Open Journal of Fluid Dynamics, 2014, 4, 44-68 00:. Scientific
Published Online March 2014 in SciRes. http://www.scirp.org/journal/ojfd 0.:. Research
http://dx.doi.org/10.4236/0jfd.2014.41004

Sharpening Diffuse Interfaces with
Compressible Flow Solvers

Nicolas Favriel, Sergey Gavrilyuk!, Boniface Nkonga?, Richard Saurel!

!pix-Marseille University, Marseille, France

’J.A. Dieudonné Mathematics Lab., University Nice-Sophia Antipolis, Nice, France

Email: nicolas.favrie@univ-amu.fr, sergey.gavrilyuk@univ-amu.fr, boniface.nkonga@unice.fr,
richard.saurel@univ-amu.fr

Received 17 January 2014; revised 17 February 2014; accepted 24 February 2014

Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

Diffuse interfaces appear with any Eulerian discontinuity capturing compressible flow solver.
When dealing with multifluid and multimaterial computations, interfaces smearing results in se-
rious difficulties to fulfil contact conditions, as spurious oscillations appear. To circumvent these
difficulties, several approaches have been proposed. One of them relies on multiphase flow mod-
elling of the numerically diffused zone and is based on extended hyperbolic systems with stiff
mechanical relaxation (Saurel and Abgrall, 1999 [4], Saurel et al., 2009 [6]). This approach is very
robust, accurate and flexible in the sense that many physical effects can be included: surface ten-
sion, phase transition, elastic-plastic materials, detonations, granular effects etc. It is also able to
deal with dynamic appearance of interfaces. However it suffers from an important drawback when
long time evolution is under interest as the interface becomes more and more diffused. The pre-
sent paper addresses this issue and provides an efficient way to sharpen interfaces. A sharpening
flow model is used to correct the solution after each time step. The sharpening process is based on
a hyperbolic equation that produces a steady shock in finite time at the interface location. This
equation is embedded in a “sharpening multiphase model” redistributing volume fractions, masses,
momentum and energy in a consistent way. The method is conservative with respect to the masses,
mixture momentum and mixture energy. It results in diffused interfaces sharpened in one or two
mesh points. The method is validated on test problems having exact solutions.
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1. Introduction

Numerical smearing of interfaces (or contact discontinuities) appears with any Eulerian discontinuity capturing
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compressible flow solver. In the context of the Euler equations, it results in at least four points in the capturing
zone and the number of points increases during time evolution with most methods. When dealing with multifluid
and multimaterial computations, diffuse interfaces result in serious difficulties to match interface conditions, as
spurious oscillations appear. To circumvent these difficulties, several approaches have been proposed.

Lagrangian methods and Front Tracking schemes are aimed to remove artificial smearing but result in other
difficulties.

Interface reconstruction methods (Hirt and Nichols, 1981 [1], Youngs, 1989 [2]) are aimed to restore sharp in-
terfaces with the help of a volume fraction reconstruction algorithm but do not consider mass, momentum and
energy redistribution. Moreover, these methods are more suitable for non-compressible fluids.

Level-set methods (Fedkiw et al., 1999 [3]) are now very popular as they result in sharp interface representa-
tion and are quite easy to implement. They present however robustness and conservation issues.

Another option relies on multiphase flow modelling of the numerically diffused zone and is based on ex-
tended hyperbolic systems with stiff relaxation (Saurel and Abgrall, 1999 [4], Kapila et al., 2001 [5], Saurel et
al., 2009 [6]). This approach is very robust, simple to implement, accurate and flexible in the sense that many
physical effects can be included such as:

e surface tension (Perigaud and Saurel, 2005 [7], Braconnier and Nkonga 2009 [8]),

phase transition fronts and cavitation (Saurel et al., 2008[9]),

solid materials (Favrie et al., 2009 [10], Favrie and Gavrilyuk, 2012 [11]),

detonations waves in heterogeneous energetic materials (Petitpas et al., 2009 [12]),

powder compaction including gas permeation effects (Saurel et al., 2010 [13]).
This method is also able to deal with dynamic interfaces appearance. However it suffers from an important
drawback when long time evolutions are under interest as the interface becomes more and more diffused. This
has been clearly understood by Kokh and Lagoutiére (2010) [14] where an antidiffusion scheme is built. So et al.
(2012) [15] presented another approach able to sharpen interfaces by removing the artificial viscosity excess
present at contact discontinuities with Godunov type schemes. In this method the determination to the diffusion
that should be removed is not straightforward.

The present paper addresses this issue with another way to sharpen interfaces. The artificial compression
method of Harten (1977 [16], 1978 [17]) is revisited. The main idea with this method is to create an artificial
shock at the interface during a correction step. A similar idea has been considered and adapted by Shukla et al.
(2010) [18] to the context of a simplified diffuse interface model (Allaire et al., 2002 [19], Massoni et al., 2002
[20]). But in this paper the conservation of the mass is only guarantied at first order.

We continue this effort in the present paper by addressing:

e A more general diffuse interfaces flow model, where the physical effects previously mentioned can be con-
sidered, in particular dynamic interfaces creation.

e Mass, momentum and energy redistribution across the interface during the sharpening process. This issue has
never been considered prior to the present work.

The present method uses an extra hyperbolic equation for a function that is equal to zero on one side of the
interface and to one on the other side. Contrarily to Volume of Fluid, Level-set and multiphase flow models, this
equation is not a transport one. It corresponds to a hyperbolic conservation law that admits shocks. More pre-
cisely, steady shocks appear at the location where this function is equal to 0.5. Thus, starting from a diffused
solution, after for example one or several steps of the diffuse interface method, the volume fraction, density, en-
ergy fields are diffused. The volume fraction field is then sharpened with the help of the new function during a
correction step. The main difficulty is to synchronise mass, momentum and energy sharpening with the volume
fraction one. Also, this correction has to be conservative. Synchronisation of the various sharpening processes
while maintaining conservation are the main goals and difficulties of the present work.

The resulting scheme is able to handle material interfaces in one or two mesh points. The single phase limit of
the multiphase model and method corresponds to a scheme that improves the results of conventional capturing
schemes used for the Euler equations.

The paper is organised as follows. In Section 2, the sharpening function is introduced with its evolution equa-
tion. Its ability to sharpen diffused profiles by the means of shock formation is demonstrated. In Section 3, the
diffuse interface model of Saurel et al. (2009) [6] is recalled. This single velocity, pressure non-equilibrium
model is solved in the limit of stiff pressure relaxation to solve the Kapila et al. (2001) [5] model. In Section 4,
the interface sharpening method is presented. This correction step consists in synchronising the sharpening func-
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tion process with repartition of mass, momentum and energy of the various phases while preserving conserva-
tion for the mixture. In Section 5, numerical approximation of the interface sharpening model is detailed. Com-
putational examples, illustrations and validations are given in Section 6. Method’s extension to an arbitrary
number of fluids is given in Section 7. Conclusions are given in Section 8.

2. Sharpening Function

Let’s consider two phases separated by an interface. The sharpening function ¢, is used to detect the presence
of phase 1. When the phase 1 is pure, then ¢, =1 and ¢, =0. In mixture zones, or diffused interface zones,
0< ¢, <1. The constraint ¢, +¢, =1 holds everywhere.

Let’s consider a particular case of a mixture zone separating phase 1 on the right and phase 2 on the left, as
shown in Figure 1.

In this particular situation where % >0 the sharpening equation reads:
X

00, 20002 _ 2.1)

ot OoX

where a is a positive arbitrary parameter that controls the rate at which sharpening occurs. This parameter is not
describing any physical effects and this equation will be used only to sharpen interfaces. Since the sharpening
parameter a is arbitrary, in the following we will pose 7 =ta, a pseudo time. Thus the previous equation reads:

op  O0ne _

or OX
As ¢ +¢, =1 italso reads,

or OX
The characteristic slope is thus,
dx
— =0, =1-2¢,.
dr

This slope is positive if 0<¢, <0.5, and negative if 0.5<¢, <1.

Equation (2.1) admits shocks appearing in finite time. Consider a left state (L) and a right state (R) separated
by a shock. The shock propagation speed D is given by:
((p1(Pz )R - ((Pl(Pz )L

Pr —Pu
If ¢, <@y, the Lax stability criterion is satisfied: 1-2¢, >D >1-2¢,;.

The Riemann problem solution is schematized in the Figure 2.
For any point of the initial data corresponding to Figure 1, the Riemann problem solution thus reads:

D=

:1_(§01R +¢71|_) (2.2)

if x/z<D
o = 21 : /T 2.3)
o If X/7>D
The Godunov method for Equation (2.1) reads:
n+ n Atz * *
(2] t= 2} _E[(%(/’z )i+1/2 _((01§02 )i—1/2:| (2.4)

This method is stable under the following CFL condition:
AX

AT ——m—————
! max(|§02_¢71|i)

5
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Figure 1. Schematic representation of a mixture zone separating two pure
fluids, phase 1 on the right and phase 2 on the left.
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X

Figure 2. Schematic representation of the Riemann problem
solution of Equation (I1.1), valid when ¢, <@ .

AT < AX. (2.5)

Let’s examine the solution given by this method for the initial condition shown in the Figure 1. A 200 cells
mesh is considered for a domain of 1 m length. The 30 first cells have (/710 =0 as initial data and the 30 last
cells have ¢ =1. The mixture zone thus corresponds to 140 cells with a linear ¢ profile. The solution ob-
tained with scheme (2.4) using (2.3) and (2.2) is shown at pseudo timesz=0s, r=0.132s, 0.264s and
7=0.394 s . The corresponding results are shown in Figure 3.

Equation (2.1) is however a simplified form of a more general equation, valid only if % >0.

X

In one-dimension, we suppose here that the volume fraction regular enough i.e. two interfaces are not too

close the general form of the sharpening equation is,

op . (0¢ |0
—=+sign| — |— =0. 2.6
5. +sig ( ~ ax(colcoz) (2.6)

This is equivalent to (in the case of monotonic behaviour of ¢, ):

op, O . (O¢p
—+—| sign| — =0.
or 6’X( g ( o L2

In multi-dimensional case, it generalizes as:
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Figure 3. Numerical solution of Equation (2.1) with the Godunov method. The initial condition is shown in graph (a). The
numerical solution is shown at pseudo time 7z =0.132s on graph (b), at time 7=0.264s on graph (c) and at final time
(7=0.394s) on graph (d). After this time, the solution remains unchanged. A sharp discontinuity appears from a diffuse
Zone.

op, . | grad(g,)
—L+div| ——£% =0. 2.7
or + {|grad((pl)| (212 2.7)

The sharpening Equation (2.6) or (2.7) is going to play a central role in the interface sharpening process. In-
deed, the sharpening function ¢, is not so far of the volume fraction «; used in multiphase flow modelling
and in diffuse interface theory.

Before going on with the sharpening method, it is important to recall and summarize the basis of the diffuse
interface method given in Saurel et al. (2009) [6]. The sharpening method will be used as a correction step in
this frame. The diffuse interface step solves interface motion and wave’s dynamics with perfect fulfilment of in-
terface conditions.

3. Diffuse Interface Method

The diffuse interface model under consideration is the one of Kapila et al. (2001) [5]. This system involves a hon-
conservative equation that results in numerical difficulties. A pressure non-equilibrium formulation was proposed
in Saurel et al. (2009) [6] to solve this system with a sequence of three sub steps, each one being simple and robust.
In this paper, we follow the Saurel et al. (2009) [6] approach to solve the “target system” of Kapila et al. (2001) [5].
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3.1. Target System
The Kapila et al. (2001) model in the context of two fluids reads:
Oy | Oy _ pG-pG U
ot X pg |t o
o a,
o(ap), olap)u o
ot OX
0 0 u
(ap)z + (ap)z — O, (31)
ot OX
2
opu N opu®+p _0
ot OX
E
opE +a(p +p)u 0
ot OX

1
where a,p,u,p, E(E :e+§u2), and e represent respectively the volume fraction, the mixture density, the

velocity, the mixture pressure, the mixture total energy and the mixture internal energy.
The mixture internal energy is defined as,

e=Ye (o, p.)+Y28, (0, P) 32

(ap),
P

and the mass fractions are given by Y, =

k=12.

The mixture density is defined by p =(ap), +(ap), .
Each fluid is governed by its own equation of state (EOS),

& =ek(pkl p):
that allows the determination of the phases’ sound speed,
G =C (s ).

The mixture pressure p is determined by solving Equation (3.2). In the particular case of fluids governed by the
stiffened gas EOS,

Py =(7k _1)pkek_7k Pook + (3.3)
the resulting mixture EOS reads,

pe_[aﬂﬁ Pt L %l pwz]

n-1 -1
p(p.eap,a,)= L 2 (34
(24 n a,
n-1 7,-1
The mixture sound speed corresponds to the Wood (1930) [21] formula:
1 o a, (35)

pCezq - plclz ’ chzz .
Stiffened gas EOS parameters are determined by the method given in Le Metayer et al. (2004).
It is straightforward to obtain the entropy equations:
ds,
dt
As System (3.1) is non-conservative, specific relations for its closure in the presence of shocks are needed. In

=0,k=12.
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the weak shocks limit, appropriate shock relations have been determined in Saurel et al. (2007) [22]:

Y, =Y.,
plu-o)=p (u —a) m,
p—p’+m ( ) 0, (3.6)

e —el + p+2p° (v -w)=0,

where o denotes the shock speed, v, :i is the specific volume of fluid k and the superscript ‘0’ denotes
k

the unshocked state.

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

o With the help of relations (3.6), it is possible to solve exactly or approximately the Riemann problem. When
dealing with shock propagation in multiphase mixtures, the convergence of the numerical scheme to the ex-
act solution is extremely difficult as the system is non-conservative: The cell average of non-conservative
variables has no physical sense. This difficulty appears even with exact Riemann solvers. To reach conver-
gence for shock propagating in multiphase mixtures, a special correction has been developed in Petitpas et al.
(2009) [12].

e Another issue is related to the volume fraction positivity that is difficult to preserve due to the non- conserv-
ative term present in the right hand side of the first equation of System (3.1).

In spite of these difficulties, System (3.1) presents very nice features. It is able to create dynamically interfac-
es as a consequence of the mechanical relaxation process. It involves two entropy equations as well as two tem-
peratures. These properties are important for the extensions to extra physics, as mentioned in the introduction.

To solve System (3.1) for interfaces separating fluids governed by different equations of state, an augmented
system is preferred.

3.2. Augmented System

The augmented system with pressure disequilibrium has better properties for numerical resolution than the target
system:
o Positivity of the volume fraction is easily preserved.
e The mixture sound speed has a monotonic behavior during the hyperbolic step.

These two properties are key points for the building of a simple, robust and accurate hyperbolic solver. More-
over, with proper treatment of relaxation terms, solutions of the target system (Kapila et al., 2001) [5] will be
recovered.

3.3. Flow Model

The augmented model reads:

9% u9% _ y(p, -
& U = H(Pp),

0oy, + doypu _

ot x
0a,p, + 0a, p,u -0,
ot OX
opu N a,OUZ +(a1p1 T, pz)
ot OX
O, 18 n Oay pi&yU
ot ot
00,958, + 00, ,8,U
ot ot

’

3.7
-0,

ou
+a1p1&:—p.u(p1—pz),

ou
+azp25=p.u(pl—pz)-
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The interfacial pressure reads (Saurel et al., 2003 [23]):

_ Z,p+2,p,
Z,+7,

where Z, = p,c, represents the acoustic impedance of phase k.

The combination of the two internal energy equations with mass and momentum equations results in the addi-
tional mixture energy equation:

6,0(Y1e1 +Y,e, +1u2j ou [,O(Yle1 +Y,e, +;u2j+(al p, +, pz))
2 J, =0 (3.8)
ot OX
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.
The phasic entropy equations are readily obtained,

ZZ
Z,+7,

5

Z d
! azpszizﬂ(Fh_pz)z

ds 2
alplTl_lzﬂ(p1_p2) 7 17" at
1145

dt

insuring that the mixture entropy (s =Y, +st2) always evolves with positive or null variations.
This model exhibits a nice feature with respect to the mixture sound speed. The mixture (frozen) sound speed,

C? = 1(:12 +Y2C22, (3.9)

has a monotonic behavior versus volume and mass fractions.
The model is thus strictly hyperbolic with waves speeds: u+c,, u—c, and u.

The numerical resolution of this model is summarized in Section 5, details being available in Saurel et al.
(2009). As this model is solved with an Eulerian method, interface capturing results in numerical smearing. In
the following section an interface sharpening model is built to remove excessive humerical diffusion.

4. Interface Sharpening

The aim is to build a mathematical model able to sharpen interfaces with the help of Equation (2.6). The subse-
quent model is not a physical one but a “sharpening model” to reduce artificial diffusion at interfaces. During
the sharpening process, mass, momentum and energy will have to be redistributed. To do this, a list of condi-
tions has to be fulfilled:

1) When the initial conditions correspond to a mechanical equilibrium state (uniform velocity and uniform
pressure) this state has to remain invariant during the sharpening process. Such initial conditions correspond to
those resulting of the hyperbolic flow solver, as interface conditions of equal normal velocities and equal pres-
sures have to be fulfilled.

2) Mass, momentum and energy are redistributed with the help of two contact waves. They must be linearly
degenerate in order that the mass, momentum and energy of each phase redistribution be synchronised. The first
contact wave will be used for conservative variables redistribution of phase 1 across the artificial shock, the
second contact wave will be used similarly for phase 2.

3) The sharpening system must admit a conservative formulation.

4) Mixture mass, momentum and energy must be conserved in a weak sense that will be defined latter.

5) The model must create a single artificial shock, at the interface location.

Before using these various conditions for the model building, a first issue has to be addressed, regarding the
link between the sharpening function ¢ and the volume fraction « .

In a sake of clarity we performed the following analysis considering 1-D evolution with %20. This
X

analysis can be easily extended for the general case detailed in Section 4.6.

4.1. Link between ¢ and

The sharpening function ¢ varies between 0 and 1 (O <p< 1) and obeys the evolution equation:

&)
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op, +6<p1<02 -0
ot OX

>

in this particular case of 1D evolutions when % >0.
X

The volume fraction « varies between ¢ and 1-g: s<a<l-& (typically £=10"°) and obeys the
evolution equation:

Oay Doy _ pyCy — it ou
ot X  pc +p2022 x

2] a,

It is important to have non-zero volume fractions for three reasons:

e First, System (3.1) cannot be used at any mesh pointif ¢, =0 or «, =0.

e Second, it is useful to have non-zero volume fractions in order to allow dynamic interfaces creation from
nearly pure fluids. This is possible with the right hand side of the preceding equation and is important for
example in cavitating flow modelling.

e Last, the interface can separate a pure fluid and a mixture of materials, like for example of compacted pow-
der. In this case, the fluid volume fraction in the materials mixture can be far from 0 and 1. An example of
interface separating multiphase mixtures will be considered in Section 5.5.

Let us denote by w, the difference between the volume fraction on the right and left states far away from the
interface:

v, = (0‘1)+ _(0‘1)_ . (4.1)

Here (o) and (o )+ are limit values of the volume fraction at plus and minus infinity, and in the context
of the present assumptions y, >0.
Consider a linear relation between the volume fraction ¢; and the sharpening function ¢,:

o = (al), ‘F((‘)‘l)+ _(a1),)¢71 = (al), Tyio (4.2)

The variation of ¢, is the same as that of ¢ —it is an increasing function of x. The equation for o, is
similar:

a, :(az)_ +((0‘2 )+ _(az)_)¢1 :(az )_ T,

Equipped with Relations (4.1) and (4.2) it is now possible to derive the ‘sharpening multiphase model’.

4.2. Sharpening Multiphase Model

Let us consider again the particular case of 1D evolution when ¢,, > 0. Another important assumption will be
done: The volume fraction jump is assumed locally constant, w; =(;) —(e;)_ = cst. We will examine later a
more general case.

The sharpening multiphase model reads:

% n 000, -0,
or OX
%_’_ o PP, _ 0, O, + VPP, P _ 0 00,0, OV P,P5 _ 0,
or X ot X ' ot x 43)
0ayply Oy _ o Ouplh | Ovipplh _
ot x ’ ot x '
00208 _OViPPrP28 _ g Oaupie  OVi0P8 _
ot X ’ ot x '

This 8-equation model expresses in hon-conservative form as:

)
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op, op
——+(p,—@,)—=0,
or 1O
%+‘//1(P1€02%:0
or o OX
%+‘//1¢71¢2%=0
or o, OX
%+V/1¢1¢2%=0
or o, OX

aﬁ_‘//ﬂ’l{/’zaﬁ_o

or a, OX
U, i, Uy -0
or a, OX

o8, v, 08, _
or a, OX

: (4.4)

’

The two internal energy equations can be expressed in terms of pressure equations as, €, =€, ( Py Oy ) The
calculations are done for the phase 1, similar result being obtained for the second phase:

) on e oo v (e 20 n)_g
o), 0t op ) o a |op) ox ap ), o

With the help of the mass equation of phase 1 it becomes:

%4_%’/1401(02%:0.
or o, OX

Considering the two pressure equations and the two velocity equations of System (4.4), it appears that for

mechanical equilibrium conditions (aaﬁ =0and %i = Oj they reduce to:
X X

M g, Py (4.5)
ot or
Therefore, the model clearly respects the most important criterion of the sharpening method, corresponding to
the first one of the list given previously: Interface conditions must be unchanged during the sharpening process.
In other words, no spurious pressure and velocity oscillations must appear. System (4.3) respects this require-
ment.
Moreover, the sharpening System (4.4) is hyperbolic with the characteristics:
+ AL - %
l_l//12’l:_y/112

— 71

A =0, =

o a,
However, it is not strictly hyperbolic. The fields A* are linearly degenerate and the field A° is genuinely
non-linear in the sense of Lax. These properties are of paramount importance as will be discussed later.
The waves A* correspond to contact waves, responsible for the transport of mass, momentum and energy of
each phase.
The flux structure of System (4.3) guarantees synchronised evolutions of the sharpening function, volume
fraction, mass, momentum and energy of the various phases.

4.3. Jump Conditions

System (4.3) admits the following set of jump conditions across a discontinuity propagating at speed D:

©,
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[¢1.]-D[] =0

[‘//1(01(02] [ ] =0,

[vi00,0,]-D[ayp,] =0,

[‘//1(01(02p1u1] D[alplul] 0,

[ 1(01902p1e1] D [alplel] 0,
~[vi2p0,]-D]a,p,]=0,

- [Wl("l(/’zpz 2 ] -D [azpzuz] =0,

_[l//1¢’1¢’zpzez]_ D [azpzez] =0

, (4.6)

where, for any function f we denote [ f]=f,—f, .

4.3.1. Shock Conditions
As shown previously, the first equation of this system admits shocks propagating at the velocity:
D =1_(¢1R +¢1L) .
The second jump condition becomes:

V1 [(01%]_ D[al] =0

as y, has been assumed constant.

Using (4.2), the volume fraction jump is related to the sharpening function jump by,

[al] =¥ [(”1] .
Thus the second jump condition reduces to the first one.
The mass jump condition now becomes:
L 41 [(01(02,01]_ D[alpl] =0.
Or,
[¢1¢2p1] -D [(plpl] =0.
Under expanded form it reads:
((%% )R - Doy )le = (((01% )L - Doy, )plL

It thus reduces to:
[pl] =0.

Across shocks propagating at speed D =1—(gy +¢, ), the jump conditions are thus:

[2]=0[w]=0, [&]=0[p,]=0, [u,]=0,[e,]=0 4.7

These jump conditions express that across the sharpening shock, the densities, velocities and internal energies

are prolonged. This is a very nice feature already observed with diffuse interface methods. It also means that the

pressures are prolonged too. Thus, System (4.7) means that weak solutions of System (4.3) respect interface

conditions of equal pressures and equal normal velocities, corresponding to the main criterion the method has to
fulfil.

4.3.2. Contact Discontinuities
We now consider contact discontinuities of the sharpening model propagating at speeds o = A" . These linearly
degenerate waves result in a possible wave pattern as depicted in Figure 4.

(P1¢’2

1

For example, for c=1" =

, the first jump condition of System (4.6) becomes:
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» X

Figure 4. Schematic representation of the Riemann problem
wave pattern in the case where 4 <D<A4, .

[(91¢2]_W1 ¢7;(ﬂ2 [¢1] =0.

i1
As @, =1—¢, itbecomes,
1 [a)-v 2% )0,
It results in:
[¢]=0.
Consequently,
[¢,]=0, [2]=0, [u]=0, [e]#0, [p,]=0, [u,]#0, [e,]=0 (4.8)

System (4.3) thus admits a single shock and two contact discontinuities, corresponding to the one genuinely
non-linear field and the two linearly degenerate fields. These various jump conditions will be useful for the
Riemann problem (RP) resolution. Before that, let us examine conservation properties.

4.4. Conservation Properties

Summing phase’s mass equations of System (4.3), the mixture mass conservation equation appears:

o +ayp,) | v, (=)
or OX

Denoting the mixture density by p=a,p, +a,p, itreads,

=0

8_p+a€1/1¢1‘ﬂz (p1_p2) -0, (4.9)
or OX
This equation expresses that the mixture density is going to sharpen during the resolution of System (4.3).
However, as the mass transport has already been solved during the diffuse interface model resolution (3.1 or 3.7)
no extra mass flux must appear. Equation (4.9) violates the local mass conservation. However, when integrated
between the left and right side of the diffuse interface, mass is preserved. Indeed,

T[a_p+6‘/’1¢’1(/’2 (pl_pZ)de=0

or OX

—o0

becomes,
iT pdx=0
or °, '

The same remark holds for phase’s mass, momentum and energy:

+00 +00

o't 0 o
Ei(akpk)dxzo’ = N apu)ix =0 — [(ape)dx=0 4.10)

—o0 —o0

©,
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and consequently for the phase’s total energies,

6 +00
7 .[ (e pE)dx=0.
The method is thus conservative in the weak sense.
4.6. Summary

As the sharpening function gradient o is not necessarily positive, the general 1D model reads:

OX
%Hign 00 | 900, =0,
or OX OX
94, sign| 28 |2V8P2 _ g
or OX OX
Oaypy +sign 0p, \ OV, 0, 1 -0
ot ox ox ’
OaypyYy +Sign(%jaW1¢1¢2plul -0
0 0 0 ‘
T X X (411)
Oay e +sign 0¢, \ OV, P18 -0
T ox Ox ’
oa,p, —sign 0p, \ OV 210, -0
ot ox ox ’
0a, p,U, ~sign 0@, \ 0y, P,U, -0
or ox ox ’
0a,p,8, —sign 0p \ OV 110, 9,8, -0
ot ox ox ’
Jump conditions are the same as previously with obvious modifications related to the % sign.
X

5. Riemann Problem and Numerical Scheme

Flows computations proceed in two steps. First the flow model (System 3.7) is solved with Saurel et al. (2009)
[6] method as summarized in Section 5.1. During this step, the interface becomes diffused. Thus, during the
second step, the sharpening System (4.11) is used to remove most of the numerical diffusion at material inter-
faces. This system is hyperbolic and conservative. Conventional ingredients of hyperbolic conservation laws can
thus be used.

5.1. Numerical Method for the Flow Model

Numerical resolution of the 6-equation augmented model (3.7) in the limit of stiff pressure relaxation has been
addressed in Saurel et al. (2009) [6]. This method is particularly robust and quite simple. Computational examples
and validations are given in Saurel et al. (2009) [6] and other references cited in introduction, where more sophis-
ticated physical effects are considered.
The system to consider during numerical resolution thus involves 7 equations: System (3.7) and Equation (3.8).
Many approximate Riemann solvers can be considered to determine the cell boundary states, but the HLLC
solver of Toro et al. (1994) [24] seems the simplest and the most efficient.
Saurel et al. (2009) [6] method can be summarized as follows:
e At each cell boundary solve the Riemann problem of System (3.7) with HLLC solver.
o Evolve all flow variables with a Godunov type scheme (or its higher order variants).
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o Determine the relaxed pressure and especially the volume fraction.
e Compute the mixture pressure with Equation (3.4).
o Reset the internal energies with the computed pressure with the help of their respective EOS.
o Go to the first item for the next time step.

The main drawback of this method is related to the excessive numerical diffusion of interfaces, especially for
long time evolutions. The sharpening System (4.11) is addressed in this aim. Its numerical resolution is detailed
hereafter.

5.2. Approximate Riemann Solver

Consider a cell boundary separating a left state (L) and a right state (R). At each cell boundary an initial discon-
tinuity is present and three waves are emerging:
e Two contact discontinuities with velocities:

e A shock wave propagating with speed:

D=1_(¢1R+¢1L)-

For the sake of simplicity we still assume that % >0 . Moreover, the function y;, = (o, ), —( ). that was
X

previously a constant in the entire domain becomes now a local constant:
din — A
W, = ZR AL (5.1
Pr — P

It is important to consider y, as a local constant. Indeed, as the volume fraction may vary during the pres-
sure relaxation step, volume fraction jumps may change while the sharpening function will not. This is the rea-
son System (4.11) involves a volume fraction equation and another equation for the sharpening function.

For a given % >0, corresponding to y;, > 0, three cases have to be considered:
X

*A <D<y, *A <A <D, *D< A <Ay

Let us examine the first situation, the others being similar. The corresponding configuration is depicted in the
Figure 4.
The shock speed is determined immediately from the initial data,

Dzl_(¢1R+¢1L)'

The sharpening function solution is unchanged compared to the scalar case of Section 2:

if x/t<D
o (xt)= {(p“ ft< (5.2)
@ Otherwise
Consequently, the volume fractions are determined as:
a, if x/t<D
al (X,t) — 1L / )
o,z Otherwise
System (4.4) can be cast under compact form as:
%+ V1P, % -0,
X
T o, (53)
oW, AN ow, -0
ot a, OX

©
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with W, =(p,,u,.e,) k=12.
The approximate Riemann problem solution for variables W, thus read:

W, (x, 1) = W, if x/t<i; W, (x,t) = W, if x/t<A] (5.4)
BT \wy, otherwise YT |W,, otherwise

It is worth to mention that in this approximate solution, the solution for W, (x,t) is uncoupled of those of
@ (x,t) and o (xt).

Therefore, when %20, whatever the situation is (4, <D <43 or A <Ay <D or D<A </4y), the
X

approximate Riemann problem solution is always given by (5.2) and (5.4). The determination of the exact Rie-
mann problem solution is possible, but not necessary for numerical purpose. For the Godunov method, only the
flux along the x/t =0 axis is needed. Consequently the solution simplifies considerably and is summarised
hereafter (below, superscript * represents the solution along the x/t =0 trajectory):

Compute D=1-(¢g +dy ),
If D>O0,

G=d, b=b, =0, a;=0a,.
If D<O,
G =dp, & =bpr, A =g, O =0y (5.5)
Compute ¢ —¢, ,
If op—@, >0, W =W, , W, =W,,.
If op—@, <0, W =W, W, =W,,.
The fluxes of System (4.11) are thus easily deduced. They are used in the Godunov (1959) method that reads:
Ut =ur ‘% (Flw—Flye) (5.6)
with,

.
U=(g, o, ap, aply, apey, aupy, @GPy, 0008;)

.
F :(%(Pz! ViPPy WP 01 VPP, Py VPP, 006, —WDP,0,,  —Y 00, 0,U5, _l//l(pﬂ’zpzez)

The fluxes Fi;/z are computed from the Riemann problem solution (5.4) and contain the appropriate sign
function:

Fi:w =sign (¢1,i+1 — 4 ) F (U i*+1/2 ) > Fii1/z =sign (¢1,i _¢1,i-1) F (U :-1/2) :
The method is stable under conventional CFL restriction based on the fastest wave speed:
AX

max(ﬂ+

a)

AT <

Theoretically, the interface is ideally sharpened when the steady state solution of (4.11) is obtained. For prac-
tical computations, a CFL number of 0.9 is used and a single time step is done.

5.3. Relaxation Step

In Section 4.5 we have shown that the sharpening method was not creating spurious pressure and velocity oscil-
lations when the sharpening process was starting from initial data corresponding to mechanical equilibrium state.
However, when a shock or an expansion wave interacts with an interface, the velocities and pressures are dif-
ferent on both sides of the interface at the discrete level. Thus, the mass redistribution achieved with the sharpening
method is associated to momentum and energy redistribution that are going to produce non-equilibrium states on
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both sides of the interface. In order to restore mechanical equilibrium conditions, which consequence will be to
fulfill the interface conditions of equal normal velocities and equal pressures, the following correction is done:
e The center of mass velocity is computed at each mesh point as,

Zk:akpkuk
- zk:akpk ’

and both phase velocity are reset to the centre of mass velocity,

u =uk=12.

e A correction is also needed for the internal energies and volume fractions. Indeed, as the mixture becomes
out of pressure equilibrium, a pressure relaxation step is done, exactly in the same way as in Saurel et al.
(2009) [6]. The volume fractions at pressure equilibrium are determined. Then the mixture pressure is com-
puted with (3.4) and the internal energies are reset using the phase equation of state.

It means that System (4.11) has been complemented by velocity and pressure relaxation terms, in the same
way as System (3.7) and that the limit solution when velocities and pressures are relaxed is used to reset the
variables. Such correction is obviously conservative with respect to the masses, mixture momentum and mixture
total energy. See for example Saurel and Abgrall (1999) [4] for the details in the context of a slightly different
two-phase flow model.

u

6. One-Dimensional Illustrations

We now consider method validation on various test problems of increasing difficulty. A single pseudo time
step with CFL = 0.9 is used. With such a choice the convergence is reached at each time step and the interface is
computed in one point.

6.1. Advection of an Interface in a Uniform Pressure and Velocity Flow

A volume fraction discontinuity associated to a mixture density discontinuity is moving in a uniform pressure
and velocity flow at 100 m/s. Initially the discontinuity is located at x=0.5m in a 1 m length tube. This dis-
continuity separates two nearly pure fluids:

e Liquid water on the left defined by p,.. =1000 kg-m~, governed by the stiffened gas EOS parameters

with parameters 7, ..., =44, P =6-10° Pa

oo, water

=0Pa.

In the left chamber, the water volume fraction is set to «,,, =1—¢ and in the right chamber its value is

waer =€, With £ =10 The uniform pressure is set equal to P =10° Pa..
A mesh involving 100 cells is used. The results are shown in the Figure 5 at time t=2.89 ms where the
conventional method, without interface sharpening (left column) is compared to the version with sharpening
correction (right column).

The sharpening algorithm clearly improves the results as the interface is handled in two points instead of 4 - 5
points. The pressure and velocity fields are maintained invariant.

e Airon the right defined by p,, =10kg-m~ and the EOS parameters y,, =1.4 and p

0,air

a

6.2. Single Phase Shock Tube

The aim of this example is to show that the diffuse interface model with the sharpening algorithm is able to im-
prove solutions of the Euler equations. Let’s consider a shock tube filled with air in both chambers. At initial
time a pressure discontinuity is presentat x=0.5m in a1 m length tube. In the left chamber the pressure is set
to 2 atm and to 1 atm in the right one. The density is initially uniform p =1 kg/m® as well as the velocity that
is zero in the entire domain.

In the Figure 6 the results obtained with a higher order extension of the Godunov scheme with MUSCL re-
construction and Superbee limiter are compared to those of the sharpening method with the two-phase model
using two times the same ideal gas EOS with y =1.4. Results are shown at time t=0.805ms on a mesh
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Sharpening function

0.8

0.6

0.4

0.2

<
0 IS

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
X (m)

Figure 5. Advection of a volume fraction discontinuity in a uniform pressure and velocity flow. The diffuse interface
model without interface sharpening (left column) is solved with the Saurel et al. (2009) [6] method extended to higher
order with MUSCL reconstruction and Superbee limiter. The sharpening algorithm is employed for the results of the
right column with CFL 0.9 with a single pseudo time step after each step of the diffuse interface solver..

involving 100 cells.

A small oscillation due to the Superbee limiter is present on the velocity graph at shock front when the shar-
pening algorithm is used. These oscillations are absent with other limiters. Except regarding this discrepancy,
the sharpening method improves the results.

6.3. Liquid Water-Air Shock Tube

A 1 m long shock tube containing two chambers separated by an interface at the location x=0.75m is con-
sidered. Each chamber contains a nearly pure fluid. The initial density of water is p,,., =1000 kg-m~and the

stiffened gas EOS parameters are y,... =44 and p =6-10° Pa. The initial density of air is

oo, water
Py =10 kg-m~and EOS parameters are y,, =1.4 and P, =0 Pa. The left chamber contains a very small

volume fraction of air «,, =107 and the initial pressure is set equal to 1 GPa. The right chamber contains the
same fluids but the volume fractions are reversed. The initial pressure is set equal to 0.1 MPa. In both chambers
the velocity is equal to zero. On Figure 7 the results are shown at time t=0.234 ms. A 1000 cells mesh is
used.

A single time step with CFL = 0.9 is done with the sharpening solver after each hyperbolic time step of the
diffuse interface model. The interface separating liquid and gas is clearly sharpened, as shown on the mixture
density and volume fractions graphs.

6.4. Liquid Water-Air Shock Tube in Extreme Conditions

The same shock tube problem is solved, but initially, the left chamber pressure is set to 1 TPa (10 Mbars). The
initial discontinuity is located at x =0.6 m .This test illustrates the robustness and convergence of the new algo-
rithm. The results are shown in the Figure 8 attime t=6.01 ps with a mesh using 1000 cells.

Again, the sharpening algorithm clearly improves the solution. An oscillation appears on the mixture density
graph with the sharpening method, with similar behavior as Lagrangian and antidiffusion schemes (Kokh and
Lagoutiére, 2010) [14]. This effect is due to convergence errors that appear during the first time steps, when
shock formation occurs. Our method is the only one able to deal with such pressure and density ratio with only
one point in the interface.

6.5. Epoxy-Spinel Shock Tube

This test addresses method ability to deal with interfaces separating mixtures of materials. It highlights the need
for an evolution equation for the sharpening variable ¢, in addition to the volume fraction variable, both
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Figure 6. Single phase shock tube. Comparison of a conventional Euler solver (MUSCL reconstruction with Superbee
limiter) in symbols (left column) with the sharpening algorithm (with MUSCL reconstruction and Superbee limiter) in
the single phase limit (square symbols) shown in the right column for the same variables. The volume fraction is shown

for the sharpening algorithm.
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Sharpening function
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Figure 7. Water-air shock tube. The diffuse interface model without interface sharpening (left column) is solved with the
Saurel et al. (2009) [6] method extended to higher order with MUSCL reconstruction with Superbee limiter. The solution
with the sharpening algorithm and MUSCL reconstruction with Superbee limiter is shown on the right column.

present in System (4.11).
A 1 m long shock tube containing two chambers separated by an interface at the location x=0.5m is con-

sidered. Each chamber contains a mixture of epoxy and spinel. The initial density of epoxy is g, =1185 kg-m~
and the stiffened gas EOS parameters are y,,,, =2.43 and P, g0, = 5.3-10° Pa. The initial density of spinel

IS Pypine = 3622 kg-m~ and EOS parameters are Yopinet =162 and P, giner =141-10° Pa. The left chamber

contains 70% of epoxy in volume and 30% spinel. The initial pressure is set equal to 2 GPa. The right chamber
contains the same fluids but the volume fractions are reversed. The initial pressure is set equal to 0.1 MPa. In
both chambers the velocity is equal to zero. On Figure 9 the results are shown at time t=0.520ms. A 400
cells mesh is used.

In this example, the volume fraction and the sharpening function are not anymore linearly dependent. Their
dependency is varying with time and space, showing the importance of Relation (5.1). The interface smearing is
lowered with the sharp interface method.

7. More than Two Phases

The multiphase sharpening system can be rewritten as follows:

el —el a("k(l_q’k)zo
X ’

:0,
OX

—Zk +sign
0 ) OX

da (8% Jav/k(pk 1-9)
T

>

aakpk+sign % 6Wk(ﬂk(l_(ﬂk)pk -0
ot OX OoX

00PNy | Gon[ 90 W (L=p) A _
T OX ’

aakpkek+sign op ov o (1-9) P& -0,
or OX OX

These systems are solved independently for an arbitrary number of fluids. The Godunov method presented in

Section 5 results in the fulfilment of the constraints »* ¢, =1 and ) ¢, =1.
k=1,nbf k=1,nbf
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Figure 8. Liquid water-air shock tube in extreme conditions. The diffuse interface model without interface sharpening
(left column) is solved with the Saurel et al. (2009) [6] method and extended to higher order with MUSCL reconstruction
and Superbee limiter. The solution with the sharpening algorithm and the same MUSCL reconstruction with Superbee
limiter is shown on the right column.
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Figure 9. Epoxy-spinel shock tube problem. The diffuse interface model (square symbols) without interface sharpening
solved with Saurel et al. (2009) [6] method is compared to the solution with the sharpening algorithm (cross symbols) and
the exact solution. The same MUSCL reconstruction method with Van Leer limiter is used in both computations.



N. Favrie et al.

8. Conclusions

An interface sharpening method has been presented. It is based on Harten (1977 [16], 1978 [17]) artificial com-
pression method, and here it is extended to multiphase formulations of diffuse material interfaces (Kapila et al.,
2001 [5], Saurel et al., 2009 [6]). The key point of the new method is that interface sharpening is achieved in a
consistent way with masses, momentum and energies redistribution.

It preserves spurious pressure and velocity oscillations and handles interfaces in about two mesh points. It is
also able to handle interfaces separating mixtures of materials.

Multidimensional extension is under examination.
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