Their parameters are gathered in table 1.
Several simulations are performed using different times scales.

k=1 k=wv k=a
Cyr (J/K/kg) | 1.452904592629688 10° | 4.441148752333071 10° 7.18 10°
Yk (=) 1.614924811807376 1.085507894797296 1.4000231
I, (Pa) 3.563521398523755 10° 0 0
Qr(J) 0 0 0
sV (J/K/kg) 0 —4.769786773517021 10* 0

Table 1: Parameters for the EOS for the three components.

Several simulations are performed in order to investigate the influence on the results of the
different parameters of the model. We first study the influence of the gas/liquid fraction used as
initial condition in the pipe. Then several relaxation times are considered for the different source
terms. Since the model contains four relaxation source terms, performing a complete matrix of
test cases leads to a huge amount of computations. We then restrict ourselves by changing one
time-scale while keeping the others fixed. Obviously, this choice is arbitrary and it cannot be
representative all the possible configurations, but it allows to highlight some influences of the
time-scales on the results. In these simulations, a particular focus is set on the pressure under-
shoot that is observed for the experimental data with the squares in figure 2. This undershoot is
associated with a non-equilibrium situation and it strongly depends on the relaxation time-scales
as already shown by [13, 14, 36, 50, 12, 62]. Moreover, it is known that with stiffened gas EOS,
the vaporization front travels too fast and that more accurate EOS are required in order to catch
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this front accurately, see [13, 14, 36].

Remark. From a practical point of view, instantaneous relaxation (i.e. when a time scale is
set to zero) is achieved by setting the associated numerical time-scale to 10735 s. Considering that
for the test cases the time steps are much larger than 1073 s, this allows to recover a numerical
relaxation up to the round-off error.

4.1. Influence of the gas fraction in the pipe

We first study the results of simulation for different values of the initial gas fraction in the pipe.
We thus choose the following liquid fractions: a; = {0.99995,0.9995,0.995,0.95}. The gas phase
is then composed of the mixture of air and vapor ensuring the thermodynamical equilibrium with
a mixture pressure of 150 bars and a temperature of 573.15 K. The thermodynamical equilibrium
is then enforced during all the simulations by choosing Ap = A\, = A = Ay = 0.

The pressure at point P;, which is at a distance of 0.5 m of the end of the left wall, is plotted
with respect to the time in figure 3. It can first be noticed that the gas fraction has a great influ-
ence on the results at a given mesh size. Indeed, the less gas there is in the liquid, the more the
waves present stiff profiles. The smoothing of the stiff waves clearly arises from the higher com-
pressibility of the liquid/gas mixture when the gas fraction increases. Moreover, it clearly appears
on figure 3 that the first depressurization wave travels faster when the gas fraction is low, which
is in accordance with [50, 62]. When compared with the experimental results, it seems that the
SUPERCANON experiments were performed with a mixture that contained a very low fraction of
gas. So, in the following, we focus on the case with o; = 0.99995.

The different results for the three different meshes (see the bottom right plot in figure 3) clearly
show that the convergence of the approximated solution (at the scale of the plots) require a smaller
mesh size when the liquid fraction is important. This is obviously due to the stiffer wave profiles
arising for low gas fractions. In the following section, we choose the mesh with 2000 cells for the
different computations.

4.2. Influence of the mass transfer

In this section the liquid fraction «; in the pipe is chosen equal to 0.99995 and the influence of
the mass transfer time-scale \,, is investigated. The temperature, pressure and velocity equilibrium
are imposed by choosing A\p = A\ = Ay = 0. The computations are then performed with a time-
scale A\, = {107% 5,107 5,107% 5,1077 s} and the results are reported in figure 4. The pressure
undershoot is very sensitive to the time-scale for the mass transfer. For \,, < 107 s the pressure
profile is very close to the results for \,, = 0 and for \,, > 107 s the pressure undershoot is
too important with respect to the experimental data. The range of values for \,, seems thus very
restricted. From now, \,, is chosen equal to 107° s which appears in figure 4 to give a value of the
pressure undershoot close to the one observed in the experiments.

4.3. Influence of the temperature relaxation

We set here a; = 0.99995 and \,, = 107° s. The pressure and velocity equilibrium are imposed
by choosing A\p = Ay = 0. Several values for the temperature relaxation time-scale are used:
A = {107* 5,1075 5,107% 5,1077 s}. The pressure at point P; is plotted in figure 5 for the
different values of Ar. As for the mass transfer relaxation time-scale, the time-scale for pressure
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Figure 3: Comparisons for the pressure at point P; for different liquid fractions and different mesh sizes.
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Figure 4: Comparisons for the pressure at point P; for o; = 0.99995 and for different time-scales for the mass
transfer A\,,,. The figure on the right represents a zoom on the pressure undershoot.

relaxation has a great influence on the pressure undershoot. For Ay < 107° s the pressure profile is
very close to the results for A\ = 0 and for Ay > 10™* s the pressure undershoot is too important
with respect to the experimental data. The time-scale retained for the next simulations is then
equal to 107° s.

4.4. Influence of the pressure relaxation

We set here a; = 0.99995 and )\,, = A\ = 107° s. The velocity equilibrium are imposed
by choosing Ay = 0. Several values for the temperature relaxation time-scale are used: A\p =
{107° 5,107% 5,107 s}. The results are very sensitive with respect to Ap. The time-scale \p =
10~* s leads to a divergence of the simulations because of a loss of hyperbolicty. The latter is due
to a negative temperature because of the parameters ), and Il;. Since the numerical scheme is
based on the variable e; and py (in order to compute easily the correct shocks), it may happen
that an approximated value (py, ex) leads to a negative temperature, see also Appendix A. This
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Figure 5: Comparisons for the pressure at point P; for a; = 0.99995 and for different time-scales for the temperature
relaxation A\p. The figure on the right represents a zoom on the pressure undershoot.

drawback is associated with the Stiffened Gas EOS and our choice of a convection scheme based
on the variablese;, and py.

Pressure near the tube's end for different relaxation times. Pressure near the tube's end for different relaxation times.
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Figure 6: Comparisons for the pressure at point P, for a; = 0.99995 and for different time-scales for the pressure
relaxation Ap. The figure on the right represents a zoom on the pressure undershoot.

4.5. Realistic model for the relazation time scales

In the previous sections we have only considered constant and uniform time-scales. Some
previous results clearly show that for this experiment, more complex laws for the time-scales
seem to allow to provide more realistic results, see for instance [12, 13, 14]. In [12], a relaxation
time-scale has been proposed for simulating the SUPERCANON experiment with a liquid-vapor
Baer-Nunziato model. It has been adapted from the time-scale proposed in [7] for the simulation of
the flashing of superheated liquid flow in a nozzle. It should indeed be noted that in [7] the model
was different. The latter was a classical homogeneous model enforcing the pressure equilibrium and
assuming that the vapor is always at saturation. We propose here to modify the parameters of the
time-scale law in order to recover at least qualitatively the behavior observed on the experimental
data. We thus set A\y = A\p = Ay = 0 and the law for the mass transfer time-scale is:

—1.76
6.51 107 () 057 (F24005) L i P < 10° Pa

Am = -5 (53>

3.84 10719y, ) 7084 (%) , otherwise.
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In figure 7 the simulation results are compared with the experiment data : pressure at point
P, and volume fraction of vapor at point P, are compared while using either \,, = 0 (equilibrium
simulation) or modified correlation (53). It clearly appears that, in comparison with the equilibrium
simulation, the vaporization is delayed when using the law given by (53). With the latter, the
pressure undershoot after the first arrival of the first depressurization can be observed on the
numerical results, even if it qualitatively does not perfectly match with the pressure undershoot
of the experimental data. In the same way, the arrival of the vaporization front arises too early
with respect to the experimental data. That point can be at least partially explained by the use
of Stiffened Gas laws. Indeed, it has been shown in [14, 36] that the use of more accurate phasic
equations of states highly improves qualitatively the results. In particular the Stiffened Gas EOS
seems to lead to a vaporization front that travels too fast towards the end of the tube.

Pressure near the tube's end for different relaxation times.
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Figure 7: Comparisons for the pressure at point P; and for the void fraction at point P;, considering the experiment
(black crosses +), the equilibrium simulation for A,, = 0 (red line) and the simulation using the correlation (53)
(blue line). Initial condition in the pipe corresponds to a volume fraction of liquid «; = 0.99995.
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5. Conclusion

The model studied in the present paper allows to deal with incondensable/steam/water flows.
The main additional assumptions with respect to the model proposed in [21] is that the two misci-
ble phases, i.e. the steam and the incondensable gas, are at thermal equilibrium and at kinematic
equilibrium. The resulting set of equations is then very close to the classical Baer-Nunziato model.
This enables to inherit from all the work that has been done in the past decade to build numerical
schemes for the convection part of this class of model.

Considering the interfacial exchanges, a mass transfer source term as proposed in [55] has been
tested. Moreover, a new robust and efficient numerical scheme for the pressure relaxation effect
has been introduced. This scheme can be applied with any EOS (provided that the latter is in
agreement with the result of uniqueness of Appendix B) and it is strongly related to the form of
the exact solution associated with the pressure relaxation subsystem.

In [12], the time-scale for the mass transfer and the temperature relaxation are assumed to be
linked. In our numerical tests, we did not consider such an assumption. It could be interesting to
test such a link by using other source term models proposed in [55]. Indeed, in the latter source
terms involving a unique time-scale have been proposed for the thermodynamical relaxation effects
(mass transfer, pressure relaxation and temperature relaxation). This proposition of source term
is clearly inspired from the homogeneous model as studied for instance in [34, 53, 54, 62, 36] among
many others. Moreover, in [35, 36] such an homogeneous model for steam-water flows including
incondensable gases has been tested together with complex EOS. The results seem satisfactory
and these EOS could be applied to the present model.
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Appendix A. Mixture EOS for the phase g

In this appendix, we deduce the EOS of the gas phase from the EOS of phases a and v and
from temperature equilibrium assumption, as for instance in [64, 65, 59]. We first consider the
general case and the specific case of Stiffened Gas EOS is then examined. For this particular EOS,
it can be proved that the mixture EOS for the gas phase corresponds to a Stiffened Gas EOS for
a fixed incondensable fraction y, = p,/p,-

Appendiz A.1. The mizture EOS for the gas phase: general case

Before all, we assume that the thermodynamic behavior of each phase k = {l,v,a} is given by
the mean of its specific entropy s, as a function of the specific internal energy e, and the specific
volume 7, = 1/py:

Sk - (Tk,ek) € (R+>2 — Sk(Tk,ek).
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The specific entropies are supposed to be in C(R3 ) and strictly concave with respect to (73, ex) on
(R4 )2 Moreover, we assume that:

8sk

— > 0.
Ok,

The phasic temperature T}, and the phasic pressure Py of each phase is then defined thanks to the
phasic entropy s; and to the Gibbs relation:

desk = dek + Pdek,

which yields:
1 aSk Pk(Tk,ek) . 8sk

Ti(Threx)  Oerp, Ti(hoer)  OThie,

We examine now the properties of the mixture of the phases.

and

The gas fraction o is related to the vapor fraction «,, to the incondensable fraction «, and
to the liquid fraction a; through the relations: ay = o, = o, and oy + a4y = 1. The former arises
from the miscibility of the phases v and a, see for instance [20, 21]; whereas the latter represents
a statistical conservation property of the whole mixture [57, 50, 51].

If we denote respectively by M, (in kg), Vi (in m?) and E}, (in J) the mass, volume and energy
of phase k € {a,v}, we have for the gas phase: M, = M, + M,, E, = E,+ E, and V, =V, =V,,.
The latter equalities directly traduce that the phases a and v are immiscible in a perfect manner,
so that they occupy the same volume [20, 21]. Thus the density of phase g is:

M, M,+M, M, M, M, M,

S A A A A

= Pa t Po; (A1>

and, in the same way, we get that the volumetric internal energy of phase g, p,e, = E,/V, with
ey = E,/M, the specific internal energy, reads:

Pg€g = Paa + Pry (A.2)

To these relations, one must add the temperature equilibrium assumption between phases a and

v which reads:
Ta(Taa ea) - Tv(Tm ev)~

Let us be more explicit on all these variables and the closures of the model. If one assumes that
the set of the conservative variables:

W= (&97 Pas Pg> Ug> €g, P, Ula 61)7

is the unknown of system (1), all the other quantities have to be defined with respect to W. We
focus here on the thermodynamical part of the model. Following the assumptions proposed above,
we have:

Pg = Pa t Pu, (A.3)
Pg€g = PaCa + Pueu, (A'4)
To(Tas€q) = Ty(Ty, €4)- (A.5)

23



Equation (A.3) straightforwardly gives p, with respect to W; whereas equations (A.4) and (A.5)
form a 2 x 2 non-linear subsytem that allows to get ¢, and e, from WW. Once solved, all the densities
pr and the specific internal energies ey, k € {a,l,v}, are known with respect to W, and thus are
known: the phasic specific entropies s, the phasic temperatures T}, and pressures Py, k € {a,l,v}.
Subsystem (A.4) and (A.5) can be reduced to a sole equation by introducing p, from equation
(A.3) and e, from (A.4) into equation (A.5). It yields a non-linear equation for finding e,:

Pg€g — Pata
To (pas€a) =Ty <pg = Pa; L) ) (A.6)
Pg — Pa

Let us denote e, — F(e,) the function defined on |eq n(pa); €a,n1(pa)[ by:

Pg€g — Pala
]:(ea) - Ta (Pa; ea) - Tv (pg — Pa; L) )
Pg = Pa
where e, ,,(pq) is the minimal energy of phase a above which 7, < 0 and e, ar(p,) is the minimal
energy of phase a above which 7,, < 0. Solving equation (A.6) is then equivalent to find e, such
that F(e,) = 0. The latter has a unique solution when the following sufficient conditions are
fulfilled:

oTy,
— >0, k={a,v}, A7
e >0 k= {an) (A7
lim (Ta(pa, eq) — Ty <pg — Pa, M)) <0, (A.8)
eaﬁea,m(Pa) pg - pa
lim <Ta(pa, eq) — T, (pg — Pa, M)) > 0. (A.9)
ea—€a,M (Pa) Pg — Pa

Condition (A.7) ensures that e, — F(e,) is a strictly increasing function. Since F is con-
tinuous, conditions (A.8) and (A.9) then guarantees that F(e,) = 0 has a unique solution on
leam(pa)s €anr(pa)]- It remains to define the pressure P, and the temperature 7}, for the gas phase.
For that purpose, we focus on the entropy of phase g.

The entropy of the gas phase s, is defined as the sum of the entropies of phases a and v by (3):

pgsg = pasa(paa ea) + vau(Pv, ev)a

where p, and e, have been defined above by equations (A.1) and (A.2). When using system (1),
one can get the equation of time and space evolution for entropy s,:

Or (agpysy) + O0p (agpgUgsy) %(Pg — Py — P,)0, (Uy) =

: A0
2(Po+P,—R) + Tibt =4 (SF-U,St+5410), (A.10)

where the temperature equilibrium assumption 7, = 7, = T, holds. Then, for the entropy to be
conserved along the streamlines of phase g (when no source terms are accounted for), we have to
set P, — P, — P, = 0, which corresponds to the classical Dalton’s law:

P, = P,(14,€4) + Py(7y, €). (A.11)

The temperature 7} is generally not explicitly known with respect to W. Indeed, it arises from
the solution of non-linear equation (A.6), but it only depends on W.
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Appendix A.2. The mizture EOS for the gas phase: Stiffened Gas phasic EOS

We consider from now that the two phases a and v follow a Stiffened Gas EOS, and thus that
their specific entropies are defined by (17). For k € {a,[,v}, the phasic pressure and temperature
is then:

_ _Qp—T
i Wy, and Ti(m,ep) = 2 O = LT,
Th Cvik

)

Py(ty,er) = (i — 1)

The pressure can also be written in terms of the temperature and specific volume:

T
Pk = (’}/k — 1>CVJ€T_;’: — Hk. (A12)

Moreover, for k € {a,l,v} the sound speed ¢ is given by:
Ci(Tk, €k) = ’Yk(’}/k - 1)<6k - Qk - Hka) = ’Yk(Vk - 1)CV7ka (Al?))

Let us define the mass fraction y, of phase a and the energy fraction z, of phase a:

Ya = pa//)ga Za = paea/(pgeg) = yaea/eg-

We recall that the quantities of the phase g are given through the relations:

Pg = Pa +t Po,
eg = Yaa + (1 - ya)eva
Sg = YaSa T (1 - ya>5v>
P, =P, + P,
T,=1T,=1T,.

First of all, it should be noted that the energy fraction z, is not an unknown: it can be expressed
as a function of y,, 7, and e;. Indeed, the temperature equilibrium relation (A.6) can be written
using the relations above:

Ta (&7%1@) - Tv < s 7(1 - Za) % ) )
Ya Ya 1— Ya 11— Ya

and, hence, when 7,, 7, and e, are given, z, is obtained through the temperature equilibrium.
When considering the Stiffened Gas EOS, 2, can be explicitly written. It reads:

€g YaQa—laty (1-ya)Qu—Iy7g

Za(ya, Tg, eg) — (17ya)CV,v yaCV,a (17ya)CV,v ) (A14>

1 1
(yacv,a T (1—ya)cv,v) €

When summing the temperature formulae and accounting for the temperature equilibrium
T, =1, =1T,, we get:
Cvg(Wa)Ty = €g — Qg(Ya) — Hy(Ya) Ty, (A.15)

with CV,g(ya) - (yaCV,a + (1 - ya)OV,v)7 Qg(ya) - (yaQa + (1 - ya)Qv) and Hg<ya) - Ha‘i_Hv' The
pressure P, can be obtained by summing the formula (A.12) for the pressures P, with T, = T, = T,,,

we then get:
T,
P, = (’Yg(?h) - 1)CV,g<ya>7__g - Hg(ya)a (A'16>

g
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with 7,(%a)Cvig(¥a) = (YaVaCvia + (1 — ¥a)7wCvy). Then, when substituting in equation (A.16)
the temperature T, by (A.15), we obtain:

B QQ(ya)

Py = ((5a) = D)= — 3 (), (), (A17)

We finally turn to the entropy of phase g, and after some calculus, entropy s, reads:

89(Yas Tgs €9) = Cvg(Ya) In ((eg = Qg(Ya) — Hg(ya)Tg)Tg(Wg(ya)_l)) + S(g)(ya)' (A.18)

For a fixed mass fraction y,, the mixture g behaves as a Stiffened Gas. We have indeed with (A.15)
and (A.16):

The sound speed in the phase g is defined through relation (22) and in each pure phase the
sound speed is given by definition (21). With the Stiffened Gas EOS, the sound speed in each
pure phase k € {a,l,v} is given by equation (A.13). Then, thanks to definition (22) and to the
temperature equilibrium assumption, one gets for phase g:

[\

2 (Yas Tg, €4) 2 c
qg as 'gyr g a v
’Yg(ya) . ( ) . ( )

As a consequence, when the phasic sound speed ¢, and ¢, are in R, then ¢, is also in RT.

Sufficient conditions (A.7)-(A.9) have been introduced in order to ensure that the energies e,
and e, are defined in a unique manner through the closures (A.3)-(A.5). In the specific case of
the Stiffened Gas EOS, these conditions are superfluous. Indeed temperature equilibrium can be
solved explicitly by using z, (A.14). Depending on the choice of the different EOS parameters, z,
may not belong to [0, 1]. This is a discrepancy which can be associated with the Stiffened Gas EOS.
In particular, this EOS authorizes the energy to be non-positive if the parameter )y is negative.

Appendix B. Uniqueness of the solution for the pressure relaxation algorithm

The aim of this section is to prove that equation (38) has a unique solution on |0, 1] provided
that the EOS fulfill some assumptions. We recall that (38) is the key equation for the algorithm of
pressure relaxation described in section 3.1. Once it is solved, all the other quantities are explicitly
computed. Hence, if equation (38) has a unique solution on ]0, 1], the whole algorithm possesses a
unique solution for the whole conservative variable.

The first equation of (38) can be written:

oy — ay(t") = ay(1 — ;) A% (ay), (B.1)

where the liquid EOS is written in the (7, ¢;)-plane:
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and

ef = ey(t") — m(t") (el <<1_—a;),sl(t”)) - el(t”)) .

my () my(t")

In section (3.1), the liquid EOS is written in the (p;, ¢;)-plane, the use of the (7, ¢;)-plane here is
equivalent.

First, when A™* = 0, the solution of (B.1) is obviously unique. So, let us assume that A™* 2 0.
Let us define on «a €]0, 1] the function o — F"(a;) as:

Fral) = Zgg(l—o_‘gi;)) — A(a}). (B2)
The derivative of F with respect to o is then:
dF"(a;) (04;)2 — 2a,(t")a, + g (t)?
da, - (a;(l - 04;))2 (B.3)
At 1 OP,™" 1 0P,  0e,™" 1 op™ '
(T \ 75 Ory g Oy, O m_?a_msl) '

For oy, (t") €]0, 1], the first term on the left hand side of equation B.3 is strictly positive. Then, if
one assumes that the EOS of phases [ and ¢ fulfill the inequalities:
P,

— <0
oty »

0y o %2 54 98 (B.4)

869 |79 671 |s; 8’7'[ sy

we get that o — F"(a;) is strictly increasing on | €]0,1[. Tt should be noted that for Stiffened

Gas EOS, these inequalities are equivalent to:
Pg + ’Vg(ya)H(ya) Z 0; Pl 2 O.

Moreover, if the pressure laws for the phases g and [ are such that:

Veg, im Py(14,e,) = 400, and Vs, lim P(7,s;) = +oo, (B.5)
Tg—0t 71—0t
we get that:
a;li%+A (o) = +oo, an Q;EI%—A (ay) 00

Conditions (B.5) thus imply that

Q%E%Jrfn(&;) = —o0, and Q%EI},‘F%O‘;) = +00.

Assuming conditions (B.4), (B.5) and that o €]0,1], the theorem of the intermediate values ap-
plied to function o +— F"(a;) on |0, 1[ then gives the results that (B.1) admits a unique solution
on |0, 1].

It should be noted that conditions (B.5) are fulfilled by the Stiffened Gas EOS.
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Figure C.8: Sketch of the Riemann problem.

Appendix C. Verification test case on the basis of a Riemann problem

The aim of this section is to present a verification test case for the convective part of the model
proposed in section 2. The associated system is hyperbolic and shock waves are defined in a unique
manner. We thus propose here to solve a Riemann problem. The solution of this Riemann problem
is then used for comparison with the approximate solutions computed by the VFRoe-ncv scheme

[56] using the variable Y (see section 2.2.1).

Building Riemann problems for two-fluid models based on the Baer-Nunziato model can be
tricky when considering a general problem defined by the right and left states. We thus follow
a classical way to build a Riemann problem: one of the states is given and the other states are
computed by choosing the complete waves structure. The computation of a new state from a
known state (across a wave) is performed on the basis of jump relations or Riemann invariants
depending on the nature of the wave that separates these two states. We restrict here to shock
waves and contact waves. Indeed, rarefaction waves require more complex computations which
may lead to larger computation errors and inaccurate comparisons. The Riemann problem chosen
here is composed of two intermediate states Z; and Z,, and the four states are then separated by
two shock waves and the contact wave U,. The setting is depicted in figure C.8. The left state Z,
and the intermediate state Z; are separated by a U; — ¢; shock wave. The right state Zr and the
intermediate state Z, are separated by a U, + ¢, shock wave. The two intermediate states Z; and
Zy are separated by the contact wave U,. The other waves are supposed to be ghost waves.

The properties of the convective part of the model are recalled in section 2.2.1. In the shock
waves, the fraction ¢, is constant so that the classical single-phase Rankine-Hugoniot relations are

recovered for each phase [ and g¢:
—opx] + [prUk] = 0,
—oloxUx] + [peUR + Pi] = 0, (C.1)
—olpE] + [Un(prEr + Pr)] = 0,

for k = {l,g}. For the contact wave, the connection between the states Z; and Zj is performed
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through the five following Riemann invariants:

Zv, = {Uy, s1, upi(Up — Uy), Py + ag Py + cupy(Up — Uy)*, €1 + B Jrho, + (U — Uy)?/2}. - (C.2)
Computing the different states is classical and it is not recalled here. Table C.3 gives the different
states that compose the Riemann problem retained here. They have been obtained with the
EOS parameters of table C.2. The U; — ¢; and U, + ¢, shock waves and the contact wave travel
respectively with a speed:

Ou,—¢, = —1347.01835941669 m/s,

OU,+e, = 404.737069698175 m /s,

oy, =5 m/s.

=1 k=wv k=a
Cv (J/K/kg) 1.659732071941701 10° | 6.626564746983661 10° 7.18 102
Y& (=) 6.636214111922141 1.083834328358209 1.4000231
11, (Pa) 3.348508243030720 10% 0 0
Qi(J) 0 0 0
82 (J/K/k‘g) 10* —8.646479253448585 10* 0
Table C.2: Parameters for the EOS for the three components.
Zy Z Zy Zp
Ya 0.205 0.205 0.2 0.2
Qy 0.495 0.495 0.5 0.5
Py (k’g/m3) 0.619780775226864 | 0.619780775226864 0.650769813988207 0.620914399831763
U, (m/s) 5 5 5 ~14.2205491976928
Pg (Pa) 1.0 10° 1.0 10° 9.99994503590090 10* | 9.49994778410586 10*
P (kg/mS) 1221.42181799682 1221.42184547160 1221.42178476433 1221.42178476433
U (m/s) 2.00003034495258 2 1.96999984940252 1.96999984940252
P (Pa) 9.995 10% 1.0 10° 9.98895218378901 10* | 9.98895218378901 10*

Table C.3: Values for the different states of the Riemann problem.

The error between the exact solution Z(¢,x) at time ¢ and the approximate solution obtained
with the scheme of section 3 is measured according to the relative Li-norm:

S| Z(t ) = 27|
S Z(t @)

where x; denotes the center of the cell i = {1,.., N}, and Z" the approximate value in cell i at
iteration n. In the following, the CFL number is equal to 1/2. The computational domain is [0, 1],
and it is discretized by N uniform cells. The logarithm of the error err at time t = 2 1074 s
is plotted in figure C.9 with respect to the logarithm of the mesh size 1/N for N from 100 to
100000. Figure C.10 shows the exact solution at time ¢t = 2 10~* s and the approximate solutions
for meshes with 400 and 2000 cells. Due to the stiffness of the liquid EOS, strong spurious bumps
can be observed at the location of the U; — ¢; shock and at the location of the U; 4 ¢; “ghost wave”.
The amplitude of these patterns tends to decrease when the mesh is refined.

err =
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Figure C.9: Convergence curves for the different variables.
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