ESAIM: M2AN 43 (2009) 1063-1097 ESAIM: Mathematical Modelling and Numerical Analysis
DOI: 10.1051/m2an/2009038 WWwWWw.esaim-m2an.org

RELAXATION AND NUMERICAL APPROXIMATION OF A TWO-FLUID
TWO-PRESSURE DIPHASIC MODEL
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AND THOMAS GALIE!

Abstract. This paper is concerned with the numerical approximation of the solutions of a two-fluid
two-pressure model used in the modelling of two-phase flows. We present a relaxation strategy for
easily dealing with both the nonlinearities associated with the pressure laws and the nonconservative
terms that are inherently present in the set of convective equations and that couple the two phases.
In particular, the proposed approximate Riemann solver is given by explicit formulas, preserves the
natural phase space, and exactly captures the coupling waves between the two phases. Numerical
evidences are given to corroborate the validity of our approach.
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INTRODUCTION

In this paper, we are interested in the numerical approximation of the solutions of a two fluid two pressure
diphasic model. That kind of model has gained interest in the recent years for the modelling and computation
of two phase flows. It was first formulated in Baer and Nunziato [6] and its mathematical properties have been
first addressed in Embid and Baer [18]. This model was subsequently studied in Kapila et al. [27], Glimm
et al. [22], Saurel and Abgrall [35], Gavrilyuk and Saurel [21], Gallouét et al. [20], Coquel et al. [16]. It treats
each phase as a separate fluid meaning that each phase k has its own density pg, velocity ug and pressure py
with £ = 1,2. In particular, the velocity and pressure nonequilibria between the phases are not neglected.

In the case of a barotropic flow (the pressure is for each phase a function of the density only), the basic
set of convective equations is composed of the classical partial differential equations governing the mass aypy
and the momentum agprur. Here aj is the volume fraction of phase k and the two fluids are non-miscible,
which implies a1 + a2 = 1. The coupling between the two phases is made by two nonconservative terms
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prozay, k= 1,2 involving the interfacial pressure p; in the momentum equations, whereas «y, evolves according
to its own equation. More precisely, it is advected with the interfacial velocity uy. Several choices for u; and
pr can be found in the literature. Here we choose to set

ur = ug, pr = pi(p1) (0.1)

following [6,16,21]. This closure was first proposed for modelling a fluid-solid interface in a detonation model,
but it applies also to our case of a liquid-vapor interface provided that one of the phases is dispersed, i.e. its
concentration is small. Other closure laws has been proposed for fluid-fluid models, see for instance [35]. We
refer the reader to Gallouét et al. [20] for a comprehensive study of general closure laws concerning u; and py.
Relations (0.1) ensure that the void fraction wave is linearly degenerate. Source terms like gravity force and
pressure relaxation will be added in the equations in the numerical part of the paper to simulate typical two
phase problems. The problem of the relaxation of the fluid velocities is not addressed here. We study that
problem in [2].

Importantly, the model under consideration admits systematically five real eigenvalues and is seen to have a
basis of right eigenvectors, at least in the context of subsonic flows. From a mathematical viewpoint, this flow
regime expresses that some of the eigenvalues do not coincide and is completely relevant in the nuclear energy
industry framework which motivates this work. The hyperbolicity property makes the two-fluid two-pressure
approach very attractive in comparison to models using an equilibrium pressure assumption (p = p; = p2) since
the latter do not necessarily admit real eigenvalues in all situations.

The resolution of the proposed system is certainly not easy, for two main reasons. The first one comes from
the (possibly) strong nonlinearities associated with the pressure laws pg, & = 1,2. In order to overcome this
difficulty, we propose in this work a numerical scheme which is based on a relaxation approach. The idea is
to approximate at the discrete level the solutions of the system (the so-called equilibrium system) by those
of a suitable extended first order system with singular perturbation (the so-called relaxation system). See for
instance Jin and Xin [26], Chalons and Coquel [12], Coquel et al. [15], Chalons and Coulombel [13]. This
relaxation system has the property of being nonlinear hyperbolic with only linearly degenerate characteristic
fields, which makes the numerical resolution of the equilibrium system easier.

The second difficulty stems from the presence of the nonconservative terms p;0,ax, k = 1,2 which implies
that the (equilibrium) system does not admit any equivalent conservation form in general. Of course, these
nonconservative terms vanish in the very particular situation in which «j is locally constant and the struc-
ture becomes the one of two conservative and decoupled two by two Euler systems. In the general case, the
choice (0.1), by ensuring that the void fraction wave is linearly degenerate, allows to give sense to the nonconser-
vative terms. By contrast with nonconservative products appearing in shocks [29,30], nonconservative products
propagated by contact discontinuities do not depend on the underlying viscous phenomena. With this respect,
discrete solutions do not depend on numerical viscosity (Guillemaud [25]). Difficulties may arise but they are
linked with the appearance of resonance phenomena (Andrianov and Warnecke [4], Andrianov [3]...). In this
context, we derive in this work an approximate Riemann solver so as to preserve in the best possible way the
contact discontinuity u; associated with the initial system, and this is achieved by a particular treatment of the
nonconservative products in the relaxation system. We prove that the proposed Riemann solver is conservative
for the mass of each phase and for the total momentum, and that it captures exactly the ur-contact discontinu-
ities associated with the original system. In addition, it is given by fully explicit formulas and is stable in the
L' sense (i.e. it preserves the natural phase space).

One may find in the literature several quite recent papers devoted to the numerical resolution of two-fluid
two-pressure models and the question of how to discretize the nonconservative terms. Most of them deal with
the non barotropic case. Actually, the literature is large on this subject and we do not claim that the following
discussion is exhaustive. We refer in particular to the numerous works quoted in the references we mention.
A first group of works is due to Saurel and collaborators. Saurel and Abgrall in [35] and Andrianov et al.
in [5] for instance (see also Saurel and Lemetayer [36] for a multidimensional framework) take into account
the nonconservative terms by means of a free streaming physical condition associated with uniform velocity
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and pressure profiles. The discretization technique of [35] is improved by the same authors in [1] in an original
way. It consists in averaging some approximations of the pure phase Euler equations at the microscopic level
instead of, as it is more usual, approximating the averaged multiphase flow equations. Their goal is to account
for the volume fraction variations inside the shock relations in presence of source terms. In Andrianov and
Warnecke [4] and Schwendeman et al. [37], the common objective is to get exact solutions for the Riemann
problem of the model. The approach is inverse in [4] in the sense that the initial left and right states are obtained
as function of the intermediate states of the solution. On the contrary, a direct iterative approach is used in [37]
leading to exact solutions of the Riemann problem for any initial left and right states. Another direct approach
to construct theoretical solutions is proposed in Castro and Toro [11]. In this work the authors propose to
solve the Riemann problem approximately assuming that all the nonlinear characteristic fields are associated
with rarefaction waves. Finally, all these (approximate or exact) solutions are used to develop a Godunov-type
method. At last, other finite volumes methods have been used. For instance in Gallouét et al. [20] (see also
Guillemaud [25]), the approximation of the convective terms of the system is based on the Rusanov scheme
(Rusanov [34]) and the so-called VFRoe-ncv scheme (Buffard et al. [10]), these strategies being adapted to the
nonconservative framework. In Munkejord [32] and Karni et al. [28], the author use Roe-type schemes.

The outline of the paper is as follows. Section 1 introduces some notations, gives the governing equations
of the two-fluid two-pressure model and states its basic properties. Section 2 characterizes the admissible con-
tact discontinuities associated with the coupling wave u;. The next two sections are devoted to the relaxation
approximation of the two-fluid two-pressure model and follow the same lines. Section 3 thus describes the relax-
ation system and gives its basic properties whereas Section 4 proposes a characterization of the corresponding
admissible uj-contact discontinuities. At last, Section 5 describes the approximate Riemann solver and the
relaxation scheme, and Section 6 is devoted to numerical experiments.

To conclude this introduction, let us mention that this work falls within the scope of a joint research program
on the coupling of multiphase flow models between CEA-Saclay and Laboratoire Jacques-Louis Lions®. In the
short term, the objective of the working group is to couple a two-fluid two-pressure model and a drift-flux
model.

1. GOVERNING EQUATIONS

In one space dimension, the convective part of the model under consideration in this paper reads:

Ora1 + urdyap = 0,

Orai1p1 + Oz (aiprur) = 0,

Orar pruy + Oz (a1 pru?d + arpi(p1)) — prozay = 0, t>0, zek, (1.1)
Oraapa + Oy (apausz) =0,

drvapauy + 9, (aapaud + aapa(pa)) + prozar = 0.

It takes the following condensed form:
ou + 9,f(u) 4 c(u)d,u = 0, t>0, x € R, (1.2)
where t is the time and x is the space variable. The unknown vector u is defined by
a1 Q@ Q@
u = up i with u; = < LP1 ) , U2 = < 202 > )
s Q1 p1UL Q2 P2U2

and aq, p1 and uy (respectively as = 1 — aq, p2 and ug) represent the volume fraction, the density and the
velocity of the phase 1 (resp. of the phase 2). This vector is expected to belong to the following natural

5See http://www.ann. jussieu.fr/groupes/cea/.
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phase space
Q= {(a1,a1p1,a1p1us, aape, aspouz)t € R® such that 0<ap <1 and pp >0 for k=1,2}-

The functions f : Q — R® and ¢ : Q@ — R5%5 are such that

0 urdyon
Q101U 0
f(u)=| aipiu?+aipi(pr) |, c)ou= | —pdras (1.3)
Q2 P2UD 0
appous + aspa(pz) prozay

where the pressure laws py, k = 1,2 are given smooth functions such that py(pr) > 0, p.(pr) > 0, P} (px) +
p%p;(pk) > 0, lim,, —opr(pr) = 0 and lim,, o pr(pr) = +00. The proposed interfacial velocity u; and
pressure py are

ur = Uz, pr = pi(p1), (1.4)

which corresponds to a particular choice of the closures proposed for instance in [20,25].
Since the fluid is adiabatic, the internal energies e, are defined by

Pr(pr) Pr(pr)

der(pr, sx) = ——5—dpp +Tds, = ——5—dpz,
P Py
which gives
Pr\Pk
er(pr) = (pk) (1.5)

2
Pk
The total energies Fj and the enthalpies hj, of each phase are given by the following relations

1
Bulw) = g0 +exlon), o) =enon) + 20 k=12 (16)

Ck = \/p%(Pk)a k:152

Proposition 1.1. For all vector u in the phase space ), system (1.2) admits the following five real eigenvalues

The sound speeds are given by

The following proposition holds.

)\O(u) = U2,
A(u) =ug — e, Ao(u) = ug + ¢, (1.7)
)\3(11):’[1,2702, )\4(u):u2+02,

and is hyperbolic on 2 (the corresponding right eigenvectors span R®) as soon as us # uj £ ¢1. Moreover,
the characteristic fields associated with {\;}i=1,...4 are genuinely nonlinear, whereas the characteristic field
associated with \g is linearly degenerate.

Proof. This result has already been stated in [32] in the barotropic case (in the case of the full system, see Baer
and Nunziato [6]). For the sake of completeness, we briefly recall the main ingredients of its proof.
First, classical manipulations on system (1.2) show that it can be recast in the following quasi-linear form

ou+ A(u)d,u =0, (1.8)
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where the coefficient matrix A (u) is given by

U 0 0 0 0
0 0 1 0 0
A(u) = X1 & —ud 2w 0 0 ) (1.9)
0 0 0 0 1
—X2 0 0 c% — u% 2uo

with
Xk:(pkfpl)ipkcia k:]-aQ
Recall that u; = ug in this paper. The eigenvalues (1.7) are easily obtained using a block decomposition of
matrix (1.9).
Then, provided that us # w1 &+ ¢1 (that is Ao # {\i}i=1,....4), the right eigenvector matrix R is found to be
invertible and given by

1 0 0 o0 o
(M1 - Ao))c(l)\g ) Lt 00
u
R(u) = (M — )\)53(;2 o) A1A2 00
_()\37)\()))((2)\47)\0) 0o 0 1 1
- 0 0 0 A3 M

(A3 = Ao)(As = Ao)
At last, easy calculations give the sort of the characteristic fields associated with {\; }i—1
ear) and )¢ (linearly degenerate).

We note that system (1.2) is not always hyperbolic. When us = u; % ¢1, the coefficient matrix A(u) is no
longer diagonalizable and the system becomes resonant. This is known to generate important difficulties [23,31]
but such a situation will not be addressed in the present work. In fact, we are mainly interested in subsonic
flows so that the restriction us # w1 + ¢ will be always satisfied in practice.

Note also that the characteristic field associated with the wave Ao between the two phases is linearly degen-
erate. This is a consequence of the particular choice (1.4) (see again [20,25] for more details). O

4 (genuinely nonlin-

.....

2. JUMP RELATIONS ACROSS A CONTACT DISCONTINUITY

Solving the Riemann problem associated with (1.2) for the following initial data

u_ if x <0,

uo () = { up if >0 (2.1)
turns out to be a difficult question. The main point in this study is the large number of characteristic speeds
(five, see the previous proposition) and the possible occurrence of resonance. However, the general structure of a
Riemann solution to (1.2)—(2.1) is made of shock and rarefaction waves associated with eigenvalues {\;}i=1,... 4
and a contact discontinuity associated with Ao, see Figure 1 in the case of subsonic flows (ux —cp < ug < ug+c,
k = 1,2). From the first equation in system (1.2), the void fractions o7 and as are constant on the left and
on the right of the latter A\g-discontinuity and in these regions, system (1.2) consists of two independent Euler
systems for the two phases 1 and 2. That is why the Ag-discontinuity is often called the coupling wave between
phases 1 and 2. Note that due to the nonlinearities of the pressure laws px, = pr(pr), k = 1,2, the intermediate
states which separate the five simple waves in such a Riemann solution are difficult to determine, at least
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Uk — Ck

FIGURE 1. General structure in the subsonic regime of the Riemann solution associated with (1.2).

in the general situation ay— # a14 (if ai— = aq4, the intermediate states follow from classical considerations
on the two independent Euler systems for the two phases, see for instance [24]).

Therefore, instead of trying to solve the full Riemann problem (1.2)—(2.1), in this section we focus our atten-
tion on particular solutions made of only two constant states (u_ and uy) separated by a contact discontinuity
propagating with characteristic speed Ao = us— = usy, namely the contact or coupling wave. Recall that this
characteristic speed is related to a linearly degenerate field with the consequence that the non conservative
product ug0za; is well defined in (1.3) (ugz remains continuous even if o presents a discontinuity, see also [20]).
Then, in order to characterize such (admissible) solutions, four independent jump relations, or equivalently four
independent A\g-Riemann invariants, have to be found. We first remark that system (1.2) is clearly made of
two conservation laws, the other partial differential equations being non conservative. At this stage, no more
than two Rankine-Hugoniot jump relations can thus be obtained. The next statement provides two additional
conservation laws satisfied by the smooth solutions of (1.2), eventually leading to a full set of jump relations.

Proposition 2.1. Smooth solutions of (1.2) obey the following two conservation laws

(o prur + agpaug) + Oy (1 prud + agpau3 + aupi(p1) + aopa(p2)) =0,
1
8tu1 + 895 (5&% + h1(P1)> =0.

Proof. The proposed equations follow from classical manipulations on system (1.2) and definitions (1.5), (1.6).
These are left to the reader. O

The above relations hold true in the weak sense for solutions presenting contact discontinuities (see for
instance [24]). We thus use the additional Rankine-Hugoniot jump relations provided by these two conservation
laws to establish the following theorem.

Definition 2.2. Let u_ and u; be two constant states in 2. These states can be joined by an admissible
Ap-contact discontinuity if and only if the following jump relations hold:

U2 = U2— = U2+,
m = on-p1—(u1— — uz) = a1 p14 (U4 — u2),
mui— + o1-p1(p1-) + az-p2(p2-) = muiy + ca11p1(p14) + az4p2(p2+), (22)
T (o) = e (1)
=5 thi(p-) =555 +hilps+)
207 pi_ 20, pi,

In such a situation, the speed of propagation of the discontinuity is given by wus.
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Now it is a natural question to wonder whether being given a state u_ € €2 there exists a state u € € such
that (2.2) holds with u; = u. Actually, for the forthcoming developments, we prefer to answer to this question
in a slightly different way, namely we show that being given u_ € Q and a;4 € (0, 1), it is possible to find a
state u = (a1, uy, )’ € Q such that oy = a4 and (2.2) holds with u, = u.

First, we define the subsonic set

2
SP(u_,a;) = {pl >0 such that <#1(p1)) < 1} .

In order to justify the terminology subsonic, let us underline that for all p; > 0 the quantity

(Gmamn)

can actually be seen as the ratio of the velocity of fluid 1 in the frame of the linearly degenerate wave of speed
ug: uy — ug (by definition m = ayp1(u1 — ug)) and the sound speed ¢;(p1). We are now in position to prove the
following result.

Theorem 2.3. Let u_ be a constant state in Q and aq4 a constant void fraction in (0,1). Assume that u_
s a subsonic state in the sense that p1— belongs to Ssub(u_7 a14). Assume moreover that the pressure law py

fulfills

pi(p1) >0,  pi(p1) >0,  p{(p1) >0 forall p>0,
hmp1~>0 pl(Pl) = hmplﬂopll(pl) = 0;

Hmpl—*OO pl(pl) = hmﬁl—>00 pll(pl) = fo0.

Then, provided that |any — a1—| is sufficiently small, there exists a unique state uy = uy(u_,a14) € Q such
that p14 € S*"P(u_,a1y) and the jump relations (2.2) are satisfied.

The proof of this result is classical and is given, for instance, in [19].

It is important to notice that the set of equations (2.2) is nonlinear, and subject to a proximity assumption
on the void fractions to be well posed. The next section shows how to deal easily with the nonlinearities by
introducing a relaxation approximation of (1.2).

3. RELAXATION APPROXIMATION

The aim of this section is to propose a suitable relaxation approximation of system (1.2). For that, we
start from the fact that the nonlinearities of (2.2) are closely related to the nonlinearities of the pressure laws
Pk — Pk(pk). In the spirit of [12,15,26], we then consider an enlarged system with two additional scalar unknown
quantities associated with two linearizations II; of the pressure laws pi. The point is to modify the pressure
laws in the convective part of (1.2) in order to get a quasilinear enlarged system, and to move their main
nonlinearities in a stiff relaxation term. This relaxation procedure is based on the idea that solutions of the
original system (1.2) are formally recovered as the limit of the solutions of the proposed enlarged system with
relaxation source term in the regime of an infinite relaxation coefficient (see for instance [13]).

As a relaxation approximation of (1.2), we propose the following system of balance laws:

1
O0vE + 0,8°(v) +d°(vF)0,v° = ERE(VE)7 t>0, r €R, (3.1)
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where, by omitting the superscripts € to ease notations, the unknown vector reads

aq
u;
. a1p1 Q2 P2
vV = s , with wu; = , U2 = )
aprul Q202U
041P1T1
042P27'2

whereas the functions g and d are such that

0 urOg0
a1p1Ul 0
arpiu?d + aqlly —1;0, 01
g(v) = Qi P2U2 , d(v)0,v = 0 . (3.2)
azpaul + aslly ;0,04
a1prTiug 0
042/)272“2 0
The relaxation term R(v) is defined by
0
0
0
R(v) = 0 (3.3)
0
041/)1(7'1 - 7'1)

042p2(72 - TQ)

Here, 7; and II; (respectively 73 and Ilp) can be understood as relaxations associated with the specific volume
71 = 1/p1 (respectively 72 = 1/p2) and the pressure p; (respectively po), and we set

Oy = pr(1/T3) + ai(Th — %), k=1,2,

for some constants a; and as precised just below. These relaxation quantities 7 and Il are expected to
converge towards the corresponding equilibrium ones 73, and pg in the regime of an infinite relaxation rate A
(A — o0). However, in order to prevent the relaxation system (3.1) from instabilities in the regime of large
values of A (A > 1), the free parameters a; must be such that

ar > prer(pr), k=1,2, (3.4)
for all the pj under consideration. This condition is the so-called Whitham condition (see for instance [8,12] and
the references therein). We also refer the reader to [7,9] for another relaxation approximation of system (1.2).

Of course, the proposed interfacial velocity u; and pressure II; are naturally defined when setting

ur = ua, II; =114,

in perfect analogy with the choice (1.4) for system (1.2).
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The main interest of this relaxation system lies in the linear degeneracy property of its characteristic fields,
unlike system (1.2), see Proposition 1.1. More precisely, the following statement holds.

Proposition 3.1. For all vector v in the phase space Q" defined by

Q" = {(a1, 1p1, prug, azpa, aspauz, 01 p1 Ty, aopeTz)t € RT - such that
O0<arp<1l and pr>0 and Tx >0 for k=1,2},

the first order system extracted from (3.1), namely

OV + 0,8(v) +d(v)0yv =0, (3.5)
admits the following siz real eigenvalues
)\B(V) = Uz,
A[(V) =uy — a7, A (V) = ug +ay7, (3.6)
A5 (V) = ug — agma, A (V) = ug + azmy, .
)‘g (V) = ur,

and is hyperbolic (the corresponding right eigenvectors span R”) over Q" as soon as us # uy + a;m1. Moreover,
all the characteristic fields associated with {\]},=1,. .5 are linearly degenerate.

.....

Proof. We only propose a sketch of the proof of this result which follows from cumbersome but not difficult
calculations.

First, and unlike Proposition 1.1, we found more pleasant to recast the first order system extracted from (3.1)
when considering the new vector w defined by w = (a1, p1,u1, p2,u2,II;,1l3) as a main unknown. We then
arrive at

ow + B(w)d,w = 0,

with
U9 0 0 0 0 0 0
paiz itz 0 0 000
g
II; —II 1
/1 0 w 0 0 — 0
a1p1 1
p2uz — pata 0 0 wus p2 O 0
B(w) = a2
I, — 11,

Q202 P2

M 0 a_% 0 0 wu 0
a1p1 P1

Glia—u) o o o B o,
Q202 P2

Easy calculations allow to obtain the characteristic polynomial P () of this square matrix:

P = (o = )z = 10? (2 = 0 = 2) (0 = 2 - 43,

2
2 P1
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Uy U2

U — LTk , U + agTg

FIGURE 2. General structure in the subsonic regime of the Riemann solution associated with (3.5).

and then the expected eigenvalues A}, k =0, ..., 5 in (3.6). Note that the multiplicity of A is now two. Provided
that ug # AL, k = 1,2 the following matrix of the associated right eigenvectors is well-defined and invertible

1 0 0 0 0 0 0

r _ 10\2
- [7)“1(>\5T )\Ij") r 0 - ! 2 ! 2 0 0 1
a1 (Ay — AT)(AG — Ap) aiTy  a1Tj

ai7i (N5 — AR

0 1 1 0 0 0
a1(AG = AN (A = A3)
1 1
R(w) = 0 1 0 0 E— 0
2Ty 2Ty
0 0 0 0 1 1 0
2/\7 0\2
ai (A5 — Ap)
— = T ~ 0 - ay 0 0 0
a1p1(AG — AT)(AG — A3)
I, — 11
—— 0 0 0 —as az 0
a2
It is then a classical matter to see that all the characteristic fields are in this case linearly degenerate. O

We note that the convective system associated with (3.1) admits one more characteristic speed 1y in com-
parison with (1.2) (see Prop. 1.1). This one is clearly associated with the proposed equation for 7;. In addition,
the characteristic speed us is of course still present but now gets a second order multiplicity due to the equation
for 7;. The other speeds Aj,, k = 1,...,4 are nothing but linearizations of Ay, kK = 1,...,4 (a1 and a have the
dimension of two Lagrangian sound speeds). See Figure 2.

4. JUMP RELATIONS ACROSS A CONTACT DISCONTINUITY FOR THE RELAXATION SYSTEM

In spite of the fact that all the characteristic fields associated with (3.5) are linearly degenerate, it turns
out that the corresponding Riemann problem is rather involved, as shown in [19]. Generally speaking, the
consequence is that the Riemann solution associated with (3.5) is not given by an explicit formula.

As in Section 2, our objective here is then to characterize the admissible contact discontinuities associated
with Ao = ue and separating two constant states v_ and v in Q". We follow the same procedure. Namely, we
first complete the four conservation laws already present in (3.1) by deriving two additional partial differential
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equations satisfied by the smooth solutions of system (3.1). Then, by means of the usual Rankine-Hugoniot
jump relations, we propose a full set of conditions for such a solution to be admissible.

Proposition 4.1. Smooth solutions of (3.5) obey the following two partial differential equations

8t(a1p1u1 + OéQpQUQ) + c%(alpluf + Oégpgug + aq1l; + OCQHQ) =0,
2 2.2
— T

u
Ayuy + 31,17

5 + 110: 11 =0,

where we have set I = p1(1/71) + a37T;.

Proof. The proposed equations follow from classical manipulations on system (3.5). O

We first notice that among these two additional equations, only one is under conservation form. However,
we will see in the following statement that 77 (and thus I7) is seen to be constant across the contact associated
with Ag (in the absence of resonance with u1). Therefore the non conservative product 79,11 cancels and the
second equation actually provides an additional conservation law. We then easily get the following definition,
comparable with Definition 2.2.

Definition 4.2. Let v_ and v be two constant states in 2". These states can be joined by an admissible Ag
contact discontinuity if and only if the following jump relations hold:

U i= Up_ = Uoy,
m = o1-p1—(u1- —u2) = a1 p14 (U1 — uz2),
mui— + oI +ag_Ilae = muiy + o I + as Ioy,
ml_ = m’T1+,

m? 5 Ti m? o Tir
902 2 Mo T oz 2 Uy
Q_pi- QT4 P14

In such a situation, the speed of propagation of the discontinuity is given by us.

It is worth noticing that the first two equations in (4.1) and (2.2) are identical, while the third are similar
in the sense that II; and IIs play the part of linearized pressure laws. On the contrary, and thanks to the
proposed relaxation approximation, the last equation in (4.1) is significantly simplified (i.e. less non linear) in
comparison to the last equation in (2.2). We seek now to obtain a result analogous to Theorem 2.3.

Theorem 4.3. Let v_ be a constant state in Q" and a4+ a constant void fraction in (0,1). Assume that v_ is
a subsonic state in the sense that
m o \2
( ) <t (4.2)

1407

Then, provided that |c14 — aq—| is sufficiently small, there exists a unique subsonic point p14 such that the last
equation in (4.1) holds true. It is explicitly given by

prv = (4.3)

Moreover, if we get for any given 7oy

— m(uH — ’U,lf) + (041,H1, — Oél+]:[1+) +ag_ Il — 042+IQ+ < 0, (44)
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with Iy = pa(1/T2) 4+ a7z, and ui4 defined by the second equation in (4.1), then we can define uniquely pay > 0
such that the third equation in (4.1) holds true. It is explicitly given by

- 1 - 7m(ul+ — ’U,lf) + (()41,1_11, — Oél+]:[1+) + QQ,HQ, — 042+IQ+
oy = — = — > (4.5)
P2+ Q2403

and we thus can find a unique state vy = v (v_,a1y) € Q" so that the jump relations (4.1) are satisfied.

Proof. This theorem is not difficult to establish thanks to the linearized formulas (4.1). First of all, the
state v_ is assumed to be subsonic in the sense of inequality (4.2), which is equivalent to

—-1< < 1.

Q1401

Provided that |14 — aq—] is sufficiently small, we also have

—-1< < 1.

a1_aq

Then, it is easily checked that the unique solution p14+ > 0 of the last equation in (4.1) is given by the well-
defined formula (4.3). Defining us = ugy = uo— and w4 = us +m/aq4p14+ according to the first two equations
in (4.1), it is easy to see that under (4.4) the unique solution pa; > 0 of the third equation in (4.1) is explicitly
given by (4.5). O

Remark 4.4. In the context of the proposed relaxation approximation, poy is now explicitly given.

5. NUMERICAL APPROXIMATION

In this section, we propose to derive a numerical scheme for approximating the weak solutions of the following
initial value problem associated with system (1.2):

{ opu + 9,f(u) + c(u)du = 0, t>0, xr € R, (5.1)

u(z,0) = ug(x).

Of course, the proposed relaxation system (3.1) is going to be used. Let us first introduce some notations. In
what follows, At and Ax are respectively the time and space steps that we assume to be constant for simplicity.
We also set v = % and define both the mesh interfaces z;,1/o = jAx for j € Z, and the intermediate times
t"™ = nAt for n € N. As usual in the context of finite volume methods, the approximate solution x — u, (x,t") is
assumed to be constant at each time ¢" in cells C; = [xj,l/g, xj+1/2|: and the corresponding values are called u’.

Therefore, we have
u, (z,t") = uj forall zeC;, j€Z, neN.

At time ¢ = 0, we use the initial condition ug provided in (5.1) to define the sequence (u?) ; as follows:

0 1

Tjt+1/2
u; = E/ ug(z)dz, Vj e Z.

Tj—1/2

5.1. The relaxation method

Let us now briefly describe the two-step splitting technique associated with the relaxation system (3.1) in
order to define u,(.,t" 1) from u,(.,#"). Such a strategy is very classical in the context of relaxation methods



TWO-FLUID TWO-PRESSURE DIPHASIC MODEL 1075

and proposes to first treat the convective part of (3.1), and then to take into account the relaxation source term.
We first introduce the piecewise constant approximate solution x +— v, (z,t") at each time ¢" of system (3.1)

u”
j
vi=| (upTh)}

(2p2T2)}
At time t = 0, function x — v, (x,tY) is set at equilibrium, which means
(i 71)} = ()] and  (agpeTe)] = (a2)}.

The two steps are defined as follows.

Step 1. Evolution in time (t" — t"*17)
In this first step, the following Cauchy problem is numerically solved for small times ¢ € [0, At]:

(5.2)

OV + 0,8(v) +d(v)dyv =0, r €R,
v(x,0) = v, (x,t").

Since x — v, (z,t") is piecewise constant, the exact solution of (5.2) is theoretically obtained by gluing together
the solutions of the Riemann problems set at each interface x; /o provided that At is such that

At

. 1
Em&xﬂ)\;(vﬂ, i=0,..,5} < 3 (5.3)
for all the v under consideration. More precisely
T Ti41/2 0 o on
vy (x,t) = vy (fj/;vj ,vj+1) for all (z,t) € [xj,xj+1] % [0, At], (5.4)

where (z,t) — vy (§; VL, VRr) denotes the exact self-similar solution of the Riemann problem

v + 0,8(v) +d(v)d,v =0, z € R, teRH>

(2,0) vy if z<0, (5.5)
v(z,0) =
’ vg if x>0,

for vi, and v given in the phase space 2".

Note that these exact Riemann solutions are difficult to calculate as already explained at the beginning of
Section 4. Therefore some approximate Riemann solutions (z,t) — V.(%;vr,vr) of (5.5) are expected to be
used in practice, giving rise to a natural approximate solution (z,t) — ¥, (z,t) of (5.2). This issue is going to
be discussed in detail in the next subsection.

In order to define a piecewise constant approximate solution on each cell C; at time ¢"™'~, we then propose
the following classical averaging procedure of x — v, (x, At):

u -

J x
1 j+1/2
VIt = | (D) | = A_x/ vy (7, At)dz, JEL. (5.6)

(a2p27—2)?+17 L
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Step 2. Relaxation ("1~ — ¢"*1)
In this second step, we propose to solve at time t™ + At the ordinary differential equations

v = I\R(VY), z€R, (5.7)

in the asymptotic regime A\ — co. As initial condition, we take the function z +— v, (z,t"*17) obtained at the
end of the first step and defined by

vy (a, ") = VI forall zeC;, jeLZ.

Using the definition (3.3) of the relaxation source term R, this clearly amounts to set

n+1
Y;
vitt=| (apT)J™ |,
(a2p2T2) !
with u?'“ = ugH'l_ and (Tk)?"’l = (Tk)gH_l i.e.
()i = ()], (o)™ = (a2)) .

This completes the description of the two-step relaxation method.

5.2. The approximate Riemann solution (z,t) — V:(%;vL,VR)

Our objective in this section is to detail the Riemann solver (z,t) — V.(%; VL, Vr) associated with (5.5) for
any given vy, and vy in the phase space 2", and implicitly used in the update formula (5.6). According to the
previous subsection, the initial states vy, and vy are assumed to be at equilibrium, i.e. such that

ur.r ur.r
vir=| (capi)r | =| aLr |, (5.8)
(v2p2T2)L. R Q2L R

with uy and ug in Q.

As already discussed in Section 4, the exact Riemann solution to (5.5) is not explicitly known given two
different void fractions a7, and a1 g. To lessen computational costs in the numerical procedure, we then decide
not to compute it exactly but to use a suitable approximate Riemann solution. In fact, the proposed approximate
Riemann solver turns out to be an exact Riemann solver but associated with a simpler system.

Let us briefly discuss the derivation of such a system. We have observed in the previous paragraph that (5.5)
is easy to deal with when a1, = aj1r. The reason is that in this very particular case, the non conservative
product I1;9,c; is known a priori (is zero in fact) and, in some sense, no longer enters the resolution of the
Riemann problem. Recall that this nonconservative product acts on the contact only, while its mass (II;0,aq)
represents (to within a sign) the jump of aslly between the right and left states of the discontinuity®. Indeed,
if u5 denotes the speed of propagation of the contact, the Rankine-Hugoniot jump relations applied to the fifth
equation in (3.1) (with A = 0) give

—ujloopaus] + [aopous + aolls] + (I11dyaq) = 0,
that is (recall that ug is continuous across the contact and equals u3)
<H]am041> = 7[0421_12].

6The jump of a quantity X between the right and left states of a discontinuity is noted [X] in the following.



TWO-FLUID TWO-PRESSURE DIPHASIC MODEL 1077

The value [as]l3] of this jump depends on the left and right initial states vy and vg but note that by the
equilibrium property (5.8), it can also be understood as a given function of uy, and ur. We thus have:

H;0:a1 = —[aolla](ur, uRr)ds—ust-

Following the same idea, we propose not to find the exact value [a2Ilz)(ur,ur), i.e. not to consider it as an
unknown, but to guess it a priori in order to facilitate the resolution of the Riemann problem. In other words,
we replace the actual value [aoIlz](uy,ur) with an estimation [aoIls](ur,ur) of the jump of Il across
the contact. This degree of freedom may be put in touch with the relative flexibility in the discretization of
nonconservative products associated with linearly degenerate characteristic fields (see for instance [25]).

We are thus led to introduce the following system:

OV + 0,8(v) = =d(V) 0.V, t>0, x € R, (5.9)
with
urOp0
0
+[O{2H2](UL, uR)(szfu;t
d(v)0,v = 0

—laella)(ur, uR)ds—uzt
—m(Tir — TiL)0z—ust

0
The vectors v and g are kept unchanged, namely
0
aq Q1 Pp1U1
u; arpiu? + aqlly
v = us , g(v)= Q202U2
arp1 Ty aapau3 + aolly
a2p2’]'2 041P17'1U1
Oé2p27—2u2

On the contrary, we remark from the sixth equation in (5.9) that a1p17; no longer evolves according to the
original conservation law

Ora1p1Th + Opaip1Tiu; =0
across the contact, which would mean m[7;] = 0 using the notations of Definition 4.2. If the relative mass flux
m # 0, this would imply the continuity of 7; ([71] = 0). Instead, we now impose

Ororp1Th + OzcrprTivy = m(Tir — Tin)0w—ugt-

We thus have [T1] = (71g — 711.) across the contact. The reason of such a modification is motivated by the
validity of the accuracy property stated in Proposition 5.6 and Theorem 5.8 below. Additional explanations
will be given in Remark 5.7 (Sect. 5.3). Another objective of this term is to make trivial the AI-discontinuity
in the resolution of the Riemann problem (see Thm. 5.4 below). Recall indeed that the eigenvalue A\ = w; is
not present in the equilibrium system (1.2) (see Prop. 1.1).

Remark 5.1. The eigenvalues of system (5.9) are the same than the ones of system (3.5). Moreover, all its
characteristic fields are linearly degenerate.
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On the \g-contact discontinuity, the first two relations in (4.1) still hold”:

U2 ‘= U2— = U2+,

m = a1-p1—(u1— — u2) = @14 p14(ur4 — u2).

Therefore, the parameter m is well defined in d(¥).

For this section to be completed, it remains now to give both the definition of [a2Ilz](ur,ur) and the
Riemann solution associated with (5.9). This is the objective of the next two paragraphs.

Estimation of [asIls](ur, ur) across the contact. This part is devoted to the definition of [asIls](ur, ug).
Recall that this quantity aims at providing a relevant approximation of the actual jump [a2Il2|(ur, ug) across
the contact in the solution of (5.5). For the sake of accuracy, we would like this approximate value to be exact
when uz, and upr can actually be joined by an admissible contact, i.e. when u_ = uy and uy = ug are such
that jump relations (2.2) associated with the equilibrium system (1.2) are satisfied.

With this in mind, we first propose to define from u;, and ug two reconstructed states Ty, and upg such that
Uy, and ug on the one hand and uy, and ug on the other hand can be joined by an admissible contact. In other
words, and using the proposed notation in Theorem 2.3, we set

Uy =uy(ug,o1r) and  Ur =uy(ug,aiR). (5.10)
At this stage, these two admissible contact discontinuities provide us with two possible choices of [aoIls](ur, ug),
namely [a2Ilo](ur, ur) = (a20l2)(Wr)—(allz)(ur) and [asllz](ur, ur) = (aslls)(ug)—(aellz) (). Of course,
we note that if uy and upr are joined by an admissible contact, we have iy = ur and up = up so that both
possibilities coincide with the exact jump [aeIlo](ur,ur). In the general case, we propose the following natural
choice

aaTTa] (g, 1) = { (aolly)(TR) — (aolly)(uy) if d(ug,ug) < d(up,u),

(azllz)(ug) = (a2llz)(ar) if d(ug,ug) >d(aL,ur),
where d(.,.) denotes the Euclidean distance function. Actually this choice criterion doesn’t seem to play an

important role: in the numerical tests we performed, no difference can be spotted if one estimate is preferred
to the other (see Fig. 9).

Remark 5.2. In this section a1, # ajp is assumed. It is however worth noticing from a continuity point of

view that if a1, = a1 g we have by definition Uy, = ug and Wg = ur, and then [asIls](ur, ur) = 0 as expected.

The Riemann solution (z,t) — V(§;vr,vr). We now give the Riemann solution (z,t) — V.(%; VL, VRr) of

OV + 9,g(V) = —d(V)0, v, r €R, t e RH*

(2,0) = vy if x <0, (5.11)
VAEE) = vg if x>0,

with vz and vy in the phase space €2".

Before stating the corresponding theorem, let us briefly discuss this issue and more precisely the proposed ad-
missibility criterion for defining the contact discontinuities. Recall that, by Definition 4.2 any admissible contact
discontinuity of the original relaxation system (3.5) (with A = 0) should satisfy the five jump relations (4.1). We
now deal with the new system (5.9) that proposes to impose two relations across these discontinuities, namely
the jumps of 77 and aslly according to

m[T1| =m(Tig — Tir) and  [aells] = [aslls](ur, ug).

"The subscripts _ and + refer to the states on each side of the discontinuity.
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These relations modify the definition of an admissible contact (4.1). We recall that the first two equations
in (4.1) still hold. We suggest to keep on imposing the conservation of momentum and then we define:

Definition 5.3. A )y contact discontinuity of the modified relaxation system (5.9), separating two constant
states v_ and v, such that a;_ # a3y and propagating with speed ug, is said to be admissible if and only if
the following jump relations hold:

Ug = Ug_ = Uy,
m = on-p1—(u1— — uz) = a1 p14 (U4 — u2),
mui— +oq_Ilh - + ag_Tlo = muiy + a1+ + aoy oy, (5.12)
m(Tiy —Ti—) = m(Tir — TaL),
oy Iy — ay Ty = [aslly](ug, ug).

Before stating the main result of this part, we need to precise how to chose the two constants a; and as.

Theorem 5.4. Let vy and vg be two constant states in Q" at equilibrium (i.e. (5.8) holds true) and such that
a1, # air. Moreover, let the free parameters ag, k = 1,2 to be chosen large enough to satisfy the following

inequalities on one hand
A(ve) <wui—, wuz < Ay(VR),
-

A(ve) <wg,  uig < A5(VR), (5.13)
)\g(VL) < Uus < )\Z(VR)
and the following simplified Whitham condition on the other hand

ax(ur,ur) > max(prrcr(prr), prrck(Prr)), k=1,2. (5.14)

Then, the self-similar weak solution (x,t) — Vy(z/t,vr,vr) of (5.11) that presents an admissible Ao contact
discontinuity in the sense of Definition 5.3 is such that

aq
up
Velz/t, v, Vi) = uz (x/t,vL,VR),
041/717'1
azp2Ts

where first, the main functions (z,t) — wy(x/t, vy, vr) and (z,t) — ws(x/t, vy, vR) exhibit two intermediate
constant states: '

uy;, if 7 <A (vp),

u - if AN(vi) < § < ug,

u if uz < ¥ < \y(vR),

uiRr Zf > )\5 (VR),

Uusy, Zf < )\é (VL)7

us_  if )\Q(VL) < % < Usg,

upy  if ux < § < Nj(VR),

Usp Zf % > )\Z(VR),

ui(xz/t, vy, VR) =

+|8 8

ug(x/t,VL, VR) =

and then,

X if < ust,
X(x/t,VL,VR){ Xn if 7> ust for X =oa1,71,75.



1080 A. AMBROSO ET AL.

In these formulas, ua denotes the speed of propagation of the contact associated with A\ and satisfies
Uy = Ug— = Ug.

Defining u. and (au). by

u, = 3(uip + uig) — ﬁ(ﬂm —1Ii1),
(au)s = 2 (aiLuir + aipuir) — ﬁ(alRﬂlR —aIliL),

the four intermediate states

a1p1 Qg P2
Ui+ = ) Ug4 = )
Q1p1U 4 Q202U2 4

aor N5(ve) + aerN)(Vr)  aoplar — aeplor  [a2Ilz)(ur,ugr)

are characterized by

U =
Qzr + 2R as(er + aor) as(er + aor)
1 u9 —)\g(VL) 1 )\Z(VR) — U
o= =, Ty i= —— =,
P2— a2 P2+ a2
L =p2(1/Tor) + a3Tor, Iop = p2(1/Tog) + a3Tar,
and, setting
m = aipp1-(u1- —uz) = a1ppr+ (U4 — uz)
—[aoIl](ug,ug) + a1 (2(0&4)* —uz(our + OélR))
- A5(VR) — AT(vie) ’
. —aq|aeIla](ur,ur) — M + 2a1 (a1 (au). — muy) S ui— — Aj(vp)
= 2a1(araqy, —m) b a ’
—ay[axllz](ur, ur) + Mm + 2a; (a1 (eu). + muy) Ay (VR) — uiy
it = S —
2a1(ar0qp +m) ay

My =m(Iig — Li1) + a?us(air — a1r),
Ly =pi(1/Ti) + aiTip,  Lig =p1(1/Tig) + aiTig.
The proof of this result is given in Appendix 1.

Remark 5.5. We underline that, by definition of the phase space Q", the volume fraction ai; # {0, 1}. Moreover,
since the free parameters ay, k = 1,2 are chosen to guarantee that (5.13) hold, we get that p1_, pa—, p14+ and
p2+ are necessarily positive.

5.3. Stability and accuracy properties of the relaxation method

The aim of this section is to give some interesting accuracy and stability properties of the proposed relaxation
method. Their validity naturally relies on similar properties satisfied by the approximate Riemann solution
(z,t) = Vr(%;VL,VR), and allow to validate our approach from a theoretical point of view. The next section
will be devoted to numerical experiments.

We begin by collecting the main properties of the approximate Riemann solution.
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Proposition 5.6 (the Riemann solution (z,t) — Vr(%;vL,VR)). Let ur and ug be two constant states in €,
and let vy, and vg be the two corresponding equilibrium states defined by (5.8).

(i) (Conservativity). The Riemann solution (x,t) — Vi($;vL,VR) satisfies the following three conservation
laws if a1 # oqR:

Ora1p1 + Opar1pruy = 0,
atOZQPQ + aa:a2p2u2 =0,
O (arprur + azpaug) + 0z (a1 prui + agpaus + a1l + aslly) = 0,

and the following four conservation laws when a1, = a1Rr:

Ora1p1 + Ogaiprur =0,
O (c1prur) + Oz (1 pru? + aqlly) = 0,
Oraapa + Oprzpauz =0,
Ot (apaus) + Oy (2pau3 + aslly) = 0.

In other words, the mass and momentum of both phases evolve according to natural conservation laws when
expected.

(i) (L' stability). Provided that the free parameters a; = a1(up,ur) and az = az(uy,ug) are chosen sufficiently
large according to (5.13) and to (5.14), the Riemann solution (x,t) — Vy(§;vL,VR) belongs to Q.

(131) (Solid contact discontinuity). Assume that ur, and ug can be joined by an admissible contact discontinuity
of the equilibrium system (1.2), i.e. are such that the jump relations (2.2) hold. Then, the approximate Riemann
solution (x,t) — V(%; VL, VR) 15 exact in the sense that it consists of an isolated contact discontinuity separating
vy and v and propagating with speed usy, = UsR.

Proof.

(¢) This is true by construction, see indeed systems (5.9).

(i) We have to check that oy (%;vr,vr) € (0,1) and pxp($;ve,vr) > 0 with k£ = 1,2 and for all (z,1),
t > 0. The first point is obvious since «y evolves according to a transport equation and then equals
either ayr, or agr. Concerning the second point, we know by Theorem 5.4 that the sign of the densities
P1—, P14, p2— and poy are respectively the same as the sign of ui— — A[(vy), A5(VR) — w1y, ug — A5(vL)
and A} (Vgr) —ug. It is then clear by definition of the eigenvalues A, [ =1, ..., 4 that these quantities are
necessarily positive for large values of a1 and as (note that u4 and ug remain bounded in this regime).

(#31) To prove this accuracy property, it is sufficient by uniqueness of the Riemann solution (x,t) — Gr(%; v,
vg) to verify that the discontinuity separating v; and vi and propagating with speed uor, = uap is
admissible in the sense of Definition 5.3. The fourth equation of (5.12) is trivially satisfied. The
equilibrium property (5.8) implies 717, = 711, and 71 g = T1r, but alsoIl1;, = p1(p1) and Il1 g = p1(p1R)-
Invoking the jump relations (2.2), the first three equations in (5.12) are then also immediate. The last
equation follows from the fact that [aeIls](ur,ur) = asgllag — asp sy, since uy, and up are joined by
an admissible contact. O

Remark 5.7. It is important to notice at this stage that the accuracy property (iii) would not be satisfied if
the original conservation law d;a1p1 71 + Oza1p171u; = 0 had been retained in system (5.9). Indeed, the fourth
equation in (5.12) would read in this case m7y, = m7; g that is mm, = mr g by the equilibrium property (5.8).
This relation is of course false in general for uz, and ug such that the jump relations (2.2) hold.

The results of Proposition 5.6 then easily apply to get the following theorem giving the main properties
satisfied by the relaxation method described in Section 5.1. Recall that the latter is based on the classical
averaging procedure (5.6) of the juxtaposition of Riemann solutions (x,t) — V. (%; Vv, vj41) (Step 1), followed
by an instantaneous relaxation that only modifies the relaxation quantities 7;; and 73; (Step 2).
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Theorem 5.8 (the relaxation method). The relazation method described in Section 5.1:

(1) (Conservativity): is always conservative on agpr, k = 1,2 and arpiur + aspaus, but also on agprug,
k=1,2 if oy is constant for all j.
(ii) (L' stability): provides numerical solutions that remain in the phase space provided that the free pa-
rameters ar = ax(u;, ujp1), k = 1,2 are chosen sufficiently large according to (5.13) and to (5.14), for
all j.
(#i7) (Solid contact discontinuity): captures exactly the stationary admissible contact discontinuities of the
equilibrium system (1.2).

Remark 5.9. Due to the averaging procedure (5.6), it is usual that only the stationary admissible contact
discontinuity may be exactly computed.

Remark 5.10. Property (i) gives the variables that are updated with a conservative formula from time "
to time t"*1~ in the relaxation method. More generally, and using Green’s formula, we easily get from (5.6)
and (5.11) the following non conservative update formula

) 12 [t +At
VIt = v — u(g 841/~ ] 12) A:c/ / d(v,(z,1))0;V, (x,t) dz dt, (5.15)

Tj—1/2

with gﬁrl/Q:g( (0 ;v VJ+1))

We recover in particular that the variables associated with a zero component in the non conservative product
are treated in conservation form.

5.4. A natural cheaper relaxation method

The explicit knowledge of the Riemann solution (x,t) — ¥V, (z/t, vy, vR) given in Theorem 5.4 relies on the
first computation of [aolls](ur,ug). In order to define the reconstructed states Uy and ug in (5.10), this
one necessitates twice the resolution of the nonlinear system (2.2) associated with a contact of the equilibrium
system (1.2). A natural modification leading to a cheaper strategy consists in performing the reconstruction
procedure when using the jump relations (4.1) associated with the relaxation system (3.1). Recall indeed that
the former leads to explicit formulas (see Thm. 4.3).

The consequence of such a modification is the loss of the accuracy property (#i7) in Proposition 5.6 and
Theorem 5.8 above. Indeed, the new reconstructed states Uy, and Tg are in this case (generally) different from
uy, and ug when these states can be joined by an admissible contact of system (1.2) (i.e. satisfy (2.2)). Then
[aoIlo](uyr, uR) is no longer exact.

Note however that systems (2.2) and (4.1) lead to the same solution in the asymptotic regime of relative

Mach numbers azm; and azm; tending to zero. Indeed, we first get p;— = pi4 for both systems, then

1-P1— 1-P1—

Ti— = 11— = T4+ = 71+ by the equilibrium property in (4.1), so that the first three equations eventually
coincide in (2.2) and (4.1). This justifies the proposed modification in the context of subsonic flows of interest
in this paper.

6. NUMERICAL EXPERIMENTS

This section is devoted to numerical simulations of the two fluid two pressure diphasic model. For each test
we compare four different Riemann solvers that we label Rusanov, Relax-exact, Relax(1), Relaz(2).

Rusanov denotes a non conservative version of the Rusanov scheme which is explained in detail in [20].

The other solvers are based on the relaxation approach we presented. The first one, labeled Relaz-exact
uses the exact Riemann solution (x,t) — vy (§;vr, vg) in formula (5.6). We recall that this implies to solve a
fourth-order polynomial which is achieved by an iterative algorithm (see [19]).
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TABLE 1. Pure stationary contact — initial conditions.

Unity L R
aq - 0.8 0.2
p1 10°Pa 125 pi(pir)
pa 10°Pa 1.25 pa(p2r)
wp m-s~1 50 UIR
uy m-s~t 0 UsR

The last two schemes use the approximate Riemann solution (z,t) — frr(%; vy, vg) and correspond to two
different estimations of the term II30,c;. The method labeled Relaxz(1) estimates this term wvia the jump
conditions (2.2) of the initial diphasic model (1.2).

The other (cheaper) method labeled Relax(2) uses an estimation vie the jump conditions of the relaxation
model (3.1) with A = 0 and is explained in Section 5.4.

Two kinds of simulations are proposed. The first one referred to as ‘pressures out of equilibrium’ focuses on
system (1.2) without any extra source term. On the contrary, the second one referred to as ‘pressure equilibrium’
takes into account an additional pressure relaxation source term between phases 1 and 2 in the first equation
of system (1.2).

6.1. Pressures out of equilibrium

Here, by the sake of simplicity, we consider the following equations of state:

which means that the two phases are isentropic. We note v, the adiabatic coefficient of phase k and Ay a
constant depending on the entropy of the fluid. Actually, A is computed on the basis of a reference state:

3\ Yk
A = 5%}3. We consider a case where the coefficient A, takes the constant value of 10°Pa (f—;) ,for k=1,2

kO
and we choose 73 = 1.4 and 5 = 1.2. Computations are performed on 200 cells. Initial conditions correspond
to shock tube test cases:

() uy; if z <10,
Uglxr) =
urp if z > 10.

6.1.1. Pure stationary contact

In this first test case, we consider a left state uy and a right void fraction a;r given in Table 1. Using the
notations of Definition 2.2 we set the right state as ugp = ui(ur,a1r). Numerical values of the remaining
variables result from a resolution (for instance with a Newton algorithm) of system (2.2). Since the velocity of
the left state is chosen to be zero, we have that the velocity of the right state is equal to zero. Thus, the two
states uy, and up are separated by a stationary Ag-contact discontinuity. This choice allows us to observe how
each method preserves numerically such a solution. Results for the two phases are displayed at final time 0.02 s
in Figures 3 and 4. In agreement with Theorem 5.8 above, the relaxation solver Relaz(1) provides a perfectly
sharp discontinuity at = 10 m while the two other relaxation methods slightly diffuse the profile. The Rusanov
scheme is even more diffusive. In particular, one can easily notice in Figure 4(b) that only Relax(1) exactly
preserves the stationary profile of velocity us. The other solvers yield non uniform discrete solutions.

This test case illustrates numerically the importance of the term m(7ir — 711)0z—uy¢ added in (5.9) in the
equation associated with aip177. Recall that this term is responsible for the approximate Riemann solution
(z,t) = Ve(%;vL, VR) to be exact when an isolated contact discontinuity is considered. Indeed, the Relax(1)
method provides an exact solution. In contrast, the Relaz-exact method which does not take into account this
modification leads to an approximate solution.
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FIGURE 3. Pure stationary contact — numerical results for phase 1.



TWO-FLUID TWO-PRESSURE DIPHASIC MODEL 1085

1.255

Rusanov
Relax-exact - g
Relax(1) -
1.245 |+ Relax(2) b

1.25

124 b
1.235 b
123 b
1.225 b

122 b
1.215
121
1.205

1.2

Rusanov

Relax-exact --—-------
Relax(1) -
-1.5 Relax(2) B
2k |
25+ e
3 . . .
0 5 10 15 20

X

(b) Velocity uz (m/s)

FIGURE 4. Pure stationary contact — numerical results for phase 2.

The failure of the Relaz(2) solver has a different origin. This one actually takes into account the additional
term m(71g — T11)0z gt in (5.9) but is based on an estimation of the non conservative term [azllz](uz, ur)
via approximate jump conditions (4.1), instead of (2.2). This explains the non exact capture of the solution
(see Sect. 5.4).

However, note that the errors are significantly smaller for the last two relaxation methods than for the

Rusanov scheme.

6.1.2. Moving contact discontinuity

The initial conditions of this test case are given in Table 2. Data are constant except for the void fraction a;.
Since we have p; = p» = 1.25x 10° Pa and u; = us = 50 m-s—!, the two states u; and upg verify the
jump conditions (2.2) with m = 0. In other terms, the two states are separated by a pure moving Ag-contact
discontinuity of velocity us = 50 m-s~!. The results are plotted at time 0.05 s in Figures 5 and 6. We can easily



1086 A. AMBROSO ET AL.

0.8 |
\ Rusanov
\ Relax-exact --—------
\ Relax(1) -
Y \\ Relax(2) B
0.6 \
0.5
04
0.3
0.2

20
(a) Fraction aq (-)
FIGURE 5. Moving contact (1/2).

TABLE 2. Moving contact — initial conditions.

Unity L R
(65] - 0.8 0.2
p1 10°Pa 125 1.25
pa 10°Pa 125 1.25
up m-s~' 50 50
us m-s~' 50 50

TABLE 3. General shock tube test — initial conditions.

Unity L R

- 0.8 0.2
p1 10°Pa 1.5 1.0
pe 10°Pa 1.5 1.0
wp m-s~t 50 50
us m-s~t 5 5

notice that uniform profiles are preserved by all the methods. On the other hand, one checks that relaxation-
based solvers yield similar results for the void fraction profile in Figure 5. They are obviously much less diffusive
than the Rusanov scheme.

6.1.3. General shock tube test

Initial conditions of this shock tube test are given in Table 3. Results of this simulation are displayed at final
time 0.01 s in Figures 7 and 8. All the solvers based on the relaxation approach give similar results. Again, one
may remark that the relaxation approach is much less diffusive than the Rusanov method.

A second simulation is shown in Figure 9 and corresponds to a general shock tube test, where we compare
results obtained using the two different estimates of [aoIls] presented above. For fine meshes (400 cells here),
no difference can be spotted.
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FIGURE 6. Moving contact discontinuity (2/2).

TABLE 4. Constants in the equation of state.

ck (m-s—) pp (kg-m™?)
Air (1) 105 0
Water (2) 1000 999.9

6.2. Pressure equilibrium

We want to solve in this section system (1.2) with the presence of an additional pressure relaxation source
term in the first equation. More precisely, given €, > 0 the pressure relaxation time between the two phases,
this equation becomes

1
Opoy 4 u20, 01 = 8—(191 (p1) — p2(p2))- (6.2)
p

We are interested in the asymptotic regime €, — 0, so that equation (6.2) equivalently recasts, at least formally,
p1(p1) = p2(p2). Numerically, this instantaneous pressure relaxation is done via a two step splitting method
detailed in the following.

First, consider the approximate solution u,(x,%") at time t". We solve the convective part of the system
on the whole space domain thanks to one of the proposed Riemann solvers and note the resulting approximate
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FIGURE 7. General shock tube test — numerical results for phase 1.
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FIGURE 8. General shock tube test — numerical results for phase 2.

solution u,, (z,t™1). Then the solution u, (z,#"*!) at time ¢"*! is obtained by setting
(i)™ = (onpr)

(akpru) = (anprur) ™, k=1,2,

and resolving on each cell the following equation:

(aps ™\ () 63
N\ Vs | P2\ 7| =Y :
(al)jJrl 1- (al)j+1
to define the equilibrium void fraction (041)}”1. The equations of state we consider are the same than the ones
given by Munkejord [32] that is

Pk :C%(Pk_Pg)a k:172a

where the constants ¢, and pg are respectively the sound speed and the ‘reference density’ of phase k. The
values of these constants are given in Table 4. Equation (6.3) can be solved explicitly. We get the equilibrium
void fraction (oq)}“r1 at time t"*! by the following formula:

(az)H1 = 1= (o)1 = 2V Vs~ Wt (6.4)

/ 29 ’

where

_ 20 2 0
Y1 = capg — Cip1,

e = —c5((azp2)] ™ + p3) + (= (arp1) ] + p1),

and

s = Slanpa)l
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FIGURE 9. Shock tube-different estimate of [asIls].

TABLE 5. Large relative velocity shock tube — initial conditions.

Unity L R
o - 0.29 0.30
p 10°Pa 2.65 2.65
w; m-s~t 65 50
wy m-s~ 11 1

6.2.1. Large relative velocity shock tube

This test case is given in Munkejord [32]. The length of the domain is now 100 m and initial conditions are
such that:

() uy; if z <50,
Uolx) =
up if z > 50,
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FicUrEe 10. Large relative velocity shock tube — results for phase 1.

TABLE 6. The water faucet test case — inlet and outlet conditions.

Unity Inlet Outlet
- 0.2 -

p 10°Pa 1.0 1.0

u; m-s ! 0 -

us m-s ! 10 -

with uy and upg written in Table 5. We compute the solution on a grid of 1000 cells. Results are plotted at
final time 0.1 s in Figures 10 and 11. These numerical results are similar to the one obtained in [32] with a
first-order scheme.
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6.2.2. The water faucet test case

The water faucet test case is a classical benchmark test for one-dimensional two-phase flow simulations and
is described in Ransom [33]. This test consists in an incoming water flow in presence of gravity in a vertical
tube with length 12 m and diameter 1 m. More precisely, at the temperature T' = 50 °C, we consider a flow of
water (phase 2) at the top of the tube in = 0 m with inlet conditions given in Table 6. The bottom of the
tube in # = 12 m is open to room pressure p = 10° Pa (outlet conditions) and the top of the tube is closed to
air flow (phase 1), i.e.

ui(x =0,t) = 0.
The initial conditions on the domain are given by the inlet conditions. Since a gravity field is introduced in this
test, the momentum balance equation for phase k reads

O (anprur) + 0y (awpruj + pelpr)) — p1(p1) 0ok = arprg, k=1,2.
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In the numerical scheme, the source term agprg is accounted for by using a standard explicit centered approx-
imation. We fix the boundary conditions to the inlet conditions for the top of the tube while we solve an half
Riemann problem for the bottom (see Dubois and LeFloch [17]). Due to the effect of gravity, a thin liquid jet
will form. It is common to compare the solution of this problem to the analytical solution of the much simpler
model corresponding to the following momentum balance

O(avapaus) + Oy (062P2U§) = Qip2g.

This gives for the air void fraction (see [14]):

0,0

1— =2t if g <yt + Lgt?

o (z,1) = V2sat (g =t R 6.5)
1—a9, otherwise,

where a = az(x,t = 0) and ud = uz(z,t = 0) and for the velocity of water:

V(W92 + 29z, if x < udt + Lgt?

’U,Q(I',t): ( 2) gz, = W2 Qg ) (66)
ud + gt, otherwise.

Numerical results for Relaz(2) method are plotted in Figures 12(a) and 12(b) with different grid resolutions.
Since the other relaxation-based solvers give similar results, we plot results only for the scheme Relaz(2). The
results are similar to Munkejord [32] for a first order scheme on the two-fluid two-pressure diphasic model with
instantaneous pressure relaxation.

APPENDIX 1. PROOF OF THEOREM 5.4

First of all we recall that the eigenvalues and the nature of the characteristic fields of system (5.9) are the
same than the ones of system (3.5).

Moreover, from the first equation in (5.9), we deduce that the variable oy (and then ag, since as =1 — ay)
admits a jump only on the Ag-contact discontinuity. Then, on the left and on the right of this discontinuity,
we can rewrite system (5.9) as two decoupled systems on the fluid 1 and fluid 2 respectively:

dp1 + Oz(prur) = 0,

O¢(prur) + 9z (pru? + I1y) = 0, for £ <Ay and £ > A, (6.7)
Oe(p1Th) + 02 (p1Thur) =0,

Op2 + Oy (p2u2) =0,

Or(pauz) + 0z (pau3 + 1) = 0, for T <Ap and 7 > Ag. (6.8)

O¢(p2T2) + Oz (p2T2uz) =0,
At the M\g-contact discontinuity, the jump relations (5.12) must be verified.

We focus now on the variable 7;. It appears from (6.7) and (5.12), that jumps in 77 are admissible only on
the Ao and the A5 wave. The fourth equation in (5.12) implies that the whole jump between the right and left
values is carried by this latter wave. Therefore, 77 is continuous on the As-wave and the same is true for all the
other variables by usual jump conditions on (6.7) and (6.8). This implies that the Riemann problem solution
does not depend on the relative position of the A\5- and Ag-waves. Its structure is presented in Figure 13. We
want now to compute the intermediate states for the fluid 2. The Rankine-Hugoniot relations on the momentum
balance equation on the A3 and As-waves read:

—Ns(vi)(pa—ua— — popuar) + (pe—ub_ — poru3;) + o — 1, = 0,
—Ni(VR)(p2rusr — payusy) + (p2rU3R — p24u3y) + 1o — Iy = 0.
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FIGURE 12. The water faucet test case — numerical results for Relaz(2).

Whereas the continuity of the wave speeds for the A3, A\y and A\p-waves gives:

)\6 = U2— = U24+ = U2,
A3 (VE) = ugp — agTor, = ug — agTo_,

)\Z(VR) = U2R + A2Tor = U2 + A2To4.

(6.9)
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U — LTk , U + agTy

Vi / Vr

FIGURE 13. General structure in the subsonic regime of the Riemann solution associated with (5.9).

Using these relations, the Rankine-Hugoniot jump conditions above become:

as(us —usp) = Ip, — I, (6.10)
az(us — ugg) = Hog — Isp. .

We multiply the first of these equations by asr, the second by asr and sum them. By using the last relation
in (5.12), we finally obtain

= aop A5 (ve) + aepNj(Ve)  aeplor — aorplar  [oella)(ur,ugr) .

o, + Qor as(aar, + asg) as(aar, + asg)
From (6.9), we have
1 uz — N5(vr) 1 A(VR) — us
Ty =— = Ty ==
P2 az P2+ az

We pass now to the computation of the intermediate states for the fluid 1. The first step is to get the value
of m. The continuity of the wave speeds for the A\; and Ay-waves gives:

)\E(VL) =uiL — 1T, = Ul- — G171, (6.11)
Ay(VR) = uir +a1Tir = u1y + a1y,
whereas by definition of m one has:
arp(ui— —ug) =mm—, (6.12)
orp(ury —ug) = mriy.

Once m is known, the quantities 7, 714, uj—, uj4 are then easily obtained by solving a linear system given
by the four equations (6.11)—(6.12) and whose matrix is

—ay1 O 1 0

0 a1 0 1
m 0 —oair 0

0 m 0 —Q1R

Its determinant is given by (m —aja1r)(m+ a1aqg) and is negative provided that aq is chosen sufficiently large
(see Rem. 5.5). Now the third and the fifth relations in (5.12) give

m(ui+ —ui—) + (a1rIliy — aqpIli—) = —[aoIls](ur, ug).
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Then we write

m()\g(vR) - A{(VL)) = m(ul-i- - Ul—) + alm(TH_ — 7'1_)

[aoIls](ur,ur) — (irlliy — aiIlio) + arain (ui— — u2) + arair (Ui — u2)

= —laellJ(ur, up) — aruz(air + aar) + arp(arui— + 12 ) + arr(arury —Iiy).
But for the phase 1, the analogous of (6.10) writes ajui— +11;— = ajuir, + 11z and ajus4 — I = ajusg — i g.
In other words, the right-hand side is known and as an immediate consequence m also does. Easy calculations
give the expected formulas for wi_, ui4, p1—, p1+ and m.
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