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A HOMOGENEOUS MODEL FOR COMPRESSIBLE THREE-PHASE
FLOWS INVOLVING HEAT AND MASS TRANSFER. * **

OLIVIER HURIsSSE!'2 AND LUcCIE QUIBEL!?

Abstract. A homogeneous model is proposed in order to deal with the simulation of fast transient
three-phase flows involving heat and mass transfer. The model accounts for the full thermodynam-
ical disequilibrium between the three phases in terms of pressure, temperature and Gibbs enthalpy.
The heat and mass transfer between the phases is modeled in agreement with the second law of ther-
modynamics, which ensures a stable return to the thermodynamical equilibrium. The set of partial
differential equations associated with this model is based on the Euler set of equations supplemented
by a complex pressure law, and by six scalar equations that allow to account for the thermodynamical
disequilibrium. It therefore inherits a simple wave structure and possesses important mathematical
properties such as: hyperbolicity, unique shock definition through Rankine-Hugoniot relations, pos-
itivity of the mixture fractions. Hence the computation of approximated solutions is possible using
classical algorithms, which is illustrated by an example of simulation of a steam-explosion.

1. INTRODUCTION

The steam explosion phenomenon may occur in industrial plants when some heated materials (solid or molten
solid) come into contact with cold water [1]. The brutal heat transfer from the heated material to the liquid
leads to a sudden and brutal production of steam. This steam expands quickly and strong shock waves are
produced in the liquid phase, which propagate inside the devices and may damage some of them. When the
steam bubble expands in an open domain, for example in a pool with a free surface, some hot materials (solid,
steam and/or liquid) are expelled at high velocity. Such a phenomenon occurs in the steel industry (foundry),
causing casualties and damages. In the framework of the safety demonstration for the nuclear power plants,
some specific scenarii involving steam explosion are studied. This is for instance the case for the Fuel Coolant
Interactions (FCI) which occur in the Reactivity Initiated Accident (RIA) [2] or when the corium comes into
contact with some water collected in the basemat (in the reactor pit) under the vessel.

The aim of the studies based on these scenarii is to evaluate the mechanical load on the structures of the
devices of the plant. This obviously requires to get an accurate prediction of the pressure waves released by the
sudden vaporization of the water, and it clearly advocates for the modelisation of the compressibility of both
the liquid phase and the vapor phase. In the three-phase flow model proposed in this paper, we assume that
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the solid (or molten solid) phase is also compressible. This allows to keep a uniform and consistent thermody-
namical treatment of the three phases. The stiffness of the thermodynamical behavior of the solid phase, which
has a very low compressibility, may be accounted for by choosing an appropriate Equation Of State. Moreover,
in such fast transient flows corresponding to small characteristic time scales, the assumption of the thermody-
namical equilibrium between the phases might be a limitation. In [3—6], some comparisons between numerical
simulations and experiments of fast depressurization of water highlight the importance of the thermodynamical
disequilibrium. Therefore, it seems important for the proposed model to allow to account for the complete
thermodynamical disequilibrium (i.e. with respect to pressure, temperature and Gibbs enthalpy), while also
permitting to easily relax towards the thermodynamical equilibrium when necessary.

There exist few three-phase flow models that fulfill these requirements. The standard multifluid approach,
derived from the standard two-fluid approach [7], assumes that the pressures of the three phases are always
equal. The resulting system of equations may be associated with ill-posed initial-value problems. This is an
important drawback, in particular when dealing with fast transient situations. This mathematical issue of the
system of equations has its origin in the instantaneous pressure equilibrium [8-10], and to tackle that point a
three-phase flow model involving pressure disequilibrium has been proposed in [11-13]. The latter is a three-
phase flow model that can be seen as an extension of the two-phase model proposed in [14,15]. In these models,
each phase is described by its own velocity field, and by its own pressure and temperature. Hence they account
for the full dynamical and thermodynamical disequilibrium between the three phases. Unfortunately, the con-
vective part of the system of equations as a very complex wave structure. In particular, two successive waves
can be very close. An accurate numerical simulation of such a situation would thus require very small mesh
sizes/time steps in order to permit to distinguish these two neighboring waves on the approximated solutions.
Moreover, for these models, each phasic quantity (velocity, specific volume, total energy) is described by its
own partial derivative equation. As a consequence, the system of partial derivative equations degenerates in
the case of vanishing phases. These situations may therefore be tricky to handle with these multifluid models,
at least with a method which remains consistent with the set of equations. In this paper, we intend to propose
a model with a more simple wave structure, and that would be able to handle easily vanishing-phase cases
which often occur in the simulation of industrial scenarii. Hence we make here the assumption that the three
phases have the same velocity. Therefore, the model described in the sections below belongs to the family of the
so-called homogeneous models. If this assumption of dynamical equilibrium leads to a more simple description
of three-phase flows, the range of applications of the homogeneous model is restricted with respect to multifiuid
models. In particular, for some situations a homogeneous model might be less relevant for slow transients: for
instance the simulation of the sedimentation due to gravity.

The model proposed in this paper is a straightforward extension of the two-phase flow model proposed
in [16-20]. In [6,21] the latter has been tested for fast transient steam-liquid water flows and the results show
a quite satisfactory agreement with experimental measurements, even for flows involving a strong thermody-
namical disequilibrium. We thus propose the extension of this two-phase flow model in order to deal with
fast-transient three-phase flows with high thermodynamical disequilibrium. This model draws its strength from
the assumption of full thermodynamical disequilibrium (each phase possesses its own internal temperature and
its own internal pressure) and from the second law of thermodynamics [22] on which the thermodynamical
behavior of the flow is based. The building of the model relies on two steps: the modeling of the setting of
the three phases at a “microscopic scale” and a “macroscopic” modeling of the behavior of a volume of the
three-phase mixture within the whole flow. On the one hand, the second law of thermodynamics allows to
define: the thermodynamical properties of the mixture (the mean pressure and the mean temperature) and the
time-evolution of the setting of the three phases within a volume of mixture. Thanks to the dissipation property
associated with the second law of thermodynamics, this evolution represents a stable return to the thermody-
namical equilibrium when considering a closed volume of mixture. On the other hand, the time-evolution of a
mixture-volume is classically described through the first law of thermodynamics and Newton’s law. We then end
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up with a system of equations which is based on the Euler set of equations associated with a complex pressure
law and supplemented by six equations that account for the thermodynamical disequilibrium between the phases.

In Section 2 the model is built on the basis of [17,18]. The closures that are then obtained ensure some
good mathematical and physical properties for the system of equations: hyperbolicity of the convective part of
the system, uniqueness of the definition of the shocks, entropy dissipation, stable return to thermodynamical
equilibrium. These properties are gathered in Section 3. They are a serious advantage when the goal of the
model is to be used to perform numerical simulations including shock patterns. The model proposed in Section
2 remains a quite general three-phase flow model, and in Section 4 we introduce some specific features that are
mandatory for the steam-explosion modeling. We then specify the fact that mass transfer only occurs between
the liquid water and its vapour phase, and we introduce the heating of a solid phase through a source term. At
last, in Section 5, we present the numerical simulation of the heating of a solid phase mixed with liquid which

leads to steam generation and strong pressure waves. In this simulation, the water phases are described using
the TAPWS 97 thermodynamical laws [23].

2. MODELING THREE-PHASE FLOWS WITH A HOMOGENEOUS MODEL

In this section, we build a homogeneous model which describes a mixture of three-phases. The assumptions
are introduced throughout the section. In order to write the model we proceed in two steps by adopting a
Lagrangian point of view. We first propose to model the thermodynamic behavior of a volume of the mixture
using the second law of thermodynamic. This first step of the modeling process follows the process proposed
in [17,18] for two-phase flows. Then the first law of thermodynamics and Newton’s law are applied to describe
the evolution of this volume within the whole flow.

2.1. Some definitions and assumptions

Let us consider a volume V (in m?) of the three-phase mixture which is associated with a mass M (in kg)
and an internal extensive energy £ (in J). Each phase i = {1,2,3} occupies a volume V;, has a mass M, and
an internal energy &;. We assume the following properties for the mixture.

(H1,) The geometric repartition of the phases inside the volume V is not taken into account.
(H1p) The surface tension is neglected.

(Hz) The three phases are not miscible.

(H3) Vacuum occurrence is not considered here.

With these assumptions, the volume V, the mass M and the internal energy £ can be written:

V=V +Vy+ Vs,
M = M; + My + Ms, 1)
E=E+E+&s.

It allows to treat naturally the cases where only one or two of the three phases are present. The hypothesis
(H3) and (Hs) are mandatory to write the first equation of (1) on the volumes. In [20,24], the miscible case
has been investigated and it leads to a different system (1). Assumption (Hj3) implies that we consider that V),
M and & are non-negative: (V, M,€) € (R%)>.

2.2. The second law of thermodynamics

In this section we use the second law of the thermodynamics to define the time evolution of the quantities
(Vi, M;, &;) for an isolated mixture, that is for a fixed (V, M, E). We assume that the extensive phasic entropies
n; (in J/K) are defined such that the following properties hold:
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(Hy) (Vi, My, &) = 0i(Vi, My, &) is C? on (Ry)?;
(Hs) Vi, M, &) — n:(Vi, M;, E;) is concave;
(Hg) Va e RY, V(Vi, M, &) € (Ry)?, ni(aVs, aM;, a&s) = an(Vi, My, &);

(Hz) V(Vi, My, &), %\Vm% =0

Remark 1. When M; # 0 (i.e. when phase i exists), assumption (Hg) allows to define a specific entropy (in
J/K/kg) from the extensive entropy n; by setting a = 1/M,;. The specific entropy s;, thus, only depends on

s, < Vi & ) o V(Vi 1 &; > o 0 (Vi, My, &)
My M) T My M) T M
where the second equality assumes an abuse of notation with respect to the dimension of the entropy.

Hence, 7); is a complete Equation Of State (EOS), from which we define the pressure P;, the temperature T;
and the Gibbs enthalpy p; (or Gibbs free enthalpy, in J/kg):

1 on;
i 2
T agilV'i,M'i7 @
P, o
i 3
T; OV |Mi75i7 ( )
and
B o (@

T; OMi v, e,
It should be noticed that the assumption (H7) is equivalent to ensure that the temperature T; are non-negative.
Moreover, these definitions imply the classical Gibbs relation used in the Classical Irreversible Thermodynamics
(CIT) theory:
Tidn; = d&; + PidV; — pid M. (5)
Remark 2. Thanks to the assumption (Hg), we have:

Ya S R* ) V(V%Mivgi)a ni(avia aMia agi) = anZ(VZ7M1751)
Hence, by deriving this relation with respect to a and by applying a = 1, we get:

o on;

_ on;
Vi ms.e OM; |y, ¢,

V(Vi, My, &), mi(Vi, M, €;) P TOE e,

M

gi7

and therefore using the definitions (2), (3) and (4) we obtain the relation

Mip; = & + PV — Tim. (6)

The thermodynamic behavior of the phase i is defined by the entropy 7; and the Gibbs relations (5) and (6).
We now assume that the extensive entropy of the mixture 7 is the sum of the extensive entropy of each phase:

(Hg) the extensive mixture-entropy is

W= n(W) :Zﬁi(ViaMi,gi)7 (7)

where for the sake of simplicity, we set W = (W1, M1, &1, Vo, Mo, E2, V3, M3, E3). Thanks to the assumptions
(H4) — (Hg) on the phasic entropies, the mixture entropy 7 satisfies the properties:

e W —n(W)is C? on (Ry)?;
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e W — n(W) is concave;
e Va e Ry, VW € (R})?, n(aW) = an(W).

The details of the proof of these properties can be found in Appendix 7.1. By deriving the mixture entropy
defined by (7) and by using the phasic Gibbs relations (5) we find:

dn = Z< dE; + ?dvi‘;jd/vli). 8)

This relation can be rewritten in terms of the mixture quantities (V, M, &) by using the chain-rule d¢; =

d(¢i/d) + ¢i/d dp. This yields:

= T, (84)ee 5, (4) -5, (3
+zi(5%d<%>+vﬂd<% - Mz (

P

-

;% M o)

o

Relation (9) is the Gibbs relation for the mixture, from which the mixture temperature 7', the mixture pressure
P and the mixture Gibbs enthalpy p© can be defined. Indeed we have:

1 87’] gi 1
— - e 1
T OE MY, 2 & , (ETI)’ (10)

s

P _on e =D (Vipl)’ (11)

T OV me XM s —~\VT
and
n__on - (M””) . (12)
T OM e X M & —~\MT;
Hence, thanks to assumption (H7), we get that:
YW € (Ry)°, ZQVM&W,? >0, (13)

which also means that the mixture temperature 7' is non-negative.

Until now, we have considered the extensive mixture entropy 7, which is defined on (R, )%. We propose now
to introduce the intensive entropy. For this purpose, let us define H(M), the subset of (R, )? such that:

H(M) = {We (Ry)° ZM M}

and 7), the restriction of  to H(M):
YW € H(M), §(W) =n(W).
It can be proved that 7 is strictly concave on H(M). The detail of the proof is given in Appendix 7.2.

Some thermodynamical properties of the mixture have been examined above. As in [16] we choose to assume
that the time-evolutions of the quantities (V;, M;,&;) for a fixed (V, M, E) (i.e. for an isolated system) are of
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the form:
d(%) = Hydt
() | a(&) = s (14
d(3) =Szt

E
where the quantities (V;, M;, ;) and the time-scale A > 0 have to be defined.

The second law of thermodynamics applied to our system states that: when it is isolated, the mixture entropy
must increase. In other words, when dV = dM = d€ = 0, the models chosen for dV;, dM; and d&; must lead
to an increase of the mixture entropy 7. The quantities (V;, M;, &;) and the time-scale \ are chosen to comply
with the second law of thermodynamics. Since 7} is strictly concave, the plane which is tangent to 77 at any
point W of H(M) is above 7. This can be written:

VWo € H(M), 7(Wo) < (W) + Vi, () (W).(Wo — W). (15)

By deriving 7 with dV = dM = d€ = 0 we get:

i = (T () = v ) (50 ) an (10

where W = (V1, M1, E1, V2, My, E2, V3, M3,E3). Then, thanks to the inequality (15), we have:
(W) —n(W)) dt. (17)

Finally, one possible choice for W is to choose the point that realizes the maximum of the entropy 7 for a fixed

V,M,E):

(V) = | max (G(W)). (18)

where D(V,M, &) ={W; W € H(M),> ", Vi =V,> ;& = E}. Since 7 is strictly concave on H (M), this point
exists and is unique in H(M). This ensures that (W) > 7(W) and therefore that the mixture entropy increases.
The Gibbs relation (9) reads on D(V, M, E):

1%
M5~ ) d(58) (19)

M (- ) a (B :
e (- E) (&) re(H-£)d(%)

When the maximum W is reached in the interior of the domain D(V, M, £), i.e. when the three phases coexist,
the derivative of the entropy with respect to V;, M; and &; vanish and by the Gibbs relation (19) we get that
the pressure, the temperature and Gibbs enthalpy of all the phases are equal:

Pi(Vi, My, &) = Po(Va, Mo, &) = P3(V3, M3, &),
Ti(Vi, My, &) = Ta(Va, M3, &) = T3(Vs, M3, E3), (20)
1 (Vi, M1, E1) = pa(Va, Mo, &) = s (Vs, M3, E3).

When the maximum W is not reached in the interior of D(V, M, ), the three phases do not coexist. The
maximum is then reached on a boundary of the domain and at least one phase is not present. In such a
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case, the equilibrium state may be composed of two phases, say phases ¢ and j # 4, such that their pressures,
temperatures and chemical potentials are equal:

-Pz(Easzg) = Pj (E,Eag)a
pi(Vi, M, €) = pi (V5 M;, E5),

with Vy = 0, My, =0, & = 0 for k ¢ {i,j}. If there does not exist a couple of phases ensuring (21) and if
(20) has no solution, then the equilibrium state corresponds to a single-phase state containing the phase ¢ that
possesses the maximum entropy n;(V, M, E).

2.3. The first law of thermodynamics and Newton’s law

Section 2.2 describes a model for the evolution of the proportion of each phase in the element of fluid (V, M, &)
when it is isolated from the rest of the flow. We now propose to model the behavior of the flow of the element
of fluid (V, M, &) along a streamline. We adopt here a classical point of view for fluid dynamics but other
approaches are possible as the use of variational principle for instance, see among others [25,26]. We assume
that:

) all the phases present in the element (V, M, ) are convected with the same velocity U;
(H11) the mass M is conserved;

(Hi2) the variation of the volume V is due to the divergence of the velocity field U;

(H13) the variation of the velocity U follows Newton’s law;

(H14) the first law of thermodynamics applies to the energy €.

Assumption (Hjp) is in fact mandatory and implicitly admitted in Section 2.2 to write the Gibbs relation for
the mixture entropy. Assumption (Hpp) allows to define some specific quantities in Section 3. It leads to the
equation:

dM = 0. (22)
Assumption (Hjz) is classical and reads:
dy =VV, - (U)dt. (23)

For the sake of simplicity, we only consider here the force due to the pressure gradient. The momentum equation
arises from (Hp3) and can be written:

d(MU) = —VV, (P)dt, (24)

where the pressure P is the same that the one defined in (11). At last, the first law of thermodynamics (H14)
states that the variation of the energy £ is due to the work of the external forces and to the heat Qdt (in J)
supplied to the system by its surroundings. Since we only consider here the forces due to the pressure, the
variation of the energy is:

dE = —PdV + Qdt. (25)

2.4. The set of PDE in intensive form

The equations (14), (22), (23), (24) and (25) define the evolution of the quantities Vi, My, &1, Va, Ma, &,
Vs, M3, & and U. The mass conservation (22) allows us to write the model using specific quantities (per unit
of mass). Therefore we define the specific volume of the mixture 7 = V/M (in m?/kg), the specific energy of
the mixture e = £/ M (in J/kg). The specific entropy S (in J/K/kg) is defined as the entropy per unit of mass:

VYW € H(M), S(W) = 53/) (26)

B
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Thanks to the properties of the entropy 7 and the entropies 7;, we have YW e H(M):

iy = 1) s Vi M, a-) ( v g)
S = = :E i\ 0 T s :E i\ i Y Zi— |
(W) ="5 =1W/M) i”(MMM MM
which for y; # 0 and by using the notation of Remark 1 gives:

YW e H(M Zyz S <?7, Ae) .

Yi  Yi

The volume fraction a; = Vv of phase 7, the mass fraction y; = AA/lt of phase ¢ and the energy fraction z; = % of
phase i play an important role in the model since they describe how the phases are mixed to compose (V, M, £).
Note that, since (V;, M;, &;) belongs to (R4)® and (V, M, £) belongs to (R% )?, each fraction belong to [0,1]. In
the following, they will be respectively denoted by «;, y; and z;. The set of equations (1) implies that we have:

Zaizzyizzzizly (27)

and
D doi = dy; = dz =0. (28)

The Gibbs relation for the specific entropy S can be deduced from the Gibbs relation (9), and it is:

dS = +de + PdT

with the mixture temperature and the mixture pressure:
1 1 P P;

The equations (14) on (V;, M;, ;) can also be re-written using the fractions:

do; = S5t
dy = L5t (31)
dz; = 2550 dL;

where the equilibrium fractions are @; = V;/V, 3, = M;/M and z; = £;/E. At last, the equations of the
previous subsection (23), (24) and (25) read using the specific quantities:

dr =71V, (U)dt;
dU = =1V, (P) dt; (32)
de = —Pdr + Qdt,

where Qdt = Q/Mdt is the specific heat (in J/kg) supplied to the system. In the following, we set Q=0
and a specific emphasis on the heating source term is proposed in Section 4. The derivative d¢ of a variable ¢
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corresponds here to the derivative along a streamline of the flow, which can also be written:

0
46 = 5 (6) + UV - (9),

hence, the set of equations (27), (31) and (32) can be written in conservative form:

0
= (pY) +Va - (pUY) = pl'y,

%t

5 (0) + V- (pU) =0, -
Do)+ V. (U o)+ V. (P) =0,

& (0B) + V. (U(pE+P) =0,

where p = 1/7 is the mixture density, and E = e + |U|?/2 is the specific total energy of the mixture. The
fraction vector Y gathers the fractions of phase 1 and 2: Y = (1,91, 21, &2, Y2, 22). The fractions of the third
phase are deduced from Y through the relations (27). The source-term vector I'y is then:

Y-Y =
Iy = — where Y = (a1,71, 71, 02,2, 22)- (34)

The temperature law and the pressure law for the mixture are given by definitions (10) and (11). By using the
specific quantities they read:

1 Z; P(Y,T,e) b (%7—7%6>
= and = o——=. (35)
T(Y, T, 6) 21: T; (%TMZT’6> T(Yr7 7'76) zﬁ: lTi (%ﬂj—’e)

3. PROPERTIES OF THE WHOLE MODEL

In this section, we present the main mathematical properties of the model. We focus here on the properties
that are mandatory for a model to be used in a numerical simulation process [27].

Without any loss of generality, and since the system is invariant under frame rotation, we consider here for
the sake of simplicity system (33) for a one-dimensional space variable x, that is:

0

0
En (PY) + e (pUY) = pLy,
0 0
= (p) + 5= (pU) =0,
ot or (36)
) o, 5
0 0
&(PE)‘F%(U(PE*‘P))—Q
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with Y = (a1, y1, 21, 22,92, 22) and E = e + U2/2. The closure relation for the pressure is given by relations
(10) and (11):

1 Zi
and — = —, (37)
T2z (5e.2:7)

Q

where a3 =1— (a1 + a2), y3 = 1 — (y1 + y2) and z3 = 1 — (21 + 22). The phasic pressure and temperature laws

P; and T; must be specified by the user.

The sound speed ¢ of system (36) is defined as:

) )
2= _TQE (P)jy + T2P$ (P)jry - (38)

Using formulas (37) for the mixture pressure P and the mixture temperature T', it can be written:

2
¢ 1 2 —Q;
7T77.2 = Z E (*ai,PZi) (d Si) ( PZZ‘ ) s (39)
where d?s; stands for the Hessian matrix of the phasic entropies (7;,¢e;) — s;(7;, €;):
02 02
—5 ()T 5 (si)e
5 87’12 ( ) 8732 ( )
02 o2
Si) € Si) €
ar;? (5:) de;> (5:)
We recall that the phasic sound speeds are defined as:
2
Ci 2 -1
pm e ds () (a1)

It must be emphasized that this mixture celerity c is, thus, not a barycenter of the phasic celerities ¢;. We
already know from (13) that the mixture temperature T' is non-negative. Hence, if the specific phasic-entropies
(75, ;) — s;(7i,€;) are strictly concave, the square of the mixture sound-speed ¢? is non-negative. Assumption
(Hs) on the concavity of the phasic entropies 7;, implies that the specific entropies s; (see Appendix 7.3) are
also concave and thus that ¢ > 0. In order to enforce the strict hyperbolicity of the model, the user has to
specify strictly concave EOS (7;,¢;) — s;(7i, e;) for each phase.

The convective part of system (36) is based on the Euler set of equations associated with a complex mixture
EOS. Hence, it inherits from the eigenstructure of the Euler system and is composed of three waves: a contact
discontinuity associated with the velocity U, and two genuinely non-linear waves U 4 c¢. Provided that ¢ > 0,
the fractions Y are constant across the shock waves since they are associated with the contact discontinuity
U. Tt can be proved (see Appendix 7.3) that the specific entropy (7,¢e) — S(Y, 7, ¢e) is strictly concave, which
ensures that the shock waves associated with the genuinely non-linear waves U =+ ¢ are uniquely defined through
the Rankine-Hugoniot relations.

Concerning the equilibrium fraction Y, it has been shown in Appendix 7.3 that the specific entropy S(Y, 7, e)
is strictly concave with respect to Y on [0,1]3. Therefore, there exists a unique equilibrium fraction Y (7, e)
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corresponding to the maximum of S at a given (7, e). We now recall the following classical lemma.

Lemma. Let Q be a subset of R. Let ¥, a, Il and U be some sufficiently reqular applications, with the
following properties:
U:(Qx[0,T] =R, (x,t) — ¥(z,t));
a: (2 x]0,T] = R,(x,t) — a(x,t))
— t
— t

,a € L>®(Qx1[0,T]);
II: (Qx[0,T] = R, (z,t) — (x,t)), I >0;
U:(Qx[0,T] = R, (z,t) — U(z,t))
UeL*(Qx[0,T]) and ag (U) € L*®(Q x [0,T));

and such that:

7

9 (U(z,t)) + U2

5 5 (U(z,t)) = a(z, t)¥(x,t) + (z, t). (42)

Suppose that for all x, € 0N, the boundary of Q, VU (xp,t) > 0 if (U-n)(zp,t) < 0, where n is the outward normal
of Q. With all these assumptions, if ¥(z,t =0) > 0 then for all0 <t <T, U(z,t) > 0.

This lemma can be used to prove the following property.

Property. For regular solutions, and under the assumptions of the Lemma, the fraction oy, y; and z; remain
in [0,1].

In order to prove the property above, we proceed for the volume fractions «;, and the same demonstration
holds for y; and z;. Since ), a; = >, @; = 1, we have from (36):

2 () + U

ot O (Oél(xat)) :ai(x7t)ai(x’t)+ni(m>t)a

with a; = —1/X and II; = @;/\. The equilibrium volume fraction @; belongs to [0,1] and the time scale A
must be chosen non-negative, so that we obviously have II; > 0. The lemma can be straightforward applied for
U = o; which remains positive under the assumptions of the lemma. This proof can obviously be extended to
the fractions y; and z; which, thus, also remain positive.

4. THE SPECIFIC CASE OF THE STEAM EXPLOSION

The model proposed in the sections above deals with general three-phase flows. It can for example be used
to perform simulations involving the same material in liquid, vapor and solid state (for the simulation of the
sudden depressurization of CO, pipes for instance). Relations (20) then define the triple point when the three
phases coexist in a stable manner. When only two phases coexist in a stable manner, say phase 1 and phase 2,
system (20) reduces to:

Pl (E; ) = P?(Ea
Tl(hvi 7) Z(Ea

p1(V1, My, &) = pa(Va, Ma, &),
which defines the saturation curve between phase 1 and phase 2 (of course the saturation curves between phase
1 and phase 3, and between phase 2 and phase 3 are defined by permuting the indices in (43)). In this section
we propose further assumptions that allow to deal with the steam explosion [1]. We are interested here in
situations where one of the three phases represents a material, and the two others represent the same fluid in
the liquid state and in the vapour state. In the following, phase 1 stands for the liquid phase, phase 2 for the
vapour phase and phase 3 for the inert phase.

My, &),
M, &), (43)

My, &
My, &
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Since the phase 3 is inert, its partial mass M3/ M will remain constant:

M
d <3> =0.
M
Moreover, due to the mass transfer between the liquid phase and the vapour phase, each variation of the liquid
mass is balanced by the variation of the vapour phase, and conversely, which can be written:

TR

These two additional rules modify the entropy equation (19) into the following equation:

di= V(- R)a()+v
) (44)

Hence the Gibbs enthalpy of the inert phase ps does not play any role in the entropy dissipation. Nevertheless,
its pressure and its temperature are still part of the relaxation process, since the equilibrium state is now defined
as:

Pi(Vi, My, 61) = Po(Vo, M3, E3) = P3(Vs, M3, &),
Tl(h?&aé) :T2(&7&7572) :T3(V31M3783)7 (45)

Ml(VlaMlvgl) = NZ(V27M2782)7

where M3 = M3 is constant along the streamlines. Therefore, the system of equations (36) and the closure
laws (37) are not modified. Nevertheless, the equilibrium fractions must be computed using the intensive form
of the relations (45), that is:

I, o) %, a5\ _ =, &
P (:167 y:ll =P (:26, :%') =P (:36 —37') ,

Y1 Y2 ' Y2 Yz ' U3
Ty (Ze, Tr) =Ty (Ze, ) = 1y (Fe, 4
1 yle’le 2 y2€’y2T 3 yse’y3T ’ (6)
Z1, o1 — Z3, Q2
mlmeyT)=m(gegT)

where y3(x,t) = ys(x,t) for every point (z,t).

In order to deal with steam explosions, another mandatory ingredient for the model is to cope with external
heating source terms. In particular, some complex chemical reactions occurring in the bulk of the inert phase
may lead to an increase of its internal energy. For the sake of simplicity, these terms have been omitted in the
previous sections and they are introduced here. In the following, we first focus on the time variation of the
mixture, and without loss of generality, we set U = 0. Let us assume that the heating of the mixture is such

that:
(i) the specific volume of each phase is constant, d(r;) = 0;

(ii) the partial mass of each phase is constant, d(w;p;) = 0; (47)
(iii) the internal energy of each phase is such that, d(a;p;e;) = a;p;qidt;
where ¢;dt is the specific heat received by phase 7. Thanks to the assumptions (i) and (ii), the specific volume
of the mixture is constant d(7) = 0, and the volume and the mass fractions of the three phases are constant:
d(a;) = 0 and d(y;) = 0. We also get from (iii) that the variation of the specific energy of the mixture

pe = (D2, aipie;) is:
d(pe) = Z a;piqidt = pQdt,
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where Q has been introduced in Section 2.4. Then the time evolution of the energy fraction z; = (aipiei)/(pe)
is:

pe d(z;) = aipigidt — z;pQdt = p(yiq; — 2Q)dt.
Then, when introducing these external heating source terms ¢; in the complete description of the fluid (including
its velocity field), system of equations (36) becomes:

0 0 .
a (pal) + % (pUaZ) - praia 1=1,2,3,
0 0 .

(pyl) + == (pUy’L) = prym 1= 17 27 37

ot Or
0 _ 9] N vigi — 2Q .
6t (pzl) + 81‘ (pUZZ) - p]-—‘zl + P e ) = ]-v 27 31

0 0
(pU) + 97

5
0 (0B) + o (U + P)) = 9@

(48)

(pU? 4+ P) =0,

at

with Q = 32, yiqi, and 3, s = 3.y = 3., 2 = 1. The source terms 'y, Ty, and T',, are the source terms as-
sociated with the thermodynamical relaxation I'y defined in (34). In our particular case, we recall that I'y, =0
since the phase 3 is inert.

Remark 3. The positivity results of Section 3 for z; still hold provided that ¢;/e; and Q/e remain bounded.
Indeed, the equation for z; of system (48) can also be written:

0 7]
o7 (@) + U (i, 0) = a2, 1) + e, 1),

with a; = —1/\ + (¢;/e; — Q/€) and II; = Z;/\. The lemma of Section 3 can then still be applied here.

Accounting for the phasic heating source terms represents an important feature of the model. The latter
possesses three energy equations through: the energy fraction equations and the mixture energy equation, and
this allows the user to specify how the energies of the three different phases vary according to external sources.
This is typically not the case for the classical homogeneous model [28], which is widely used for industrial
simulations.

5. AN EXAMPLE OF NUMERICAL SIMULATION: STEAM EXPLOSION DURING A REACTIVITY
INDUCED ACCIDENT

As an illustration of the capability of the model (48), we propose in this section a simple heating test case
which may be seen as a simplified situation of RIA. A sketch of the test case has been plotted in Figure 1. We
consider that some fuel particles are released from the fuel rod which has a radius R; = 5 1072 m. Within
the ring delimited by R; and Ry = 6 10~2 m, the liquid water contains fuel particles with a volume fraction
oy = 0.01, thus the liquid volume-fraction is o; = 0.99 and the steam volume-fraction a, = 0. The computa-
tional domain is the ring [Ry, R3 = 2 1072 m]. At the beginning of the simulation, ¢ = 0, we assume that there
is no vapor in the domain, and that the liquid and the fuel particles are at the same pressure P = 155.0 bars
and at the same temperature T' = 613 K. We recall that the saturation temperature for the water at 155.0 bars
is equal to 618 K. We also assume that the initial velocity is equal to zero.
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A constant heating source term ¢ is then applied at ¢ = 0 to the fuel-particle phase according to system
(48). This source term arises from the chemical reactions that occur in the fuel particles. It has been arbitrarily
chosen equal to g5 = 2 10'® W/kg. It should be mentioned that in a more realistic RIA situation, the heating
source term gy is negligible with respect to the heat transfer due to the initial temperature disequilibrium
between the liquid water and the fuel particles. Nevertheless, accounting for such disequilibrium requires a
realistic time scale A. This is the case when considering pressure disequilibrium for steam-liquid configurations
as reported in [6], and this is also the case for temperature disequilibrium in the case of three-phase flows. For
the sake of simplicity, we consider here an instantaneous relaxation time scale A = 0 which unfortunately does
not allow for strong initial temperature-disequilibrium.

The EOS for the liquid water and for the steam are based on the IAPWS 97 formulation [23], whereas the
fuel particles are modeled using a Stiffened Gas EOS [29]. The specific entropy of the fuel-particle phase then
reads:

sf(ty.ep) = Cvpln ((ef - Qs — Tfo)T}f) + 50,

where Cv s, Qy, Ily, vy, and sg ; are parameters. The corresponding pressure and temperature laws are:

ef —Qp —7ylly

— sy, and Ty = Cos

Pr=(op - )L
Tf
Since there is no mass transfer involving the phase f, the parameter sq  is useless and it has thus been set
here to zero: so,; = 0. The other coefficients have been estimated using the data for uranium dioxide [30] at a
temperature of 623 K. The specific enthalpy of the uranium dioxide, hy = ey + Ps7y, is given as its difference
to the reference specific enthalpy at 7' = 298 K. Unfortunately, it seems that no information can be found on
the latter. Hence we have arbitrarily chosen the value hy = 5.0 10* J/kg. The other data, collected in [30], are:

pr(623 K) = 10850 kg/m>, Cp (623 K) =294 J/kg/K.

No information is available for the sound speed c¢; and we, therefore, impose a value of ¢; = 6000 m/s which is
an order of magnitude of the sound speed for steel. The EOS parameters are then computed using the relations:

hf:Qf+Cp,fT=ho+Cp7f(T—623) — Qthg—Cp’fQX 623

Cfc:(’Yf—l)Cpr - ’Yf:1+%ff’]‘
Cps=7Cvs = v = 2t

Pf = Gy—D0v,T = = (v —1psCvsT - P

where the pressure is P = 155.0 10° Pa.

By the way of a comparison, we also perform a simulation without fuel particle (i.e. oy =y = 2y = 0).
The heating source term q} is then applied to the vapour and to the liquid: ¢; = ¢, = q} in the fixed domain
[R1, Rs]. According to (48), the specific heat received by the mixture is then (y;q; + yoqy)dt = q} dt. In the
simulation with fuel particles, the mass of fuel is conserved and the total heat received by the mixture is linearly
increasing with time. On the other hand, in the simulation without fuel particle, the heat is received by a
fixed volume that contains a non-constant mass of mixture. Roughly speaking, the mass of fluid in the domain
[R1, R2] decreases when the time increases because the temperature increases due to the heating of the fluid.
It is thus not easy to predict the total amount of heat received by the mixture for the simulation without fuel
particle. For the comparison, we impose equivalent initial heating source terms. For the simulation involving
fuel particles, it is equal to:

afpr qf V ~0.01 x 10850 qr V,
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FIGURE 1. Geometrical sketch of the test case of Section 5: a cylindrical fuel rod (radius
R;) releases some hot fuel particles in the neighboring liquid (radius Rs). The computational
domain corresponds to the fluid domain r € [Ry, R3].

and for the simulation without fuel particle:
ap q} V ~ 1.0 x 680 q} V,

where V' is the volume between R; and Rs. If we impose the two quantities to be equal, this yields q} ~
680/108.50 gy. We insist that the total amounts of heat injected in the domains during the whole simulations
are different. Since for the simulation without fuel particle, the specific heat is injected in a fixed domain with
a diminishing amount of mass (due to the increase of the temperature, the density decreases), the total amount
of heat injected is indeed lower than for the simulation with the fuel particles.

The numerical scheme used to obtain the approximated solutions of system (48) is classical. Since the test
case considered here is symmetric with respect to the axis » = 0, system (48) is written in axi-symmetric
formulation. The overall scheme is based on a fractional step approach [31] in which the convective part and
the source terms are treated successively. For the convective part, the numerical scheme is a finite volume
scheme [32] where the numerical fluxes are approximated by a Rusanov scheme [33]. The relaxation source
terms are then solved following the scheme described in [6]. The main difficulty concerning these source terms
is to compute the equilibrium fractions. This computation follows the idea of [6,34] when the equilibrium is
a liquid-steam-fuel equilibrium or a liquid-steam equilibrium. When the equilibrium involves the solid phase
and only one phase among the water phases, the pressure-temperature equilibrium is solved using a classical
Broyden method with Sherman-Morrison update of the inverse of the Jacobian [35-37]. Accounting for the
heating source term is the last step of the algorithm; its is discretized using a semi-implicit Euler scheme that
preserves the positivity of the energy fractions. In the latter the heating source terms ¢; are explicited and the
system of ordinary differential equations associated to the heating source term is then solved analytically. In
our simulation, the source terms ¢; are constant so that the scheme corresponds to an exact integration of the
heating source terms for each time-step.

The overall scheme described above is then used to perform the two simulations for a mesh with 4000 cells and
with a uniform radial mesh-size. In Figure 2 the values across the time are plotted at r = (R; — Rg)/2, whereas
different pressure and volume-fraction profiles along the radius r are plotted at five different instants in Figure
3. The Figure 4 shows the trajectory in time of each simulation in the pressure-temperature plane. The results
obtained for the two configurations exhibit significant differences. First of all, since the time-scale A has been
chosen equal to zero, the thermodynamical equilibrium is achieved instantaneously. Hence, when the mixture
fractions are in |0, 1] the two phases have the same pressure and temperature which are on the saturation curve.
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FIGURE 2. Temperature (temperature : plain line, saturation temperature : dashed line),
pressure, velocity and volume fraction with respect to the time at the radius r = (R; + R2)/2
(i.e. the center of the initial heating zone). The black curves represent the simulation without
fuel particle, and the red curves represent the results for the simulation with fuel particles.

This can be verified with the trajectories of Figure 4 and with the temperature/volume fraction curves of Figure
2. When considering the time evolution of the results in the heating zone (see Figure 2 and 4), the simulation
can be split into three periods which are:
e the heating of the liquid, which corresponds to the beginning of the simulation, until the steam volume-
fraction becomes positive;
e the vaporization of the liquid, which corresponds to the time interval for which the volume-fraction is
in 10, 1[;
e and the heating of the steam, which corresponds to the end of the simulation, when the steam volume-
fraction is equal to 1.

In the heating zone, the maximum of the pressure magnitude arises during the second period. It can be ob-
served that the simulation with fuel particles reaches a lower pressure which then decreases slower in time. The
pressure wave that is then generated through the domain (see Figure 3) has a lower magnitude. It can also be
seen from Figure 2 that in the heating zone the apparition of steam arises at almost the same time (at time
1.86 107° s with fuel particles and 1.94 10~ s without fuel particle), whereas the complete vaporization of the
liquid is achieved earlier without fuel particle (at time 4.227 10~* s with fuel particles and 3.25 10~* s without
fuel particle). Once the heating zone only contains steam, the temperature rapidly increases. Hence, despite
the lower amount of energy received by the fluid in the simulation without fuel particle, the associated results
seem to correspond to a slightly more important level of severity of the steam explosion.
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FIGURE 3. Pressure (left) en volume fraction (right) along the radius r at different times: black
at t =2.44 107% s, red at t = 9.74 1075 s, blue at t = 1.17 107° s, orange at t = 2.44 107> s,
and at green t = 3.17 107® 5. The two upper plots correspond to the simulation without fuel
particle and the two lower plots to the simulation with fuel particles. The steam appears in
the domain at around ¢t = 1.9 107° s

Stable steam region
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FIGURE 4. Trajectories in the pressure-temperature plane along the simulation time at the
radius 7 = (R; + Rz2)/2 (i.e. the center of the initial heating zone). The simulation without
fuel particle is plotted using red circles, and the simulation with fuel particles is plotted using
blue squares. The black plain line represents the saturation curve.

6. CONCLUSION

The homogeneous three-phase flow model proposed here relies on Newton’s law, the first and second laws of
thermodynamics. It accounts for the compressibility of the three phases and for the heat and the mass transfer
between the phases through the thermodynamical disequilibrium between the phases (in terms of pressure,
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temperature and Gibbs enthalpy). Since no equilibrium assumption is done, the model should not be restricted
to the representation of thermodynamical phenomenon at “large time-scale” and fine physical aspects of the
thermodynamics might be caught. This feature seems mandatory when dealing with fast transient flows induced
by the flashing of some liquid. From a mathematical point of view, the resulting model possesses very interesting
properties, which allows to build efficient numerical schemes. In Section 5, an example of the simulations of the
flashing of liquid water undergoing a violent heating has therefore been proposed to illustrate the capability of
the model to be used in an industrial configuration. Even if the relaxation time-scale used in these simulations
has been set to zero, the homogeneous model proposed in this paper allows to perform transient simulations
involving strong pressure waves. Actually, some realistic models for the relaxation time-scale should be proposed
on the basis of physical considerations in order to improve the simulations of Section 5.
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7. APPENDICES

7.1. Properties of the extensive mixture-entropy

In this section, we give the proofs that the intensive mixture-entropy (7) is such that:
(i) W —n(W)is C? on (Ry)?;
(if) W — n(W) is concave;
(iii) Ya € R}, YW € (Ry)", n(aW) = an(W);
where we set W; = (V;, M;, ;) and, with a small abuse of notation,
W = (Wi, Wa, W3) = (Vi, M1, &1, Vo, M2, E2, V5, M3, E3).
The mixture entropy then reads: n(W) = ", n;(W;).
Proof of property (i). The use of assumption (Hy) gives a straightforward proof of property (i).
Proof of property (ii). Thanks to assumption (Hs), we know that W; — n;(W;) is concave. So that we have:
VWi, W) € (Ry)? x (Ry)3, Va € [0,1], n:i(aW; + (1 — a)W;) > ans(Ws) 4+ (1 — a)n:(W5).
Let us choose (W, W) € (R4)? x (Ry)? and a € [0,1]. We have:

n(aW +(1—a)W) = > m(aWi —|—~(1 —a)W;) ) ) )
>3 ani(Wi) + (1 —a)ni(Wi) = an(W) + (1 — a)n(W),

which proves that W — n(W) is concave on (R4 )°.
Proof of property (iii). We use here assumption (Hg) which states that:
Va € RY, YW; € (Ry)?, ni(aW;) = any(W5).

Let us choose W € (R4)? and a > 0. Then we have:
n(aW) = Zm(aWi) = alez’(Wi) = an(W).

7.2. Concavity of the mixture entropy 7

The entropy 7j is the restriction of 7 on H(M) C (Ry)%:
H(M) = {W € (Ry)%Y M, = M} .

We then have:
YW e H(M), (W) = n(W).
Obviously, since 7 fulfills properties (i)-(iii) recalled in Appendix 7.1, the entropy 7 satisfies:
(i) W — (W) is C% on H(M);
(ii) W — (W) is concave;
(ili) Va e RY, VIV € H(M), n(aW) = an(W);
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The demonstration given here can be found in a more general form in [18]. The sketch of the proof is the
following. We first exhibit the degeneracy manifold of the Hessian of the entropy 7. Then we prove that its
intersection with H (M) contains a single point. As a consequence, the degeneracy manifold of the Hessian of
7 also resumes to a single point, which proves that it is strictly concave.

Let us choose a > 0 and X € (R;)%. We then set Y = aX. By deriving n(Y’) with respect to X, we get:

Vx ((Y)) =Vy (n(Y)) Vx (Y) = aVy (n(Y)) .

Since we have n(Y) = n(aX) = an(X), and since a # 0, we have:

Vy (n(Y)) = Vx (n(X)).
If we derive the relation above with respect to a, we find that:

) ) ) ,

0= o= (Va (X)) = = (Ty (1Y) = V3 (V) - (V) = V¥ (n(¥) X,

and, thus:
Vi (n(Y)).X =0,
which for a = 1 leads to:
vy (n(Y)).Y =0.
The degeneracy manifold of the Hessian of the entropy 7 at a point W is thus the set D, (W) = {bW,b € R}.
This implies that the entropy 7 can not be strictly concave.

For any point W in H(M), we have ) . M; = M. Hence, for all b > 0, bW is such that ). bM; = bM, and
bW is not in H(M) except if b = 1. So that we have:

VIV € H(M), H(M)ND, (W) = {W}.

This proves that the kernel of the Hessian 7, the restriction of 7 to H(M), is restricted to a single point. As a
consequence, 7 is strictly concave on H(M).

7.3. Concavity of the intensive entropies

We first demonstrate that the phasic intensive entropy s;, introduced in Section 2.2:

V: &
P91\ x4 o = T\ Vi, i7gia
M; s (Mz Mz) 0 (Vi, M, &)

is concave with respect to (V;/M,, E;/M;). We choose two sets of variables
(Vi Mz, EF) and (VF, M¥,€7) in (Ry)? such that M¥ = M? = M;. We then have for any a € [0, 1]:

17

wo (Vi & _ #o (VI &\ _
aMis (3 i) + (1 - MP s (T ) =
an; (Vi, M3, EF) + (1 — a)m(VFE, MF 7).

1

Thanks to the concavity of (V;, M;,&;) — n;(Vi, M;, E;) (assumption (Hs)), we get that:

yx o g* v#  e#
aM;s; (/‘TL’ J\’T) +(1—a)MFs; (—MI# , —A/E#) <

ni(aVy + (1 — a)V¥ aM: + (1 — a)M¥ a&F + (1 — a)EF).
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Hence, following the definition of the entropy s;, we have:

v & v# e
eMiss (F ) + (1 - P (T 7 ) <

. B #y o (_aVit(-a)VF  agit+(-a)ef )
(aMF + (1 —a)MT)s; ((a/\/[;‘-i-(l—a)./\/lj#)’ (aMi+(1—a)yMP) )"

The assumption that M#* = M = M, allows to obtain:

vy & v# e AV +(1—a)V¥ aff+(1-a)E¥
asi(MmW)‘i‘(l_a)Si(M#,W) < Si( M, ) M, .

and we obviously have:

# * #
= s (aM'i +(1 —a)j\;jti,afjli (1 —a)fjli)
(agi +

y# £x £
(1= 0) 2z asti + (1 - a) 25 ),

aVi+(1—a)V? agf+(1—a)e?
Si M ’ M

M7

s

so that we finally get

vy & v#* o e#
as; (MZ,J\,T) + (1 —a)s; (Mil#,ﬁ> <

1% V7 £* e#
S; (CLM‘r —I—(l—a)M—%,aM—z;—i—(l—a)M#).

i

As a consequence, the intensive phasic-entropy
(Vi/ M, Ei M;) = s;(Vi/ M, Ei ] M;)
is concave with respect to (V;/M;, &/ M,).
We consider now the intensive mixture-entropy S (26) defined on H(M) by:
MS(Y,1,e) =qn(W).

We set

V & Vi M; &
T=—Fne=—,Y= (017y1,z1,0%2,y2,227043,313,23), QG = E'

M M

We choose two points:
W = (VL T?gf’V;aM;g;vV;’Mg?g;)a
and
W# = (V?i./\/lf&,5#7Vf,/\4#,5f,v3#,/\4#75f),

such that ", M} = M* = M and ZZM? = M# = M = M’. We then have (W* W#) € H(M) x H(M).
For any a € [0,1], thanks to the strict concavity of 77 on H(M), we have:

aM*S (Y*, 7%, e*) + (1 — a) M#S (Y#,’T#7 e#)

where - -
* E
T =M ¢ T M
* __ * * * * * * * * * *_Vi* *_M:‘ *_57;*
Y* = (a7, y1, 27,05, Y5, 25, a3, Y5, 23), of = Ve Yi = peo Fi T Eeo

TV # &
M ME # #
Y# = ( f&,yfﬁ,zfﬁ,a?,y#,zf,a?,yf,zf), O‘? E 7 E
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The definition of the entropy S leads to:

7(aW*+(1—a)W#) = MS{Y' 7€), (50)
with the following definitions:

. AV +(1—a)V# af* +(1-a)e#
M =aM* +(L-a)M* =M, = T80, ¢ = Sericame

; aV;‘—&-(l—a)V,L# ’ aMf-&—(l—a)M?ﬁ ; aS;‘-{-(l—a)Si#

1T WHI—VE Ui T aMHI—oMFr i T e (i-a)fF
Hence, by combining equations (49) and (50), and by using the fact that M* = M# = M, we finally get:
aS(Y*, 7%, e* )+ (1 —a)S (Y# 7% e#) < S(Y',7,€). (51)
Since we have M* = M7 the specific volumes 7/, the specific energy ¢’ and the mass fraction 3/ can be written:
T =ar* + (1 —a)t?, ¢ =ae*+(1—a)e® and y,=ay’ +(1—a)yl’.

The volume fraction o and the energy fraction z are not specific quantities and they can thus not be written
using the same weights a. We get for the volume fraction:

, aV* (1—a)V# #

A —apE T (L= avEN

and for the energy fraction
E* 1—a)E#
zl = a 2f + (1—a) zl# .
al* + (1 —a)l# al* + (1 —a)l#
We can now obtain easily two results of concavity for the specific mixture-entropy S.

First, if we assume that V* = V# = V and £* = £# = £, the volume fraction and the energy fraction are
o = aai +(1—a)a? and 2} = azf 4 (1—a)z}. Moreover, the specific volume of the mixture is 7 = 7/ = 7% = 7#
and the specific energy of the mixture is e = ¢/ = e* = e#. Therefore, relation (51) becomes:

aS(Y*,7",e*)+ (1 —a)S (Y#,T#,e#) <S8 (a(Y*,T*,e*) +(1- a)(Y#,T#,e#)) ,

which proves that, for a given mixture specific volume 7 and a given specific energy e, the specific mixture
entropy S is strictly concave:

V(r,e) € (RY)?, Y = S(Y,7,e) is strictly concave.

This result is important because it ensures that for a closed system (i.e. de = dr = 0) the equilibrium fraction
Y defining the thermodynamical equilibrium is uniquely defined.

If we now assume that af = af& and 2] = 2

# we get that o = af = af and 2/ = 2z = z/. Relation (51)
then becomes:

i

aS(Y*, 7"+ (1—a)S (Y#,T#,e#) < S (a(Y*,T*,e*) +(1- a)(Y#,T#,e#)) ,
which proves that for a given fraction Y, the specific mixture entropy S is strictly concave:

VY €[0,1]®, (r,e) = S(Y,T,e) is strictly concave.
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This property allows to define in a unique manner the shock waves for system (36). Indeed, when considering
a Riemann problem for the convective part of system (36), it can be noticed that the fractions Y only vary
through the contact wave U. Hence the fractions Y are constant across a shock wave. The property above then
ensures that the specific entropy S is strictly concave through the shock waves.
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