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DYNAMIC RELAXATION PROCESSES IN COMPRESSIBLE MULTIPHASE
FLOWS. APPLICATION TO EVAPORATION PHENOMENA

O. LE METAYER', J. MASSONI! AND R. SAUREL!

Abstract. Phase changes and heat exchanges are examples of physical processes appearing in many
industrial applications involving multiphase compressible flows. Their knowledge is of fundamental
importance to reproduce correctly the resulting effects in simulation tools. A fine description of the
flow topology is thus required to obtain the interfacial area between phases. This one is responsible
for the dynamics and the kinetics of heat and mass transfer when evaporation or condensation occurs.
Unfortunately this exchange area cannot be obtained easily and accurately especially when complex
mixtures (drops, bubbles, pockets of very different sizes) appear inside the transient medium. The
natural way to solve this specific trouble consists in using a thin grid to capture interfaces at all spatial
scales. But this possibility needs huge computing resources and can be hardly used when considering
physical systems of large dimensions. A realistic method is to consider instantaneous exchanges between
phases by the way of additional source terms in a full non-equilibrium multiphase flow model [2,15,17].
In this one each phase obeys its own equation of state and has its own set of equations and variables
(pressure, temperature, velocity, energy, entropy,...). When enabling the relaxation source terms the
multiphase mixture instantaneously tends towards a mechanical or thermodynamic equilibrium state
at each point of the flow. This strategy allows to mark the boundaries of the real flow behavior and
to magnify the dominant physical effects (heat exchanges, evaporation, drag,...) inside the medium. A
description of the various relaxation processes is given in the paper.

Résumé. Les changements de phase et les transferts de chaleur sont des exemples de phénomeénes
physiques présents dans de nombreuses applications industrielles faisant intervenir des écoulements
compressibles multiphasiques. La connaissance des mécanismes associés est primordiale afin de repro-
duire correctement leurs effets a travers des outils de simulation. Dans ce cadre, une description fine
de la topologie d’un écoulement est nécessaire afin de connaitre précisément ’aire interfaciale entre
toutes les phases. Celle-ci est en effet responsable de la dynamique et de la cinétique des transferts
de masse et de chaleur lorsque de 1’évaporation et de la condensation se produisent. Malheureusement
cette aire interfaciale est difficilement accessible particulierement lorsque des mélanges complexes se
forment (gouttes, bulles, inclusions de différentes tailles) au sein du milieu. La fagon la plus naturelle
de résoudre ce probléme est d’utiliser un maillage suffisamment fin afin de capturer toutes les interfaces
présentes a toutes les échelles. Cependant cette possibilité demanderait des ressources informatiques
démesurées au vue de certains systéemes pouvant étre de tres grande taille. Une méthode plus réaliste
est de considérer que les échanges entre les phases s’effectuent instantanément. Des termes sources de
relaxation liés & ces échanges sont utilisés dans un modele d’écoulement compressible a phases séparées
en déséquilibre [2,15,17]. Dans celui-ci, chaque phase posséde son propre jeu d’équations et ses propres
variables (pression, vitesse, température, énergie, entropie, ...). Quand les termes de relaxation sont
activés, le mélange multiphasique tend instantanément en chaque point de 1’écoulement vers un état
d’équilibre prédéfini. Cette approche permet également de borner les conditions réelles d’écoulement
et de souligner les effets physiques dominants (transfert de chaleur, évaporation, trainée, ...). Une
description des différents processus de relaxation est proposée dans ce papier.
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INTRODUCTION

Phase changes and heat exchanges are examples of physical processes appearing in many industrial appli-
cations involving multiphase compressible flows. Their knowledge is of fundamental importance to reproduce
correctly the resulting effects in simulation tools. A fine description of the flow topology is thus required to
obtain the interfacial area between phases. This one is responsible for the dynamics and the kinetics of heat and
mass transfer when evaporation and condensation occur. Unfortunately this exchange area cannot be obtained
easily and accurately especially when complex mixtures (drops, bubbles, pockets of very different sizes) appear
inside the transient medium. The natural way to solve this specific trouble consists in using a thin grid to
capture interfaces at all spatial scales. But this possibility needs huge computing resources and can be hardly
used when considering physical systems of large dimensions.

A realistic method is to consider instantaneous exchanges between phases by the way of additional source terms
in a full non-equilibrium multiphase flow model [2,15,17]. In this one each phase obeys its own equation of
state and has its own set of equations and variables (pressure, temperature, velocity, energy, entropy,...). This
model is hyperbolic and allows the propagation of waves in compressible multiphase flows.

For each phase denoted by the subscript £ this one writes :
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where the following notations have been adopted in the paper : « (volume fraction), p (density), @ (material
velocity), p (pressure), E = e + 1/24.4 (total energy) and e (specific internal energy). System (1) is closed by
the equation of state ey (px, pr) of each phase.

The interfacial variables @; and p; appearing in the non conservative terms of system (1) correspond respectively
to the velocity and pressure acting on areas where volume fraction gradients are present. Their modelling is
of great importance to reproduce correctly interface problems. In particular these terms are responsible for
the satisfaction of interface conditions (equality of pressure and velocity) when pure fluids are separated by an
interface.

The model (1) has been solved by a quite recent numerical method named Discrete Equations Method (DEM)
and has been hugely tested and validated in a large variety of applications. Interface problems as well as mixtures
flows involving chemical or physical reactions have been achieved with such methodology in [1,4,5,11,13,16,18].
Relaxation phenomena may also be considered according to the flow conditions of the multiphase mixture. For
example when drag effects become important the mixture may evolve under a single velocity. In this case an
instantaneous velocity relaxation procedure is used. Besides the mixture may evolve under a single pressure, a
single temperature or a common Gibbs free energy when a liquid /vapor flow is studied. In all cases equilibrium
states between phases are obtained at the end of an instantaneous relaxation process by the way of additional
source terms described in the present paper.

These relaxation phenomena assume infinitely fast mass, momentum and energy transfers between phases. Yet
these transfers obey their own associated kinetics. For example in a multiphase medium the pressure equilibrium
between phases is reached much faster than the thermal equilibrium. Indeed the pressure fluctuations are due to
acoustic waves propagation inside the medium which is faster than heat diffusion. Thus the characteristic time
scales of the various relaxation phenomena mentioned above may be strongly different. Some of the relaxation
phenomena have been studied recently in [3,7,9,19] for different configurations where phase change effects are
present.

In addition the associated kinetics directly depend on the interfacial area between phases. Unfortunately this
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one is not easily available in most of cases. The efficient obtention of this exchange area at each point of the
multiphase flow is still an opened question nowadays. This topic is magnified for example in [6,14].

With this in mind the relaxation processes may be used to obtain flow configurations in limit cases and to bound
the real flow behavior whose topology is unknown. The influence of physical phenomena appearing inside the
multiphase medium may also be studied in that sense. For example if the numerical results obtained with and
without the thermal relaxation are similar heat exchanges between phases are not crucial for the flow under
consideration.

The paper is organized as follows. In the first section various relaxation procedures are detailed and solved
separately. Then some numerical results are performed in the second section to illustrate the ability of the
methodology to reproduce evaporation mechanism by using such relaxation procedures.

1. THE RELAXATION PROCESSES

In this section, the source terms related to the relaxation phenomena are studied separately leading to a more
or less complex algebraic system to solve in each case. A conventional splitting approach is thus considered and
the system (1) is assumed to be solved at this stage. First the velocity and pressure relaxations are presented
with some modifications from [10]. Then the temperature and Gibbs free energy relaxation procedures are
investigated. The last case involves instantaneous heat and mass transfer between phases in order that the
mixture be in a total thermodynamic state.

1.1. Velocity relaxation procedure

This part is devoted to the instantaneous velocity relaxation of a multiphase mixture where all phases are
initially in velocity disequilibrium. At the end of this process all phases have the same velocity but different
pressures, temperatures and Gibbs free energy.

The system under study for each phase k is the following :

aak -
ot =0
ap)k _

The modelling of the velocity relaxation coefficients Ag; is useless because they only express the kinetics at
which velocity equilibrium is reached. Here the corresponding equilibrium state is assumed to be reached
instantaneously corresponding to Ag; — oo Vk,[. Infinite drag interactions between phases are thus considered.
From the first equation of system (2) it can be deduced that the volume fraction of each phase is constant :

ay = cst (3)
The second equation of system (2) implies mass conservation of each phase as well as that of the mixture :

(ap) = cst
N

o= (ap) =cst @)

k=1
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Then the mass fraction of each phase also remains constant during the procedure :

(ap)k
p

Y, =
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When dealing with the conservation of the mixture momentum that reads :
N o( apu N
Z Z /\kl U,l — uk) =0 (6)
k=1 =1

the following relation is obtained :

N
> _(apii); = cst (7)
k=1

Dividing by the mixture density p the relation (7) rewrites :

N
ZYk _‘k = cst (8)

The relation (8) involves that the mixture velocity remains constant during the process. By denoting the initial
and final states with the superscripts 0 and * respectively, the expression of the relaxed velocity is readily

obtained :
N
0= Y, 9)
k=1

Now the variation of each phase energy has to be computed. Besides it is important to note that the mixture
energy conservation is equivalent to the mixture momentum conservation as can be seen in the relation :

N N N
Z a( apE Z Z apu (10)

k=1 k=1
From system (2), the variation of each phase energy is given by the relation :

apE) . 0
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Combining relations (4) and (11) gives the following reduced equation :

O, . 0y
R (12)

By using @; = cst = @*, the integration of the relation (12) leads to :
Ef = E) + a*.(@* — ay) (13)

or else

ey = ep + 1/2(T" — @).(T — @) (14)
It is important to note that the preceding resolution of the algebraic system do not need the explicit use of
equations of state. The methodology is general, unlike the following relaxation procedures, where a change of
thermodynamic variables of all phases is expected.
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1.2. Pressure relaxation procedure

This part is devoted to the instantaneous pressure relaxation of a multiphase mixture where all phases are
initially in pressure disequilibrium. At the end of this process all phases have the same pressure but different
temperatures and Gibbs free energy.

The system under study for each phase k is the following :
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Again, the modelling of the pressure relaxation coefficients 1i; is useless. Here the equilibrium state is expected
to be reached instantaneously corresponding to pg; — oo Vk,l. Infinite mechanical interactions between phases
are considered here.

As clearly seen in the previous system (15), the material velocity of each phase is constant during the process :

Uy, = cst (16)

As a consequence the velocity relaxation procedure described above may be applied to the multiphase mixture
before the pressure relaxation procedure. The resulting relaxed velocity remains unchanged.

The second equation of system (15) implying mass conservation of each phase as well as that of the mixture
the corresponding mass fraction also remains constant during the procedure :

Ye = (ag)k = cst (17)

From system (15), the variation of each phase energy is given by :

IapE)y al Doy,
ot = —DPr ;Mkl(}?k - pl) = _pIW (18)

2

The mixture energy conservation holds as soon as the saturation constraint (Z ay = 1) is fulfilled as can be
k=1

seen in the relation :
N

Z apE B _pIZ day, _ (19)

Taking into account the mass conservatlon of all phases the relatlon (18) reduces to :

8Ek 8’Uk

ot~ Pl (20)

1
where v, = — 1is the specific volume.

In the following the initial and final states are denoted with the superscripts 0 and * respectively.
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By using p; = cst = p*, the integration of the relation (20) leads to :
Bi = B} —p*(v; — v}) (21)
or, under the fact that material velocities remain constant (16) :
e =ep —p (Vi — ) (22)

In order to determine the relaxed pressure the expressions of the equations of state now must be taken into
account. Initially introduced by [8] the ’Stiffened Gas’ EOS is considered in the following. The associated
expression of the internal energy is given by :

_ P + VkPoo,k
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By using the expression (23) for each phase, the relation (22) rewrites :
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In terms of volume fractions the relation (24) writes :
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N N
By using once again the saturation constraint (Z oy, = Z a? = 1), a relation where the final pressure is the
k=1 =

k=1
only unknown is obtained :
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When 2 phases are only present inside the medium, the following analytical solution is found from (26) :

1 1
Pt = ) (A + Az — (poo.,l +poo.,2)) + \/4 (A2 — Ay — (pOO,Q - 790071))2 + A1 Ay (27)

with the following notation :
o

pg +poo,k)
Ak — Vi

0 0
(67 o
1 2
— 4+ =

7 V2

1.3. Pressure and temperature relaxation procedure

This part simultaneously deals with instantaneous pressure and temperature relaxation procedures in a
multiphase mixture. If the temperature relaxation phenomenon is only taken into account the pressures of all
phases are not equal at the end of the stage. It is necessary to achieve both relaxation processes simultaneously
in order that the mixture be in pressure and temperature equilibria at the final state.
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Then the system under study for each phase k is the following :
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The pressure relaxation terms from system (15) are still considered in system (28). An additional term linked
to heat transfer between phases is present in the energy equation of system (28). Again the modelling of the
temperature and pressure relaxation coefficients py; and hy; is useless. Here the pressure and temperature
equilibrium state is expected to be reached instantaneously corresponding to pg, hr; — 0o Vk,I. Infinite heat
exchanges between phases are considered here.

From system (28), it can still be noticed that the material velocity of each phase remains constant during the
process :

Uy, = cst (29)
As in the previous cases by considering the mass conservation of each phase ((ap)r = cst) and that of the
N
mixture (p = Z(ap)k = cst), the mass fractions are constant :
k=1

Y, = () = cst (30)

P

When dealing with the mass and energy conservation of the multiphase mixture the following relations hold :
N
Z kU = St = Vg (31)

N

e= ZYkek = cst = e (32)
k=1

For each phase the specific volume and the internal energy are given by the corresponding following relations
(’Stiffened Gas’ EOS) :

(v — D)Coi Ty,
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Applying the relations (31) and (33) at the final relaxed state denoted by the superscript "’ gives :

00,k
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A first relation linking the pressure and the temperature is thus obtained :

N

Z Yk 7k — 1 (36)

1 p* +pook

Now applying the relations (32) and (34) at the final relaxed state gives :

eq = Y Y, * al * ( 1)p00k?
0= E kep = E Y| CopT* |1+ — ) +qr (37)
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A second relation linking the pressure and the temperature is obtained :

YiCur (e — 1)poo k
YiCor + : 38
z C ; 1l (53)
N
where qp = Z Yy qr corresponds to the constant multiphase flow energy of formation.
k=1

Combining relations (36) and (38) leads to a relation where the final pressure is the only unknown :

N
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A numerical iterative methid is then necessary to extract the solution of (39).
When 2 phases are only considered an analytical solution is still available :

1 1
P = 3 (A1 + Az — (Poo,1 + Pooy2)) + \/4 (A2 — A1 — (Poo,2 — poo7l))2 + A4 (40)

with :

Ay — YiCor (v — 1) ((60 — qo) . )
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1.4. Pressure, temperature and Gibbs free energy relaxation procedure

Contrary to the preceding relaxation phenomena mass transfer occurs between phases for which Gibbs free
energy (or chemical potential or free enthalpy) is assumed to be equal. Indeed Gibbs free energy relaxation is
only valid when chemical or physical transformations are achieved such as liquid/vapor phase changes. In this
last case equality of chemical potentials must be fulfilled between a liquid and its vapor only. The other phases
do not have to be in total thermodynamic equilibrium with the liquid/vapor couple.

The two-phase flow case where a liquid and its vapor are only present inside the medium is first considered.
The multiphase extension is then adressed when incondensables are also present.

1.4.1. Two-phase flow case

Here a liquid/vapor mixture that tends towards a total equilibrium thermodynamic state (pressure, temper-
ature and Gibbs free energy equilibria) is considered. The material velocities of both phases are assumed to be
equal at the beginning of the procedure. This hypothesis vanishes the trouble linked to the determination of
the interfacial velocity when mass transfer occurs. No slip between phases is thus allowed. In this context the
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system under study writes :

o ppr(pr — p2) — k(Te — T1) + mE;
where the mass flow rate is expressed by m = prv (g1 — g2) with g1 and go the Gibbs free energy of both phases.
The expression of the Gibbs free energy for each phase is available from [12] and writes :

Tk
gi = i, — Tise = (wCor — 1) Tk — Cvakan + Gk (42)

The pressure and temperature relaxation terms are still present in system (41) as well as additional terms
linked to mass exchanges between phases. Again the modelling of all relaxation coefficients are useless. Here
the equilibrium is expected to be reached instantaneously corresponding to u,x,v — oo. The same remark
holds for the interface variables uy, pr, pr and E; appearing when a mass transfer occurs. The modelling of
these variables is also useless.

The relaxed solution corresponding to a total thermodynamic equilibrium state is obtained by considering the
mass and energy conservation of the two-phase mixture :

1
V= — = Yl’Ul + YQ’UQ = cst = Vo (43)
p
e="Yie; + Yaes = cst = ¢ (44)
a1p1 Q202 . . .
where Y] = and Yy = = 1—1Y7 are the varying mass fractions of both phases. In the following the

P P
liquid and its vapor are denoted respectively by the subscripts '1” and ’2’.
The specific volumes and internal energies are given by the relations (’Stiffened Gas’ EOS) :

(v — D)Coi Ty,
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g Pk + Pook (45)
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All parameters appearing in the relations (42),(45) and (46) are computed in order to satisfy the experimental
liquid/vapor phase diagram and more precisely the associated saturation curves [12].

The final relaxed state, denoted by the superscript '*’, corresponds to a thermodynamic equilibrium state. The
liquid and vapor phases have a common pressure, temperature and Gibbs free energy. Equality of chemical
potentials (42) of both phases provides a relation between the pressure and the temperature :

T*(p") = Tsar(p*) (47)
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This relation represents the evolution of the saturation temperature in function of the pressure. Thanks to (47),
the relation (43) rewrites :

vo = Y{ i (p") + Yo' ua(p*) = Yi'ui (p7) + (1 = Y1 )vs (p") (48)
with ( CT* (1)
- Y& — 1)Cok T (p*
vi(p*) = "
p +poo,k
The variables v] and wv; thus corresponds to the saturated specific volumes of the liquid and vapor phases

respectively.
A first relation linking the liquid mass fraction and the pressure is obtained from (48) :

(49)

Y= A (50)
b us(pr) —vi(pY)
In relation (50) the existence of physical solution is fulfilled by the following condition :
0<Y <1evi(p") <wvy <vi(p") (51)

By using once again the saturation relation (47), the total energy equation (44) rewrites :

eo =Y\ e1(p*) + Y5'ez(p”) = Yi'el (p™) + (1 = Y )e3(p") (52)
where (1)
* * * * pOO k
e =CuT 1+ — |+ 53
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A second relation linking the liquid mass fraction and the final pressure is obtained :

eo — e5(p*)

Vi=e —=— 7
b ei(pr) —es(pY)

(54)

Nevertheless it is more convenient to write the relation (54) in terms of specific enthalpies in order that the
latent heat of vaporization appear. For this let us combine relations (48) and (52) to get :

eo +p v = Y1 (€1(p%) +p o1 (p7)) + Y5 (e2(p”) +pus(p)) = Y b1 (p") + Y3 ha(p) (55)

The variables hj and h} corresponds to liquid and vapor saturated enthalpies respectively obeying the following
relation :

ha(p"™) — hi(p*) = Lu(p”) (56)
where L, (p*) is the latent heat of vaporization depending on the equilibrium pressure.
From (55), another relation linking the liquid mass fraction and the pressure is found :

. h3(p*) — (eo + p*uo)

' h3(p*) — hi(p*)
In relation (57) a second existence condition of physical solution is extracted :
0<Y" <1&hi(p*) <eo+p vy < hi(p”) (58)
Equaling relations (50) and (57) leads to an equation where the final pressure p* is the only unknown :
h3(p*) — (eo + p*vo)  v3(p*) —wo —0 (59)

h3(p*) = hi(p*) v (p*) — i (p*)
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Once the solution of (59) is computed by an arbitrary numerical method the other thermodynamic variables
are easily obtained by the preceding relations presented above.

However the equation (59) may not provide a physical solution depending on the initial energy eg and specific
volume wvg. This is the case when the existence conditions (51) and (58) are not fulfilled. Then the system tends
towards a final state where a single phase is present. A total evaporation or condensation occurs during the
relaxation process.

When dealing with another phases such as incondensables, the equality of Gibbs free energy is valid between the
liquid and vapor phases only. In other words the Gibbs free energy relaxation terms are still present in the liquid
and vapor equations. Indeed incondensables are treated as separated phases corresponding to an heterogeneous
gas mixture. They have their own set of thermodynamic variables (pressure, temperature, entropy, ...). This
approach is different from the multi-species approach where a single phase contains all species (vapor and
incondensables). In this last case all species evolve under a unique temperature and partial pressures must be
taken into account for the gas pressure that obeys the Dalton law. This particular model corresponds to an
homogeneous gas mixture which thermodynamic closure is different from the one adopted in this paper.

The multiphase flow case is now investigated.

1.4.2. Multiphase flow case

The liquid and vapor phases denoted by ’1
following :

)

and 2’ respectively, the multiphase model under study is the
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with 1 = prv(g1 — g2).
As in the two-phase case the final state is obtained by considering the mass and energy conservation of the
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mixture :
1 N
vzf:Zkak:cst:vo (61)
Lt
N
e= ZYkek = cst = eg (62)
k=1

@
where Y, = k corresponds to the mass fraction of phase k. The mass fractions of the liquid and vapor

phases are expected to change during the relaxation process, the other ones being constant.
The specific volumes and internal energies of each phase are still given by the relations (45) and (46) respectively.
The final relaxed state being denoted by the superscript '+’, the relation (61) writes :

N
vo = Y vi (p°) + Y5 vs(p°) + ) Yidui(p") (63)
k=3

(v — O T*(p")
D* + Poo,k
The variables v and v3 thus correspond to the saturated specific volumes of the liquid and vapor phases
respectively. Due to the pressure and temperature equilibrium assumption the other phases obey the same
saturation relation. This is the direct consequence of the account of the instantaneous heat exchanges between

all phases.
By using the mass conservation of the liquid-vapor couple (Y;* + Y5 = Y;? + YY), the relation (63) becomes :

with v} (p*) = where T™*(p*) corresponds to the saturation relation (47).

N
vo = Y{'oi (p) + (Y + Y3 = Y7)us (") + ) Vv (p) (64)
k=3
A first relation linking the liquid mass fraction and the pressure is thus obtained :

N
(VP + Y3 (p") = vo + ) Y0 (p")
k=3

= B o) (65)

By considering the energy conservation equation (62), we get :
N
_ * k(% * k[ %k 0 _* *
co =Y\ ei(p") + Y5 es(p°) + ) Yiler(0") (66)
k=3

-1
with ) = Cu () (14 D20 g
p +poo,k
As in the two-phase case, the specific enthalpies of all phases are considered instead of the associated internal

energies. Combining relations (64) and (66) leads to :
N
co+p vo = Y7 (p) + Yy h3 () + ) Y hi(p) (67)
k=3

The variables h} and h3 correspond to the saturated enthalpies of the liquid and vapor phases obeying the
relation (56).
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By using Y7* + Y5 = Y + Y2 in (67), a second relation linking the liquid mass fraction and the final pressure

is obtained :
N

(Y + Y)hs(p*) — (eo + p™vo) + Y YiPhi(p")

_ k=3
= R0 — R ) (68)

Equaling relations (65) and (68) gives an equation where the pressure p* is the only unknown :

N N
(V2 + YD)h5(p*) = (eo +p*v0) + Y YiPhi(p™) (V0 + Y9 )u5(p*) —vo + > Vivi(p")
k=3

k=3 _ =
R ) — i) B — i) 0 9

Once the pressure solution is retrieved from (69) the other thermodynamic variables are determined according
to the relations above.

Another possibility concerning the relaxation phenomena is not to consider heat exchanges between incondens-
ables and the liquid-vapor couple. In this case the corresponding thermal coefficients in system (60) vanish.
The energy equations of system (60) become :

d(opE) S

Tl =PI ;“11(1)1 —p) +r1p(Ty = Th) —mE;

O(apE al ;

% = —prI ;uzz(pz =) + rz(Th = To) +mky (70)
Vk > 2:

O(apE al

% = —pjz,ukl(pk —pl)

=1

The other equations remain unchanged. The relaxed solution is again obtained from the mass and energy
conservation of the multiphase mixture. The only difference with the preceding case is the computation of the
specific volumes and the internal energies of the incondensables.

The first relation linking the liquid mass fraction and the pressure is unchanged :

N
(VP + Y2)v3(p*) = vo + D Vi (0)

. k=3
"= B0 — i) )

However the expression of the specific volume of incondensables is the one used in the pressure relaxation
procedure :
* *\ vlg p]?; +p00,k>
v (p") b (’Yk 1+ P Pk VEk > 2 (72)
In this particular case the incondensables do not obey anymore to the saturation relation (47) as they have
their own temperature.
The second relation linking the liquid mass fraction and the pressure is also unchanged :

N
(Y0 + YD) (p*) — (eo +p*v0) + D Yiohii(p*)

. k=3
= RS )~ i) (73)
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The internal energy of incondensables obeys the following relation obtained in the pressure relaxation section :
er(p*) = ep —p (Vi (p*) —vp) (74)
In terms of specific enthalpy this relation writes :
hi,(p) = e (p") + P vi(p") = e +p vy Yk > 2 (75)
Afterwards the pressure solution is computed with the help of the relation (69).

2. NUMERICAL RESULTS

2.1. One-dimensional configurations

A 1m length shock tube filled with a mixture of water, steam and air is considered. A discontinuity between
two chambers is located at 0.3 m. At the left, the liquid and vapor phases are in thermodynamic equilibrium :
p =10 bar and T = Tsq(p) ~ 467 K. The incondensable (air) is at the same pressure and temperature.

Inside the low pressure chamber, the liquid and vapor phases are also in thermodynamic equilibrium at a
different pressure : p =1 bar and T = T4+ (p) ~ 373 K. The air is at the same pressure and temperature again.
All phases have initially a uniform volume fraction in the whole domain : aq = 5.107%, agir = 0.2 and
Qyap = 1- Qliqg — Cagr-

Five different configurations are now investigated. In the first one, no relaxation process is considered and the
hyperbolic part of the multiphase model (1) is only solved. Afterwards the following cases are successively
adressed :

- The velocity and pressure relaxation phenomena are enabled.

- The velocity, pressure and temperature relaxation processes are taken into account.

- The velocity, pressure, temperature and Gibbs free energy relaxation terms are considered.

- The velocity and pressure relaxation processes are enabled for all phases while the temperature and the
chemical potentials relaxation terms are only considered for the liquid-vapor couple.

In each case the results are obtained with 300 numerical cells and are represented at 4 different instants which
are strictly the same in all configurations.

The Figure 1 shows the temporal evolution of some characteristic flow variables when the relaxation effects are
absent. Only hydrodynamics solved by the Discrete Equations Method (DEM) is responsible for the evolution
of all phases variables. As the volume fractions are initially uniform no interactions between phases are present.
Then the results correspond to single-phase shock tube solutions and the evolution of the mass fractions comes
from all the waves trajectories of each phase.

In the second case, the velocity and pressure relaxation effects are enabled. The associated results are presented
in the Figure 2. No slip between phases is thus allowed. The mass fractions are then invariant across the shock
wave and the rarefaction waves. As can be clearly seen in this figure all phases have the same pressure and the
same velocity at each point and at each instant. But they have different temperatures. In this example, an
interface problem is solved between two different mixtures. It clearly appears that interface conditions (equality
of the pressure and the velocity) are fulfilled across interfaces.

The instantaneous heat exchanges between phases are now taken into account. The corresponding results are
presented in the Figure 3. All phases have a common temperature. In this figure we can notice that the shock
wave velocity slightly decreased with respect to the preceding case. This is the direct consequence of the mixture
sound speed decrease. Except the temperatures, few differences appear between this configuration and the last
one.

Now the Gibbs free energy relaxation process is considered allowing instantaneous mass transfer between liquid
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FIGURE 1. Numerical results of the three-phase shock tube without relaxation

and vapor phases. The results are represented in the Figure 4. As can be clearly seen in the mass fraction
graph evaporation and condensation occur across the shock wave and rarefaction waves respectively. The
incondensable mass fraction obviously remains constant across the shock wave and the rarefaction waves. The
common temperature now obeys the saturation temperature depending on the pressure. The shock wave velocity
still decreased as well as the mixture sound speed.

In the last configuration heat exchanges between the incondensable and the liquid-vapor couple are disabled.
The results are presented in the Figure 5. The thermal energy of the air is not accounted for the evaporation
and condensation phenomena that are less important than the preceding case.

2.2. Three-dimensional configuration

A three-dimensional configuration involving a cryogenic liquid flow is proposed in this section. Two inlets
are considered in a pipe emerging in a confined tank containing 5 identical tubes as outlets. The boundary and
initial conditions as well as the geometry are represented in the Figure 6. 50000 numerical cells (tetrahedrons)
have been used to perform calculations.

Initially the whole domain is filled with helium. Cryogenic liquid and helium injections are also considered.
The outlet pressure is uniform during the simulations. The vapor phase is initially present at a small quantity
D Qyap = 1075,

First the heat exchanges between the 3 phases are enabled. The pressure and temperature relaxation procedure
is then used.

The associated results corresponding to the temporal evolution of the mixture density are represented in the
Figure 7. The final physical time is 0.5 s.
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FIGURE 2. Numerical results of the three-phase shock tube with pressure and velocity relax-
ations : mixture at mechanical equilibrium

In this figure it can be seen that the cryogenic liquid jet which dynamics is slightly influenced by the helium
injection gradually fills the system under consideration. The vapor phase still remains at small quantities during
the simulation.

With the same configuration (6), evaporation and condensation are now allowed by using the Gibbs free energy
relaxation procedure. The results corresponding to the temporal evolution of the mixture density are repre-
sented in the Figure 8 at the same instants.

Since the liquid injection vapor appears at the divergent of the nozzle. The pressure drop and the strong differ-
ence between the liquid and helium temperatures lead to an important liquid evaporation. The created vapor is
ejected at high velocity (100 m/s approximately) towards the tank and the outlets. Then the thermodynamic
equilibrium between the liquid and its vapor is subject to changes as the ambient pressure increases inside
the medium : condensation takes place instead of evaporation at the end of the simulation. In this context a
quasi-steady flow is obtained where the cryogenic liquid nearly fills the whole domain with helium.

CONCLUSION

The numerical results presented in this paper have shown the ability of the relaxation procedures to reproduce
multiphase flows where instantaneous heat and mass transfer are involved. In fact these results correspond to
limit flow configurations. As in [7] the associated limit models should be investigated and studied for each
relaxation procedure.

Furthermore exchanges in reality are performed at finite rates depending on the interfacial area between the
liquid and the associated vapor. But the obtention of this interfacial area is a big challenge due to the change
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F1GURE 3. Numerical results of the three-phase shock tube with velocity, pressure and tem-
perature relaxations : mixture at mechanical and thermal equilibrium

of the flow topology appearing inside the multiphase medium. Nevertheless some additional efforts should be
made to model the exchange area in simple configurations at least (bubbly flows with several particle sizes).

REFERENCES

ABGRALL, R. & SAUREL, R. (2003) Discrete equations for physical and numerical compressible multiphase mixtures. J. Comp.
Physics, 186, pp 361-396

BAER, M.R. & NunziaTo, J.W. (1986) A two-phase mixture theory for the deflagration-to-detonation transition (DDT) in
reactive granular materials. Int. J. of Multiphase Flows, 12, pp 861-889

BARBERON, T. & HELLUY, P. (2005) Finite volume simulation of cavitating flows. Computers & Fluids, 34, pp 832-858
BERRY, R.A., SAUREL, R. & LE METAYER, O. (2010) The discrete equation methods (DEM) for fully compressible, two-phase
flows in ducts of spatially varying cross-section. Nuclear Engineering € Design, 240, pp 3797-3818

CHINNAYYA, A., DANIEL, E. & SAUREL, R. (2004) Modelling detonation waves in heterogeneous energetic materials. J. Comp.
Physics, 196, pp 490-538

DELHAYE, J.M. (2001) Some issues related to the modeling of interfacial areas in gas-liquid flows I. The conceptual issues. C.
R. Acad. Sci. Paris, Série 1Ib, 329, pp 397-410

FLATTEN, T., MORIN, A. & MUNKEJORD, S.T. (2010) Wave propagation in multicomponent flow models. SIAM J. Appl. Math.,
70, pp 2861-2882

HARLOW, F. & AMSDEN, A. (1971) Fluid dynamics. monograph LA-4700, Los Alamos National Laboratory, NM

HELLUY, P. & SEGUIN, N. (2006) Relaxation models of phase transition flows. Mathematical Modelling and Numerical Analysis,
40(2), pp 331-352

LALLEMAND, M.-H., CHINNAYYA, A. & LE METAYER, O. (2005) Pressure relaxation procedures for multiphase compressible
flows. Int. J. Num. Methods in Fluids, 49, pp 1-56

LAYES, G. & LE METAYER, O. (2007) Quantitative numerical and experimental studies of the shock accelerated heterogeneous
bubbles motion. Physics Fluids, 19, 042105

LE METAYER, O., MASSONI, J. & SAUREL, R. (2004) Elaborating equations of state of a liquid and its vapor for two-phase flow
models. Int. J. of Thermal Sciences, 43, pp 265-276



120

[13]
[14]
[15]
[16]
[17]
18]

[19]

ESAIM: PROCEEDINGS

Pressure(Bar) Velocity(m/s)

Tiq ==

At — — - |

Tig—

Alr — - -

S~

N wW = W,

-
I

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
X(m) X(m)

Temperature(K) Mass fraction
470 | - 0.7

460 I o6l Alr — — -
450 ]

40
50
420

05

410
400
390

380 0
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

X(m) X(m)

FIGURE 4. Numerical results of the three-phase shock tube with velocity, pressure, temperature
and Gibbs free energy relaxations : mixture at total thermodynamic equilibrium

LE METAYER, O., MassonI, J. & SAUREL, R. (2005) Modelling evaporation fronts with reactive Riemann solvers. J. Comp.
Physics, 205(2), pp 567-610

LHUILLIER, D., MOREL, C. & DELHAYE, J.M. (2000) Bilan d’aire interfaciale dans un mélange diphasique : Approche locale vs
approche particulaire. C. R. Acad. Sci. Paris, Série I1Ib, 328, pp 143-149

SAUREL, R. & ABGRALL, R. (1999) A multiphase Godunov method for compressible multifluid and multiphase flows. J. Comp.
Physics, 150, pp 425-467

SAUREL, R., GAVRILYUK, S. & RENAUD, F. (2003) A Multiphase model with internal degrees of freedom : Application to
shock-bubble interaction. J. Fluid. Mechanics, 495, pp 283-321

SAUREL, R. & LE METAYER, O. (2001) A multiphase model for compressible flows with interfaces, shocks, detonation waves
and cavitation. J. Fluid. Mechanics, 431, pp 239-271

SAUREL, R., MAssoNI, J. & RENAUD, F. (2007) A numerical method for one-dimensional compressible multiphase flows on
moving meshes. Int. J. Num. Methods in Fluids, 54(12), pp 1425-1450

ZEIN, A., HANTKE, M. & WARNECKE, G. (2010) Modeling phase transition for compressible two-phase flows applied to
metastable liquids. J. Comp. Physics, 229, pp 2964-2998



ESAIM: PROCEEDINGS

Pressure(Bar) Velocity(m/s)
10 \}.{q 400 \I]_iq p—
2 i 2
9 A C -1 30t y v
8 1 300t
7 | 250t
6 i
200 ¢
5 4
150 ¢
. | 150
3l | 100 £
2+ B 50
1 0
0 0.1 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X(m) X(m)
Temperature(K) Mass fraction

0 0.1 02 03 04 05 0.6 07 08 0.9 1 0 0.1 02 03 04 05 06 07 08 09 1
X(m) X(m)

F1GURE 5. Numerical results of the three-phase shock tube with velocity, pressure, temperature
(liquid-vapor couple only) and Gibbs free energy relaxations : mixture at partial thermody-
namic equilibrium

Heliuminjection

T, =280K
Cryogenic liquid
injection
T, =90K Helium
T =280K
P=1Bar

Qutlets P=1Bar

FIGURE 6. Geometry, boundary and initial conditions of a three-dimensional cryogenic liquid
flow configuration

121



122 ESAIM: PROCEEDINGS

FIGURE 7. Temporal evolution of the mixture density with pressure and thermal equilibrium
between phases
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F1GURE 8. Temporal evolution of the mixture density with pressure, temperature and Gibbs
free energy relaxations



