Journal of Computational Physics 228 (2009) 1678-1712

Contents lists available at ScienceDirect

Journal of Computational Physics

journal homepage: www.elsevier.com/locate/jcp

Simple and efficient relaxation methods for interfaces
separating compressible fluids, cavitating flows and
shocks in multiphase mixtures

Richard Saurel *P*, Fabien Petitpas?, Ray A. Berry ¢

2 Polytech’Marseille, Aix-Marseille University and SMASH Project UMR CNRS 6595 — IUSTI-INRIA, 5 rue E. Fermi, 13453 Marseille Cedex 13, France
b University Institute of France and SMASH Project UMR CNRS 6595 — IUSTI-INRIA, 5 rue E. Fermi, 13453 Marseille Cedex 13, France
€ Multiphysics Methods Group, Advanced Nuclear Energy Systems Department, Idaho National Laboratory, P.O. Box 1625, Idaho Falls, ID 83415-3885, United States

ARTICLE INFO ABSTRACT
Articl}? history: ) Numerical approximation of the five-equation two-phase flow of Kapila et al. [A.K. Kapila,
Received 16 April 2008 R. Menikoff, J.B. Bdzil, S.F. Son, D.S. Stewart, Two-phase modeling of deflagration-to-deto-

Received in revised form 13 October 2008
Accepted 3 November 2008
Available online 13 November 2008

nation transition in granular materials: reduced equations, Physics of Fluids 13(10) (2001)
3002-3024] is examined. This model has shown excellent capabilities for the numerical
resolution of interfaces separating compressible fluids as well as wave propagation in com-
pressible mixtures [A. Murrone, H. Guillard, A five equation reduced model for compress-
ible two phase flow problems, Journal of Computational Physics 202(2) (2005) 664-698;

ﬁ%vev:];i;c systems R. Abgrall, V. Perrier, Asymptotic expansion of a multiscale numerical scheme for com-
Multifluid pressible multiphase flows, SIAM Journal of Multiscale and Modeling and Simulation (5)
Multiphase (2006) 84-115; F. Petitpas, E. Franquet, R. Saurel, O. Le Metayer, A relaxation-projection
Real gases method for compressible flows. Part II. The artificial heat exchange for multiphase shocks,
Cavitation Journal of Computational Physics 225(2) (2007) 2214-2248]. However, its numerical
Multiphysic approximation poses some serious difficulties. Among them, the non-monotonic behavior
Godunov of the sound speed causes inaccuracies in wave’s transmission across interfaces. Moreover,

volume fraction variation across acoustic waves results in difficulties for the Riemann
problem resolution, and in particular for the derivation of approximate solvers. Volume
fraction positivity in the presence of shocks or strong expansion waves is another issue
resulting in lack of robustness. To circumvent these difficulties, the pressure equilibrium
assumption is relaxed and a pressure non-equilibrium model is developed. It results in a
single velocity, non-conservative hyperbolic model with two energy equations involving
relaxation terms. It fulfills the equation of state and energy conservation on both sides
of interfaces and guarantees correct transmission of shocks across them. This formulation
considerably simplifies numerical resolution. Following a strategy developed previously for
another flow model [R. Saurel, R. Abgrall, A multiphase Godunov method for multifluid and
multiphase flows, Journal of Computational Physics 150 (1999) 425-467], the hyperbolic
part is first solved without relaxation terms with a simple, fast and robust algorithm, valid
for unstructured meshes. Second, stiff relaxation terms are solved with a Newton method
that also guarantees positivity and robustness. The algorithm and model are compared to
exact solutions of the Euler equations as well as solutions of the five-equation model under
extreme flow conditions, for interface computation and cavitating flows involving dynam-
ics appearance of interfaces. In order to deal with correct dynamic of shock waves propa-
gating through multiphase mixtures, the artificial heat exchange method of Petitpas et al.
[F. Petitpas, E. Franquet, R. Saurel, O. Le Metayer, A relaxation-projection method for
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compressible flows. Part II. The artificial heat exchange for multiphase shocks, Journal of
Computational Physics 225(2) (2007) 2214-2248] is adapted to the present formulation.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Compressible multi-material flows and multiphase mixtures arise in many natural and industrial situations including
bubble dynamics, shock wave interaction with material discontinuities, detonation of high energetic materials, hyperveloc-
ity impacts, cavitating flows, combustion systems to name only a few. The motivation of the present work is the accurate and
computationally efficient resolution of interface problems in extreme flow conditions (high pressure ratios ~107, high den-
sity ratios ~103), as well as the computation of dynamic appearance of interfaces, that occur in cavitating flows and spall-
ation phenomena. These interfaces are often separating pure media but also mixtures of materials in which wave dynamics
is also important. Such situations appear frequently in astrophysics, physics of explosives, nuclear physics, powder engineer-
ing and many other applications. The aim of the present paper is to develop a general formulation and algorithm to solve
interface problems separating compressible media or mixtures in extreme situations.

Godunov type schemes and variants have now reached a level of maturity to solve single phase flows in the presence of
discontinuities. However, the presence of large discontinuities of thermodynamic variables and equations of state at material
interfaces result in numerical instabilities, oscillations and computational failure [24,1].

To circumvent these difficulties, two classes of methods have been developed:

- Methods that consider the interface as a sharp discontinuity (Sharp Interface Methods - SIM).
- Methods that consider the interface as a diffuse zone, like contact discontinuities in gas dynamics (Diffuse Interface
Methods - DIM).

The Lagrangian class of SIM is the most natural (see for example [21,14]). In this context, the computational mesh moves
and distorts with the material interface. However, when dealing with fluid flows, deformations are unbounded and resulting
mesh distortions can make the Lagrangian approach unpractical [46]. Eulerian methods use a fixed mesh with an additional
equation for tracking or reconstructing the material interface. In the volume of fluid (VOF) approach [20], each computa-
tional cell is assumed to possibly contain a mixture of both fluids and the volume occupied by each fluid is represented
by the volume fraction, transported with the flow. This method is widely used for incompressible flows as there is no special
thermodynamics to compute in mixture cells [19]. For compressible flows, extra energy equations are used as well as pres-
sure relaxation procedures [7,32]. These methods seem efficient as a result of subtle management at the discrete level of the
various equations. The literature does not provide a clear link of this discrete management to a given system of continuous
partial differential equations. In the present paper an attempt to clarify, improve and generalize these methods will be
developed.

Another class of popular Eulerian methods is based on the level-set equation [13,34,36,47] to locate the interface. Again,
for compressible flows, special management of the interface is needed to guarantee interface conditions. Relevant work in
this direction was done by Fedkiw et al. [16] with the Ghost Fluid Method, Abgrall and Karni [2] with a simplified version
of this method and Khoo et al. [25]. This method is attractive for its apparent simplicity and versatility versus various prob-
lems of physics. However, its use in arbitrary conditions, with large pressure and density ratios does not seem obvious. More-
over, it is non-conservative regarding mixture variables (momentum and energy). The last class of SIM corresponds to Front
Tracking methods where the interface is explicitly tracked over a fixed Eulerian mesh. Considerable efforts have been done to
develop computational codes employing this approach [18,30].

It is worth mentioning that none of these methods is able to dynamically create interfaces and to solve interfaces sepa-
rating pure media and mixtures.

The second type of methods (DIM) considers interfaces as numerically diffused zones, like contact discontinuities in gas
dynamics. Diffuse interfaces correspond to artificial mixtures created by numerical diffusion. A pioneering work in this direc-
tion was performed by Abgrall [1]. Determination of thermodynamic flow variables in these zones is achieved on the basis of
multiphase flow theory ([40,4,42,35,3,43,37]). The challenge is to derive physically, mathematically, and numerically consis-
tent thermodynamic laws for the artificial mixture. The key issue is to fulfill interface conditions within this artificial mix-
ture. This second category possesses several advantages:

- The same algorithm is implemented globally in both pure fluids and in mixture zones. An extended hyperbolic system is
used to solve every location of the flow.

- These models and methods are able to dynamically create interfaces that are not present initially, e.g. in cavitating flows
where gas pockets dynamically appear in a liquid [41,29,45].

- These methods are also able to deal with interfaces separating pure fluids and fluid mixtures, e.g. in the computation of
detonation waves in condensed explosives where chemical decomposition produces multiphase mixtures of materials
[41,8,38].
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Methods in this second category are based on hyperbolic multiphase flow models, consisting of two main classes:

- Models for mixtures in total non-equilibrium: Baer and Nunziato [5] model and its variants, and
- Models for mixtures in mechanical equilibrium [49,23].

This paper deals with the building of a simple, robust, fast and accurate formulation for single velocity and single pressure
multiphase flows. The Kapila et al. [23] model is of particular interest for the computation of interfaces separating compress-
ible fluids, as well as barotropic and non-barotropic cavitating flows. Specific numerical schemes have been derived recently
in Murrone and Guillard [35], Abgrall and Perrier [3], Saurel et al. [43], Petitpas et al. [37].

This model is apparently simple. In the context of two fluids it is composed of two mass equations, a mixture momentum
equation and a mixture energy equation. These equations express in conservative formulation. The closure is achieved by the
pressure equilibrium condition that results in a differential transport equation for the volume fraction containing a non-con-
servative term, involving the velocity divergence and phasic bulk modulii. However this last equation poses serious compu-
tational challenges which include:

- Shock computations within the context of a non-conservative model.

- Volume fraction positivity, when dealing with shocks and strong expansion waves. The term involving a velocity diver-
gence in the volume fraction evolution equation is particularly difficult to approximate [37]. This is particularly important
for the dynamic appearance of interfaces in cavitating flows.

- Non-monotonic behavior of the sound speed [54] resulting in inaccurate wave transmission across diffuse interfaces. In
the diffuse interface the sound speed presents large variations resulting in wrong acoustic wave dynamics. The wave’s
chronology is thus in error, as will be shown in more details in the next paragraph.

Moreover, in order to consider future extensions with additional physics to reach multiphysics modeling of continuous
media with a multiphase approach, the computational efficiency of existing algorithms must be improved. The multiphysics
challenge we consider deals with:

- Sophisticated equations of state (EOS): Mie-Gruneisen for condensed materials, JWL for explosive products [28], etc.

- Granular materials that involve extra EOS expressing contact granular energy and contact pressure [6].

- Capillary effects modeling [39] with eventually phase transition [45].

- Interfaces separating compressible fluids and elastic solids in extreme deformations [33,50,17,15]. This instance is partic-
ularly difficult as the EOS for solids depends on the deformation tensor.

The present paper does not deal with all these extensions, but it is clear that such a goal needs simple and robust mul-
tiphase formulations. The present paper addresses this issue in the context of the simplest version of the Kapila et al. [23]
model.

The main difficulty with this model comes from the pressure equilibrium condition, which results in the non-conservative
equation for the volume fraction. A conservative formulation can be obtained with the help of the entropy equations. How-
ever, this conservative formulation is untenable in the presence of shocks.

To circumvent these difficulties, pressure non-equilibrium effects are restored in the Kapila et al. [23] model. This results
in a 6-equation model with a single velocity but with two pressures and associated relaxation terms. This extended model
was already presented as a first reduction of the Baer and Nunziato [5] model in [23], but never considered for the descrip-
tion of diffuse interfaces. A seventh equation is added describing the mixture total energy in order to guarantee a correct
treatment of shocks in the single phase limit. This apparent complexity with an extended model actually leads to consider-
able simplifications regarding numerical resolution. Indeed, this model remains hyperbolic with only three characteristic
wave propagation speeds and volume fraction positivity is easily preserved. The building of a simple and efficient method
for the numerical approximation of this flow model in the context of diffuse interfaces is the aim of the present paper.

When relaxation terms are omitted the volume fraction remains constant across acoustic waves and the Riemann prob-
lem is easily solved with approximate Riemann solvers (acoustic and HLLC-type solvers, [52]). Moreover, the building of a
positivity preserving scheme guarantees robustness when considering cavitating flows [26,48,37] where interfaces appear
dynamically. Dynamic appearance of these interfaces is a consequence of pressure relaxation, done at the end of each hyper-
bolic evolution step, in order to match asymptotically solutions of the Kapila et al. [23] reduced model.

This paper is organized as follows. In Section 2 the Kapila et al. [23] model is recalled and the non-equilibrium 6-equation
model is presented. This 6-equation model tends to the 5-equation model of Kapila et al. [23] in the limit of stiff pressure
relaxation. Basic properties of these models are presented: Entropy inequality and hyperbolicity. In Section 3 the numerical
method is built. Approximate Riemann solvers are presented for the hyperbolic part and a Godunov type scheme is built. The
pressure relaxation algorithm is also presented in this Section. Special attention is given to the role of the seventh equation
used to correct the computation of non-conservative energies in the single phase limit, on both sides of an interface. Various
test cases are presented in Section 4, together with validations against exact solutions of the Euler equations and of the 5-
equation model of Kapila et al. [23]. Some examples consider interfaces initially present in the flow, while others involve
the dynamic appearance of interfaces. Section 5 presents the extension of the method to shock propagation in physical
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multiphase mixtures. This extension is not important for interfaces separating pure (or nearly pure) fluids. But it has impor-
tance when the interface separates pure fluids and mixtures of materials. Finally, conclusions and future investigations are
discussed in Section 6.

Difficulties are often reported to solve barotropic cavitating flow models. The present method being general, it can also be
applied to this type of model. Thus, comparisons of the 6-equation model have been added with existing barotropic cavitat-
ing flow models [53] in Appendix A. These models are recovered as limiting cases of the present 6-equation model. Moreover,
a simple algorithm is proposed to solve cavitating barotropic flows.

2. Pressure equilibrium and non-equilibrium single velocity multiphase flow models

The single velocity pressure equilibrium model corresponds to the one of Kapila et al. [23]. It has been obtained as the
asymptotic limit of the Baer and Nunziato [5] model in the limit of both stiff velocity and pressure relaxation. It involves
5 partial differential equations, one of them being non-conservative. Its resulting speed of sound corresponds to that of
[54] which exhibits a non-monotonic variation with volume fraction. These two difficulties (non-conservativity and non-
monotonicity) present serious computational challenges. To circumvent them, a pressure non-equilibrium 6-equation model
is constructed (first reduced model in [23]), also non-conservative but easier to solve with a relaxation method. Both models
are presented hereafter.

2.1. Five-equation model
The Kapila et al. [23] is the zero-order approximation of the Baer and Nunziato [5] with stiff mechanical relaxation. It
reads in the context of two fluids:

9o 0061_/)26% plc%@

ot T%ex T b o o

(ap), +E)(ocp)1u

ot ox
%ﬁ(aggzu:o’ (IL.1)

where o, p, u, p, E (E = e +1u?), and e represent respectively the volume fraction, the mixture density, the velocity, the mix-
ture pressure, the mixture total energy and the mixture internal energy.
The mixture internal energy is defined as

e =Yie1(py,p) + Y2€2(p2,p) (I12)

and the mass fraction is given by: Y, = “m"
The mixture density is defined by p = (acp)1 +(ap),-
Each fluid is governed by its own convex equation of state (EOS),

ex = ex(py,p),

which allows the determination of the phases’ sound speed,
Ck = Ck(Py:D)-

The mixture pressure p is determined by solving Eq. (I.2). In the particular case of fluids governed by the stiffened gas EOS,
P = (Ve = 1)Ppree — ViPocks (IL.3)

the resulting mixture EOS reads,

_ [ *171Pe1 %272Px2
pe ( n-i + )

V2-1

p(p,e,on,00) = TR (11.4)

n-1 7" -1

It is straightforward to obtain the entropy equations:
dSk
Pk _ o
dt ’
Consequently, this model needs specific relations for its closure in the presence of shocks. In the limit of weak shocks, appro-
priate shock relations have been determined in [44]:

k=1,2.
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Y, =Y,

pu—0)=p°W’ —-0)=m,

p—p’+m?(v—1°) =0, (I1.5)
0

ek*92+p—;p (- 19) =0,

where ¢ denotes the shock speed and the upperscript ‘O’ represents the unshocked state.

These relations have been intensively validated against a large experimental data base for weak and strong shocks in the
same reference.

Even equipped with these relations, this apparently simple model involves many difficulties:

- With the help of relations (I1.5), it is possible to solve exactly or approximately the Riemann problem [37]. Even when this
solution is exact, it is shown in the same reference that convergence of a numerical scheme to the exact solution is extre-
mely difficult as the system is non-conservative: The cell average of non-conservative variables has no physical sense. Cell
averages were replaced by a relaxation procedure in [43,37]. To reach convergence for shock propagating in multiphase
mixtures, artificial heat exchanges were needed in the shock layer [37].

- Another issue is related to the volume fraction positivity in the presence of shocks and even in the presence of strong rar-
efaction waves. Indeed, when dealing with liquid-gas mixtures for example, the liquid compressibility is so weak that the
pressure tends to become negative, resulting in computational failure in the gas sound speed computation. Such situation
occurs frequently in cavitation test problems.

- An extra difficulty is related to the mixture sound speed that obeys the Wood [54] formula pcl_gq = g—‘cf + p’z‘—zc%. The mixture
sound speed has a non-monotonic variation with volume fraction, as shown in Fig. 1. Here c.q represents the mechanical
equilibrium mixture sound speed.

To illustrate the difficulties related to the non-monotonic sound speed in this model, numerical results obtained with the
method of Petitpas et al. [37] are recalled. This method solves interfaces as diffuse numerical zones with the help of a
Lagrange-relaxation algorithm. A 1-m long shock tube containing two chambers separated by an interface at the location
x=0.8 m is considered. Each chamber contains a mixture of water and air. The initial density of the water is
Pwater = 1000 kg m~3 and the stiffened gas EOS parameters are pyater = 4.4 and Pugwater = 6 x 108 Pa. The initial density of
air is p,ir = 10 kg m~3 and EOS parameters are yi; = 1.4 and p.. .;r = 0 Pa. The left chamber contains a very small volume frac-
tion of air o, = 107 and the pressure is equal to 10° Pa. The right chamber contains the same fluids but the volume fractions
are reversed. Its pressure is equal to 10° Pa. In both chambers the initial velocity is zero. The exact solution of the single
phase Euler equations and the multiphase flow model with five equations are compared in Fig. 2 at time t =220 ps.

A bad consequence of the Wood [54] speed of sound appears when a pressure wave interacts with a diffuse interface. To
illustrate this difficulty, let us consider the advection of a water-air interface at the velocity of 50 m/s. The numerical solu-
tion of this advection test with a first-order accuracy method is shown in Fig. 3 where the behaviors of the equilibrium speed
of sound [54] and another mixture sound speed (frozen) are compared. The frozen speed of sound is defined by
cf2 = YuaterCoaer + YairC%, and will appear as a major feature of the non-equilibrium 6-equation model.

It is clear that the use of the equilibrium speed of sound creates a zone where the speed of sound is lower than those of
the two initial media. This may have serious consequences regarding wave’s propagation. To illustrate the difficulty let us
consider the interaction of an acoustic wave with this diffused interface. When a wave propagates through the interface,

Wood speed of sound (m/s)

1600
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800 |
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0 0.2 0.4 0.6 0.8 1

Volume fraction of water

Fig. 1. Representation of the mixture equilibrium speed of sound (1/pcZ, = o1/p,¢% + 2/ p,¢3) of the 5-equation model for the liquid water-air mixture
under atmospheric conditions.
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Fig. 2. Liquid/gas shock tube. The Lagrange-relaxation method (symbols) of Petitpas et al. [37] is compared to the exact solution (solid). A 1000 cells mesh is
used. The density ratio is 100 and the pressure ratio is 10,000 at the initial discontinuity. A Mach oscillation appears in the numerical diffusion zone at the
interface and is due to the non-monotonic behavior of the speed of sound of this model.

it crosses a first zone with stiff variation of the sound speed, possibly resulting in partial diffraction. The transmitted wave
propagates in the numerical diffusion zone with very low velocity before reaching the second stiff variation of sound speed,
resulting in a second diffraction. These various effects (multiple diffractions) and low sound speed induce delay for the
wave’s transmission (Fig. 4).

The method developed in the present paper is aimed to improve accuracy, robustness and computational efficiency of
existing methods for the Kapila et al. [23] model regarding:

- Volume fraction positivity. This is a particularly difficult issue when dealing with dynamic appearance of interfaces in
nearly pure liquids and solids.

- Computation of cavitating flows. These flows involve extra difficulties related to the drastic Mach number evolutions
ranging from 0.01 to 100 [26,11,48]. These references report this problem in the simpler context of a cavitation model
in conservative form that will be examined in Appendix A.

- Riemann problem resolution, that is quite difficult to solve with the Wood [54] sound speed.
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Fig. 3. Comparison of equilibrium (lines) and frozen (dashed lines) speed of sound during numerical advection of a water-air interface. In the numerical
diffusion zone at the interface the equilibrium speed of sound is lower than in pure fluids. This may have serious consequences on wave transmission (in
particular regarding chronology) when a pressure wave interacts with this diffused zone.

Water Diffusion zone Air

Fig. 4. Schematic representation in the (x, t) diagram of the interaction between an acoustic wave and the numerical diffusion zone of an interface
computed with the equilibrium speed of sound [54]. In the numerical diffusion zone, the transmitted wave propagates at a lower velocity than in the pure
fluids. This induces a delay 7 in the wave’s transmission through the interface.

- Wave transmission through diffuse interfaces, as presented in Fig. 4.
- Computations on unstructured meshes. Not all existing methods for the Kapila et al. [23] model are able to deal with
unstructured meshes.

A pressure non-equilibrium model is considered in these aims.
2.2. Six-equation model

The 6-equation model is also derived from the 7-equation model of Baer and Nunziato [5] in the asymptotic limit of stiff
velocity relaxation only (first reduced model in [23]). Pressure non-equilibrium effects are maintained. The 6-equation mod-
el should not be considered as a physical model, but more as a step-model to solve the 5-equations model (second reduced
model of [23]). Indeed, the model with 6-equations has better properties for numerical approximations than the mechanical
equilibrium one:

- Positivity of the volume fraction is easily preserved.
- The mixture sound speed has a monotonic behavior which seems to be more attractive regarding diffused interfaces and
acoustic wave transmission.

These two properties are key points for the building of a simple, robust and accurate hyperbolic solver. Moreover, with
proper treatment of relaxation terms, solutions of the 5-equation model will be recovered.

2.2.1. Flow model
The 6-equation model reads:

%+u%— ( _ )
ot aox _ HP1—P2);
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oo p, 0o pqU _

ot ox 0,

000, P U 0

ot Ox ’
dpu  opu® + (py +%Py)
ot ox ’

oo p,er 0o p el ou
ot T ar TP, = PPy —Pa),

00 p,er 00 P,esU ou
o + ot + 02D, x PI(p1 — Da)- (I.6)

The interfacial pressure p; is obtained as the asymptotic limit of the interfacial pressure of the symmetric non-equilibrium
model with 7-equations of Saurel et al. [42]. This estimate in the limit of equal velocities reads:

_ 2P +21p,
1 Z] +ZZ ’

where Z;, = pic, represents the acoustic impedance of phase k.
The combination of the two internal energy equations with mass and momentum equations results in the additional mix-
ture energy equation:

ap(Yier +Yaep +1u?) N Au(p(Yier + Yoy +3U%) + (0apy +02P,))

ot ox =0. (I1.7)

This extra equation will be important during numerical resolution, in order to correct inaccuracies due to the numerical
approximation of the two non-conservative internal energy equations in the presence of shocks.

There is no difficulty to check that the second law of thermodynamics is fulfilled by this model. The phasic entropy equa-
tions are readily obtained:

ds Z
o1 01T ditl = W(p; *pz)2ﬁ7
ds V4
O‘szTZ‘th: w(py *Pz)zzlijzzy

insuring that the mixture entropy (s = Y;s; + Ys,) always evolve with positive or null variations.
This model exhibits a nice feature with respect to the mixture sound speed. The mixture sound speed,

¢f = Yici + Yac3,

has a monotonic behavior versus volume and mass fractions and represents the frozen mixture sound speed.
The model is thus strictly hyperbolic with waves speeds: u+ ¢ u — ¢ u. A more detailed analysis of hyperbolicity and
sound speed will be carried out in Section 3 with the approximate acoustic Riemann solver.

2.2.2. About shock relations

As with the previous 5-equation model, the new model is also non-conservative, and shock relations have to be pre-
scribed. However, the preceding remarks about shock relations for the five equations model and numerical approximation
of shocks with non-conservative systems yield the following conclusion:

Even when shock relations are known or accepted for a non-conservative system, it is very difficult to make the numerical solu-
tion converge to the end shock state solution.

There is thus no need to determine precise shock relations for the 6-equation model, in particular since it is intended only
to approximate the 5-equation model for which shock relations are known.

However, some admissibility conditions have to be respected by a given Hugoniot approximate model. Jump conditions
must at least respect [44]:

- Energy conservation of the mixture.

- Tangency of the mixture Hugoniot curve and mixture isentrope.

- Single phase limit for which jump conditions are unambiguously known.
- Symmetry.

- Entropy production.

Jump conditions for the mass equations are
o py(U—0)=api(u’ — o) = m,
0P, (U~ 0) = A3pS(u° — 6) = my.
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Let us denote the mixture pressure by p = a1p; + o>p, and the shock mass flow rate by m = m; + m,. With these notations, the
momentum jump condition can be written
p-p’+m?(v—1°)=0.
The mixture energy jump condition is:

e—e’ PP 2p (v—v° =0,

with e = Yie; + Yoe; and v=Y 0y + Yauu (v = m 1),
In the absence of relaxation effects the volume fraction jump is simply:
o = (Xl.

The non-conservative internal energy equations are not adapted to the determination of jump conditions. Following the pre-
ceding admissibility conditions the following jump conditions are proposed:

ek +pk +pk ( U(}g) =0. (118)

The conditions that must be satisfied include:
e Energy conservation

The sum of the internal energy jump equations yields:
+p? +p?
Viter — ) + PP (vi00 - V108) + Yales - e8) + 22 P2 (305 - v208) < 0
As Y, = %% we have:

e—ePit pl( v —092°) = 0.

0
oclz/foc?vo)JrL;pz(

With the volume fraction jump relation, this equation becomes

e_edy X1P1 + %P, eroﬁp? + 02p) (v—1°) =0,
or simply
0
e—e°+p+Tp(v— %) =0.

This result guarantees that the phasic energy jump conditions are compatible with the mixture energy conservation.
e Tangency of the mixture Hugoniot curve and isentrope

This is a mandatory property for the Riemann problem solution. As the volume fraction is constant across shocks and rar-
efaction waves (in absence of relaxation effects) and the phasic Hugoniots are tangent to phasic isentropes, the mixture
Hugoniot is necessarily tangent to the mixture isentrope.

e Single phase limit

When one of the phases disappears the energy jump condition of the remaining fluid is in agreement with the single
phase energy jump.

e Symmetry
Symmetry in the formulation allows an easy extension to an arbitrary number of fluids.
e Entropy production

As each phase evolves along its own Hugoniot (I1.8) there is no doubt that the mixture entropy evolves positively.

Through application of these relations, the Riemann problem can now be solved. Numerical issues pertaining to the Rie-
mann problem solution are addressed in the next section. Let us insist on the fact that jump conditions are not the key to
shock computation in multiphase mixtures. It has been shown that even when shock relations are known, the convergence
of a numerical scheme to the exact solution is very difficult. This is due to the lack of definition for cell averages of non-con-
servative variables [37].
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2.2.3. Asymptotic limit
As the method will solve the 6-equation model with stiff relaxation terms, it is important to check that in the limit of
infinitely fast pressure relaxation the 5-equation model is recovered. This proof is given in Appendix B.

3. Numerical method

Numerical resolution of the 6-equation model in the limit of stiff pressure relaxation is addressed in the present section.
In regular zones, this model is self consistent. But in the presence of shocks the internal energy equations are inappropriate.
To correct the thermodynamic state predicted by these equations in the presence of shocks, the total mixture energy equa-
tion will be used. This correction will be valid on both sides of an interface, when the flow tends to the single phase limits.
The details of this correction will be examined further. For now, the 6-equation system is augmented by a redundant equa-
tion regarding the total mixture energy. The system to consider during numerical resolution thus involves seven equations:

%—FU%* ( _ )
ot ax_:u’pl p27

8ﬁgﬁ+a%$ﬁu+amé§=memfpﬁ
60{2;362 + aoczg;ezu + 2P, % = pi(pr — D),
oo p,  Ooupqu
ot + B =0, (IIL.1)
0P,  00p,U _0
ot ox ’
pu  Opu? + (0P, +%P;)
ot ox
Op(Yier + Yae, +3u)  Ou(p(Yrer + Yaer +5U2) + (1Py + %aPy))
ot ox
with p; = 20222 and appropriate equations of state ey = ex( pi.Pi)-
This system is equipped with the approximate shock relations of the preceding section, in particular relation (I1.8).

-0,

=0

3.1. Approximate Riemann solvers
Two types of approximate Riemann solvers will be considered:

- Acoustic linearized Riemann solver,
- HLLC Riemann solver.

These two solvers are detailed in the context of the Euler equations in Toro [52].

3.1.1. Acoustic solver

This approximate solver assumes that shocks are absent or sufficiently weak. The last equation of system (II.1) can thus
be suppressed. Indeed, this last equation is only used to correct some deficiencies of the numerical resolution of phase’s
internal energy equations in the presence of shocks. The 6-equation system free of relaxation terms can thus be written with
the following variables:

ow ow
with W = (a1,81,52,u,p1.p2)" and,

u 00 O 00O
0 uo0O 0 00O
AW) 0 0Ou O 0O
mE 00w %3
0 00 pc2 u 0
0 00 pi3 0 u

Eigenvalues of the propagation matrix are:
Jo = U, four times fold, 1, =u — ¢, 4, =u +c, with,

2 =Y+ Yol (II1.2)

The frozen sound speed introduced in Section 2 is now established.
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The acoustic solver is based on characteristic equations that are readily obtained:

- Along trajectories defined by & = u

doy _ ds, - ds; _
R i
- Along trajectories defined by & =u —c
_Pioppdon  duy o ondpy)  mdp)
pc dt), . dt), . pcdt), . pcdt

- Along trajectories defined by & = u+c

—pyda du o d o d
P “—ﬂ +4) +4£Q +4£§ ~0
pC dt u+c dt u+c pc dt u+c pc dt u+c
These relations are used to solve the linearized Riemann problem. By assuming weak variations across left- and right-facing

waves, the acoustic impedance Z = pc (with c defined by (II1.2) and p the mixture density) are assumed constant. The corre-
sponding jump relations are:

u—c

- Across a right-facing wave,

Oig = O4R,S1g = S1R, Syg = S2R,
(01P1 + 02Py)g — ZrUg = (0P + 02Py)g — ZrUg  With Zg = ppCk.

- Across a left-facing wave,

o, = G, Sy = S1L, Sy = Sar,
(0apy + 0ap,)] + Zuu; = (o4py + 0py); +Ziuy  with Z = pcy.

The upperscript " stands for the perturbated state.

The velocity and pressure solution of the Riemann problem are thus easily obtained with the help of the interface
conditions:

*

(01py + tt2Py); = (01D + 02Pa)g = (01Py + 02Py)" =P,
Uy =up=u'.
The velocity and pressure solution of the Riemann problem read:
u = Ziup 4 Zrug + p; — P
Zi+Zg '

= Zipg + Zrpy +ZrZ1 (U — Ug)
B Zy +Zg '

(II1.3)

With
D=0hp; 4+ 0Py, Z=pC, P=01p;+ 000, C=YiC3+Yeh
Relations (III.3) are the same for the 6-equation model and for the Euler equations. The differences appear through the def-
initions of the mixture pressure, mixture sound speed and mixture density.
Once the pressure is determined in the star region the phase’s densities are determined with the help of the entropy
jumps.
This solver is simple and efficient for subsonic flows or flows in absence of strong shocks. Characteristic relations are also

useful for boundary conditions treatment. But we prefer a solver able to deal with arbitrary shocks, genuinely positive (and
consequently robust), able to deal with arbitrary convex EOS. The HLLC solver of Toro et al. [51] fulfils these requirements.

3.1.2. HLLC-type solver
Consider a cell boundary separating a left state (L) and a right state (R). The left- and right-facing waves speeds are readily
obtained, following Davis [12] estimates:

Sk = max(uy + ¢, ug + Cr), S = min(u, — ¢, Ug — Cg),

where the sound speed still obeys to Relation (II1.2).
The speed of the intermediate wave (or contact discontinuity) is estimated using the HLL approximation

5,, — LW D) — (pU” + P)g — Si(p); + Sr(pU)g
(pu), — (pu)g — SLpy + SrPr

with the mixture density and mixture pressure defined previously.

)
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From these wave speeds, the following variable states are determined

. Sg—1u

(P = (Prg g
. S.—u

(Opi)L = (Ockpk)Lﬁv

D" = Dg + PrUR(UR — Sk) — PiSm(Sw — Sr),  With pp = " (op)g,
k

E— PrER(UR — Sk) + PrUr — P*Sm
R Pr(Sm — Sr) ’
g — PLEL(U = S1) + piuL — p*Su
t Pi(Sm —S1) ’

with E = Yie; + Y6 +%u2.

The volume fraction jump is readily obtained, as in the absence of relaxation effects the volume fraction is constant along
fluid trajectories

Olpg = Olkr, Oy = Olkr-

As the volume fraction is constant across left- and right-facing waves, the fluid density is determined from the preceding
relations:

" Ug — Sg
P = PkRm~

Internal energy jumps are determined with the help of the Hugoniot relation (I1.8). Let us consider the example of fluids gov-
erned by the stiffened gas EOS (II.3). With the help of the EOS, the phasic pressures are constrained along their Hugoniot
curves to be functions only of the corresponding phase density:

(Ve = Dpe — (e + Dy
Ve = Dpi — (Ve + 1) py

The phase’s internal energies are then determined from the EOS: e}, = e;.(p;. pi)-
Equipped with these approximate Riemann solvers, the next step is to develop a Godunov type scheme.

Pr(Pi) = (P + Pockc) — Pock-

3.2. Godunov type method
For the sake of simplicity, the method is presented at first-order. The extension to second-order is detailed in Appendix C.

3.2.1. First-order method
In the absence of relaxation terms, the conservative part of System (IlI.1) is updated with the conventional Godunov
scheme:
n+1 n At g N w N n
U =0 _E(F (Ui, Uiy) — F (UL, UY)),
where U= ((ap)1, (2p)a, pu, pE)" and F= ((otp)1u, (orp)1ts, pu? + p, (pE + p)u)T, E = Y1ey + Yae2 +1u?and p = oqp + aopo.
The volume fraction equation is also updated using the Godunov method for advection equations:

At .
1 * * * *
o = ol — A*X((uoﬁ)m/z = (uon)i_1p — 03 (U1 0 — Ui12))-

This scheme guarantees volume fraction positivity during the hyperbolic step. Other options are possible, like for example,
VOF type methods [32]. Using a reconstruction algorithm may have nice features when dealing with interfaces only, these
interfaces having to be present at the initial time. As we also deal with dynamic appearance of interfaces, a capturing method
is preferred. This is not the only difference between the Miller and Puckett [32] method and the present one. The mixture
pressure and sound speed used in the present formulation are very different from the single phase estimates used by these
authors.

Regarding the non-conservative energy equations, there is no hope to determine accurate approximation in the presence
of shocks [22]. Therefore, we use the simplest approximation of the corresponding equations by assuming the product (op)y;
constant during the time step:

(ape) = (ape)y — g (apew)ii 1o — (PN 1/ + ()i (Ui /2 = Uiy ))).
The lack of accuracy in the internal energy computation resulting from the present scheme is not so crucial. The internal
energies will be used only to estimate the phase’s pressure at the end of the hyperbolic step, before the relaxation one.
The relaxation step will give a first correction to the internal energies, in agreement with the second law of thermodynamics.



1690 R. Saurel et al./Journal of Computational Physics 228 (2009) 1678-1712

A second correction will be made with the help of the total mixture energy. The details of these two steps are described in the
next two subsections. Before giving these details, let us examine a basic situation of fundamental importance when dealing
with interface problems; namely uniform flow conditions.

3.2.2. Uniform flow test

The main difficulty in solving interface problems as diffused numerical zones lies in the building of a flow model and a
numerical scheme that preserve interface conditions. The uniform flow test problem was proposed by Abgrall [1] in the con-
text of the Euler equations. Let us consider a one-dimensional flow in mechanical equilibrium. A volume fraction disconti-
nuity propagates at constant velocity u in a constant pressure flow field p; = p, = p. This flow system is initially in mechanical
equilibrium and therefore must remain in mechanical equilibrium during its time evolution.

Let us examine the behavior of the present Godunov method for the conservative part of this model in the particular case
of uniform pressure and velocity fields. The Godunov method for the mass equations is:

n+1

At . .
P = (xp)i _E((apu)km/z = (@pU)_q2), k=1,2.
Because the velocity is uniform we have:

n+1

At * *
(@p)i = (o) —Bu((“l))km/z = (%0)ki_1/2)-
The mixture density thus obeys to the discrete formula:
n n At * *
pitt = pi - E“(Piﬂ/z = Pi1p)

The discrete momentum equation under the same uniform flow conditions becomes

n n At * *
(P“)iﬂ = (pu); — Euz(l)m/z = Pi1p)-
That is
(pw)* = u(p)i".

Thus the flow will necessarily retain its uniform velocity at the next time step: u™' = u.
The adopted numerical scheme for the internal energies becomes in the present situation

n+1

n At .
(ape)y = (ape)y — ﬂ”((ape)km/z — (0tP€)ki_1/2)-

Consider, for example, the stiffened gas (SG) EOS (I1.3): p, e, = Blbxk,

T—1

The discrete approximation of the internal energy now becomes

N n+1 n N * o *
(ap+ /pm> _ (a”f ypm) _Ac (ap+ m) B (aw /pm> _
=1 )y y—=1 ) Ax Y=1 Juisip V=1 Juiip

As the EOS parameters are constant in each fluid, this expression simplifies to:

n+1 n

At . .
@@+ Pk = (0P +VPo))i — &u((a(p + VP kir1/2 = (0P + VP )kiz1,2)s
which can be rewritten as
n+1 n+1 n At * * n At * *
(0P + (PP k()i =P (s — Eu((a)kiﬂ/z = (@kic12) ¢+ PPy (Wi — ﬂu((a)kiﬂ/z = (@kic12) ¢

The adopted numerical scheme for the volume fraction evolution, in uniform velocity flow conditions becomes:

At . .
o = ot — ﬂu((ak)m/z = (O)iz12)-
Using this, the internal energy equation reduces to:
i =p-

The adopted numerical approximation thus preserves interface conditions in mechanical equilibrium flows.
When the EOS are more sophisticated than the SG one, i.e. Mie Gruneisen EOS for example that can be written under the
form,

P + ViPock (P1)

Prék = Ve — 1
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The same properties of interface preserving are observed experimentally. The reason is that Godunov type methods used for
mass and volume fraction equations result in prolonged density field through the interface. Locally, these more sophisticated
EOS thus reduce to the SG one.

3.3. Relaxation step

This step is of major importance to fulfill interface conditions in non-uniform velocity and pressure flows. It also forces the
solution of the 6-equation model to converge to that of the 5-equation model.
In the relaxation step we must solve
00
o H(P1 — D2):

Jdaipqe
SAPE — pu(py - pa),

with p, = 262122 and in the limit y — +oc.
After some manipulations the internal energy equations become

e, sk 2} _
ot PP =0
oe; 0V, -
ot PP =0

This system can be written in integral formulation
ex — e+ pu(v — 19) =0,

~ _ 1 At vy
where py, = P Jo piSkdt.

Determination of pressure averages py has to be done in agreement with thermodynamic considerations. By summing the
internal energy equations we have:

Yier — Yied + Yaer — Y2ed + pr(Yivn — Y128) + P (Y20, — Y203) = 0.
The mixture mass equation can be written as

(Y1 - Y4 U?) + (Y0, -Y, V(z)) =0.
Using these relations the mixture energy equation becomes

e—e+ (f’n —f’lz)(yl v1—-Y; U?) =0.

In order that the mixture energy conservation be fulfilled it is necessary that: p;; = pr, = p;. Possible estimates are p; = p? or
pr = p, the initial and relaxed pressures respectively. These estimates are compatible with the entropy inequality [43]. With
regard to the choice of one or the other estimate, upon computation of the relaxed state the resulting difference in practical
computations is negligible. This negligible influence will be illustrated in the results section. The system to solve is thus com-
posed of equations

ek(p7 y’()_eg(pg7yg)+ﬁl(yk_ 1/2) :07 k: 172’

which involves 3 unknowns, z(k =1,2) and p. Its closure is achieved using the saturation constraint
Su=1,
k

or
Z(O‘P)kyk =1
k

Here the (o), are constant during the relaxation process. This system can be replaced by a single equation with a single
unknown (p). With the help of the EOS (II.3) the energy equations become
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_ P NP+ (= Vb
- Yk 5
P+ ViPock + (Ve = 1D

and thus the only equation to solve (for p) is

> (ap)wi(p) = 1. (1I1.4)

k

vk(p)

Once the relaxed pressure is found, the phase’s specific volumes and volume fractions are determined.

In the Miller and Puckett [32] method, the relaxed pressure is used to advance the solution to the next time step. How-
ever, there is no guarantee that the mixture EOS or the mixture energy be in agreement with this relaxed pressure. In order
to respect total energy and correct shock dynamics on both sides of the interface, the following correction is employed.

3.4. Reinitialization step

As the volume fractions have been estimated previously by the relaxation method, the mixture pressure can be deter-
mined from the mixture EOS based on the mixture energy which is known from the solution of the total energy equation.
Because the mixture total energy obeys a conservation law, its evolution is accurate in the entire flow field and in particular
at shocks.

Again considering fluids governed by the stiffened gas EOS, the mixture EOS in this context relates mixture energy, den-
sity and volume fractions (11.4):

pe — (zx] nPat 4 “27’21%:2)

- 72-1
p(p,e,o,0) = R
-1 7 71

This EOS is valid in pure fluids and in the diffuse interface zone. As it is valid in pure fluids, and based on the total energy
equation, it guarantees correct and conservative wave dynamics on both sides of the interface. Inside the numerical diffusion
zone of the interface, numerical experiments show that the method is accurate too, as the volume fractions used in the mix-
ture EOS (I1.4) have a quite accurate prediction from the relaxation method.

Once the mixture pressure is determined from (I1.4) the internal energies of the phases are reinitialized with the help of
their respective EOS before going to the next time step

ex = ex(D, ok Py, Ok)- (IIL.5)

3.5. Summary
The numerical method can be summarized as follows:

- At each cell boundary solve the Riemann problem of System (III.1) with favorite solver. The HLLC solv