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Abstract

We have recently proposed, in [21], a compressible two-phase un-
conditionally hyperbolic model able to deal with a wide range of ap-
plications : interfaces between compressible materials, shock waves in
condensed multiphase mixtures, homogeneous two-phase flows (bub-
bly and droplet flows) and cavitation in liquids. One of the difficulties
of the model, as always in this type of physical problems, was the
occurrence of non conservative products. In [21], we have proposed a
discretisation technique that was without any ambiguity only in the
case of material interfaces, not in the case of shock waves. This model
was extended to several space dimensions in [24]. In this paper, thanks
to a deeper analysis of the model, we propose a class of schemes that
are able to converge to the correct solution even when shock waves
interact with volume fraction discontinuities. This analysis provides
a more accurate estimate of closure terms, but also an accurate reso-
lution method for the conservative fluxes as well as non-conservative
terms even for situations involving discontinuous solutions. The accu-
racy of the model and method is clearly demonstrated on a sequence
of difficult test problems.
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1 Introduction

Multiphase flows are involved in a huge amount of fundamental and indus-
trial applications while multiphase mixtures may have several origins. Usu-
ally they are consequences of a physical mixing process of several fluids or



materials. But in some circumstances, they may come from artificial (numer-
ical) smearing of contact discontinuities separating fluids of different physical
and chemical properties.

In this paper, we are interested in the numerical approximation of com-
pressible inviscid multiphase flows. Although we are aware that viscous terms
and turbulence can be omitted only in very special situations, this is never-
theless, from a numerical point of view, a fundamental situation. If one is
interested in the simulation of compressible viscous or turbulent multiphase
flows, one of the building block of the numerical scheme is nevertheless the
scheme aimed at the approximation of the convective and acoustic phenom-
ena ; this is precisely the topic of this paper.

In a previous work [21], we have proposed an unconditionally hyperbolic
model able to deal with physical mixtures as well as with numerical ones. It
is written as a sum of conservative and non-conservative product terms, com-
plemented with pressure and velocity relaxation terms, which, as explained
in this reference, modelize micro-scale phenomena. The model of [21] is an-
other interpretation of the Baer and Nunziato [3] model for wave propagation
in compressible mixtures. In the same reference, a new numerical method
able to deal with compressible mixtures, as well as interface problems, was
developed.

However, the model and the method of [21] were suffering of some imper-
fections:

e The closure laws for the average interfacial velocity and pressure were
left unclear. This is not surprising because there is no known solution
to this closure problem. It is usually considered as mixture topology
dependant and is one of the major issue in two—phase flows modelling.
However, the choices we made were not really important for the appli-
cations we considered.

e The approximation of the non-conservative terms, involving the volume
fraction gradient, the interface pressure and velocity, was carefully done
for contact discontinuities, but was left unclear for shock interaction
with volume fraction discontinuities.

The question of how to discretize the non conservative terms occuring
in two—phase flow problems has already been addressed by many authors
including [8, 3, 9, 13, 15, 4], etc. In [13], these terms were cancelled, thus
eliminating the difficulty. In [8, 3, 9, 13, 15, 4] the shock relations are derived
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without considering any variation of the volume fraction at shock front. The
volume fraction is evolving with the convective velocity (gas or solid velocity
or velocity of the mixture) which is different of the shock velocity. Indeed,
if the analysis is conducted with the hyperbolic system without relaxation
terms, the result seems plausible. But physical situations always involve re-
laxation terms which are the trace of micro—scale phenomena, such as bubble
expansion or compression. These relaxation terms involve volume variations
inside the shock front, hence there are some difficulties to determine rigor-
ously shock relations, and of course the associated numerical approximations.
Moreover, there are physical situations where volume fraction varies across
shock front due to mass transfer : detonation, cavitation and condensation
problems. In this paper, we also show that these relaxation terms have a
direct connection to non-conservative ones, thus they cannot be omitted. In
fact, we show that part of the non-conservative terms are relaxation terms.

In most models for two-phase flows, the system of PDEs is not written
in conservative form. This results in difficult numerical and mathematical
problems because discontinuous solutions have to be considered, and a rig-
orous definition of weak solutions needs to be given. This is a necessary step
to correctly approximate the non conservative terms in the system. This
problem has motivated many researchers, see for example [5, 19, 26]. For ex-
ample, Sainsaulieu proposes to introduce additional viscous effects in order
to regularise the solution, and seek for the limit solution when the viscosity
parameter tends to zero. This program is complex and can only be conducted
until then end only in special situations [20]. The solution to this problem is
of fundamental importance because numerical solution may be very sensitive
to the treatement of non conservative products [14].

We believe that the existence of non-conservative terms is a result of mul-
tidimensional motion at the flow micro—scales, rather than a viscous process.
Imagine two fluids inside a tube separated by an interface. The liquid is at
the lower part of the tube, while the gas is at the upper part. The column
is impacted by a high velocity piston on its left side as depicted on Figure
1. Since the two fluids are considered as compressible, there are two shock
waves propagating in the liquid and in the gas. Since each fluid has its own
physical properties and equations of state, the shock waves have two dis-
tinct velocities. A consequence is that the post-shock pressure is different
in the two phases, even if they were originaly equal. The variation in the
post—shock pressure must be “relaxed” because the gas and liquid pressure
must be equal accross the slip line that separates them. This is obtained
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Figure 1: Schematic representation of shock waves propagation in a separated
two-phase mixture

via transverse waves that propagates in the gas and the liquid so that the
pressures tend to equilibrate across the slip line. During this relaxation pro-
cess, the interface moves with a two or three-dimensional motion. After the
transverse waves propagation, the two shock waves collapse on a single two
dimensional complicated wave for the configuration represented on Figure
1. We note that the velocity is not continuous across the slip line, only its
normal component is.

A two-dimensional direct numerical simulation of this problem is done on
Figure 2 with the numerical scheme described in [22] which is particularly
adapted to interface problems. When the mixture contains bubbles, droplets,
or any density discontinuity, similar hydrodynamic process occurs at the scale
of individual particles, thus this simulation can be seen as the simulation in
a small volume surrounding a bubble interface. Such type of process does
not involve fluid viscosity. From these two figures it is clear that the volume
fraction varies inside the shock because the volume of the phases cannot stay
constant when a pressure difference exists.

The wave—like structure one can observe at a macroscopic scale is obtained
by homogenisation of such micro—scales problems. The model and method
developed in [21] addresses the problem of micro—scale motion by introducing
relaxation parameters for pressure and velocity. These relaxation terms are
summarising the sum of multidimensional micro—scale motions.

A first implementation of this remark is done in [21]. The non—conservative
terms were considered and physicaly based discretisations of them are pro-
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Figure 2: Numerical simulation of shock propagation in separated two-phase
mixtures. Density and pressure contours

posed. The numerical approximations are derived by considering a flow with
a uniform velocity and pressure ; the idea is to keep such wave structure in-
variant by the scheme. Such approximations are valid for interfaces because
the volume fraction, and not the velocity and pressure, may be discontinu-
ous : the situation is much simpler than for shock waves.

In this paper, we proceed in the opposite way to what is done usually.
Usually, the multiphase flow equations are considered at the continuous level
and are then approximated by a numerical method. Here, we consider
the pure phase FEuler equations at the microscopic level. We give numerical
approximations of these equations in the context of interface problem at the
micro—scale via the Godunov scheme [12]. These approximations are then
averaged over the set of all possible realisations and provide the corresponding
scheme for the averaged multiphase flow equations. We provide the detailed
form of each terms.

The corresponding scheme is applied to severe test problems and shows
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a perfect accuracy with respect to the exact solution when it is known. The
method behaves perfectly with interface problems as well as with physical
mixtures.

The paper is organised as follows. First, we recall the averaging technique
developed in Drew and Passman [7] when ensemble average is used. Our
numerical scheme is derived by imitating, at the discrete level, the averaging
method of Drew and Passman. We then show how to derive high order
extension of the scheme. The efficiency of the method is demonstrated on
several conventional and other difficult test cases.

2 Preliminaries

2.1 Derivation of the continuous PDEs

We first recall the method to obtain the compressible multiphase model. The
dissipative effects and phase changes are not considered in the present work.
Here, we assume that for each realisation, the interface between the phases
is well defined ; in particular it is possible to define, for any physical points
located on the interface, an interface velocity. It is the velocity at which the
interface localy moves.

We consider the case of two phases ¥; and ¥,. Each pure fluid is governed
by the Euler equations,

oU (k)
ot
In (1), we set U®) = (p®) pFu®) pE) BENT and FE = (pFu®) pEu®) g
u®) + PO (pBW EE® 4 PEYuENT where p*) is the density, u*) is the
velocity, E® is the specific energy (E®) = e®) + 1/2u® u® | where e® is
the internal energy) and P is the pressure of phase ;. We assume that
each pure phase admits a convex equation of state P*) = P(k)(e(k), p(k)).
We introduce, as in Drew and Passmann [7], the characteristic function
X®) of phase ¥y, : X®) (2, 1) = 1if z lies in fluid 3 at time ¢, and 0 otherwise.
The function X ® satisfies the topological equation :

X (k)
ot

where o is the interface velocity between the two phases. This equation can
be understood by looking at the two cases : either a point is inside one phase,

+V-F® =0 k=1,2 (1)

+o-VXH =0 (2)
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or it is at the interface of the two phases. If we look at a point that is not on
the interface, either X*) = 0 or 1. In either case, the partial derivatives both
vanish, and then the left hand side of the equation vanishes whatever o. If
the point is on an interface, it moves with the interface velocity, so o is the
interface velocity. Of course, (2) is understood in the sense of distributions,
as in [7]. This means that, for any regular compactly supported function ¢,
and for any volume €, if we denote by Q*) the subset of Q contained in the

phase X, we have

0

7 + / o-np=0. (3)
qm Ot 800

In (3), n is the exterior unit normal to Q*). The equation (3) reveals that o
is the velocity of the interface between the two phases.

Drew and Passmann [7] consider averaging procedures &€ ( . ) that com-
mute with the time and space derivative. For any function f, we assume

(o) =" )

E(Vf)=VE(/)

for which they establish the two calculation rules (see [7], pages 102-103)
@f afX®) 1 OX (F) (5)
£ <X(k Gt) £ < o ) - & (fi(nt) pr ) Leibniz rule.

In (5), f is any function, fi(k) is the value of f at an interface on the compo-
nent k of the interface : if M is located on an interface between >; and >,
fi(k) is the limit value of f(P) when P — M stays in the phase Xj.

nt

Using these rules for f = XWUW £ XAy and f = XOFO 4 XA p@),
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we get ([7], pages 121-122), the system
OE (X(k)p(k))
ot

k) (k k
0 (X' (;5( u®) LV (€ (X0 p0a® @ u®) 4 g (XBP®)) = £ (((Pu® (u® — g) + PH).

+V-E(XWpRa®) = £ (0 (u® — 5) - 7X®)

OE (X(k‘)p(k)E(k))
ot

+V-& (X(k)p(k)E(k)u(k) + X(k)P(k)u(k;)) £ ((p(k)E(k)(u(k) — o)+ P(k)u(k)) R
(6)

Defining the volume fraction of ¥ as a®) = & (X (k)), the average density

as ptk) = %, the average velocity u = %

the overline symbol for notational conveniency, we get the average balance
equations for each phase

, etc, and dropping

Ok (k)
% +V - [a®p®u®] = £ (p(u® — o) - VXH)
(k) (k) 11 (k)
- e+ V- [a®pPu) g ut) +a®PW] = £ (((Pu® @ (¥ — )+ PY) . vx W)
(k) g (k)
DL 4V (09 B®u® 4 a® PO)a®] = £ ((HEO Y o) 4 PHu®) . 7x0)
(7)
coupled with the average topological equation
da®)
S +E (- vxW) =0, (8)

In the sequel, we set
W = (a(l)p(l), oMy (MW E® (M (@2 (2,243 (2 EpG) a(2))T

| (9)

FW) = (aWp0u®, a®p0u® @u® +a®pO) o0 (EO + pO)u® o,
a(Q)p(2)u(2), a(2)p(2) u(2) ® u(2) + a(2) P(2)’ a(2) (E(Q) + P(Q)) u(2)’ O)T
(10)
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Following one more time Drew and Passman, the weak formulation of (7) is,
for any C! compactly supported function ¢,

//(asow+ F(W))/ o(z, 0)W mOd:v—// spg ) dadt

11)

where
=( (pMuM —-g))- VXD, (p(l)u(l)(u(l) — o)+ PM
7 (p(l)E(l)(u(l) o)+ p(l)u(l)) VXM, o- VXD,
(p(2)( @ _ g)) L VX®), (p(2)u(2)(u(2) —0)+ p(2)) .
(p(2)E( )(u(2) — o)+ p(2)u(2)) LVX®), o-VX®
(12)
The next step, which is a modelisation step, is to close the expressions
of the form £( --- ). For example, in absence of mass transfer, it is of

common use [7, 21], to model

E(PPVXW) = pva®
E(PPu) - vX®) = Pu;va®

E (0 . VX(’“)) =u;Val®

where P is an average interface pressure, u; is an average interface velocity.
Relaxation terms were introduced [21] to modelize the terms omitted by this
averaging procedure. Of course, the difficult question is how to define the
interfacial quantities and the remaining terms, and there is a real debate
about this. Another difficult question is, from a mathematical point of view,
to define products like P;Va®) where both P; and o®) may be simultaneously
discontinuous. In [21] we have developed a method that solves the second
problem, at least for flows with no shock (only contacts) and no mass transfer
between phases at shock fronts. This does not solve the problem in a general
context since there may exist situations where a shock wave enter a zone
where a® is discontinuous.

In this paper, we try to follow a different path. We wish to model as few
as possible, in particular, we want to avoid using interfacial average terms
since their definition is very delicate, if possible. However, we want to follow
the path developped in [7], which is summarised in equations (1), (2), (4),
(5), (6), (7) and (8). The key point is to evaluate exactly the averages in

14



(7) and (8). This can be done under mild assumptions that can be listed
exhaustively. Our numerical method uses the same type of procedure at the
discrete level.

2.2 Notations

Assuming two non miscible phases ¥ and 3, coexist in the flow, we consider
the following notations throughout the paper :

e UM L = 1,2 is the vector of conservative variables that describe the
non averaged flow,

U® = (o), f0u®) | o8 g7

The notation F*) is the associated flux,

Fiy = (0%u®, p®u® @ u® 4 PO14, (oW E® 1 ph))®)T,
The vector U = (UM, U?)) denotes

U= (;0(1)7 p(l)u(l), p(l)E(l), p(2), p(z)u@), p(Q)E@))T'
F = (FM, F®) is the associated flux.
e W% ig the vector of conserved averaged variables,
CIINCISOY

and F®*) is the corresponding flux. We also define W = (WM W 2)
and F = (FW, F@),

e X*) is the characteristic function of the phase ), and by abuse of
language, we also set U®) = X®OU Wk = XEW  ete.

More generally, if g is any flow variable, g®) represents this flow variable for
the phase ;. When there is no ambiguity, without the superscript ), the
variable ¢ denotes g.
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3 Derivation of the numerical scheme

In this section, our purpose is to derive a semi—discrete numerical approxi-
mation of the two-phase system (1-7). For the sake of simplicity, we assume
the flow consists in two non miscible phases ¥; and X,.

The scheme is of the finite volume type : the degrees of freedom are
the averaged values of the conservative variables (9) on the control vol-
umes {C;};, where U;,C; = (), the computational domain. For the pur-
pose of convenience, we denote W) = (oM p) o) pMyM) oM EONT (resp.
W@ = (a®p® o p2y? o2 E@)T) the conserved variables for ¥ (resp.
) and FO (resp. F?) the corresponding fluxes.

The idea is to apply the derivation presented in the previous section to
this discrete situation. Thus we consider a set of realisation, then evaluate
(with the notations of §2.1), for k = 1, 2,

(k) F®)
/ X(k)aU—dx+/ X ®) dr =20
Ci ot C;

and make an ensemble average, i.e.

(k)
/avg dx+/ ]-"(k)-n:/é’(g(k))dx
C; t 8Cj Cj

where, being consistant with (11), we have set

gk = ( (PP (u®) — g)) - VX (p(k)u(k)(u(k) —0) + p(k)) VX ®)
7 <p(k)E(k)(u(k) —0)+ p(k)u(k)) VX, o - VX(’“)).

The evaluation of the various terms involved in the previous equations
amount to solve the problem, for a general ensemble average ! This is why
we consider a simplified ensemble average which is constructed by considering
bubbles that are collections of elementary bubbles with very simple shapes,
see Figure 3. We construct the repartition of bubbles in such a way that
some of the moments of the repartition law are recovered. This is detailed
in the next paragraph. The elementary bubbles have to be chosen in such a
way that any bubble, in the limit, can be represented as an agglomeration of
elementary bubbles, for example as in Figure 3 where the elementary bubbles
are rectangles.

Of course, even if this framework is considerably simplified with respect
to real life, it is still too complex to perform effective calculations. This
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Figure 3: A configuration for a simplified ensemble average where the bubbles
are agglomerations of quadrangles.

is why we precise the necessary assumptions needed to compute easily the
various terms involved in the formula, i.e. to recover some moments of the
repartion law. The derivation is first conducted in the one dimensional case.

3.1 General principles and notations

We consider a computational mesh (x;);cz and the associated control volumes
C; =]i_1/2, Tit1/2[ where as usual z;q/0 = Zit?it1 - On each control volume,

the flow is approximated by the two vectors W) = (oW pV ol py (D oW gHT

and I/VZ@) = (Ozz@)pz(?), a§2)p§2)u§2), a§2)EZ-(2))T where 041(1) and 0452) are the vol-
ume fraction of the phases ¥; and X, ozgl) + ozZ@) = 1.
The main idea of the method is to proceed in several steps :
1. consider at time ¢t a random subdivision of each control volumes ,
Tiipg = &o < & < o < ENw) = Tig1/2, Where w is a random pa-

rameter aimed at indexing that specific realisation and N(w) — 2 is the
number of internal points (see Figure 4) ;

2. affect randomly in each subcell |&, 1| the phases 31 or ¥y with the
state UM = (p(l),pgl)ugl),Ei(l))T and Ui(2) = (p§2),p§2)u(-2),E-(2))T ; this

) 7 7 7

means in particular that X®) is assumed constant in |¢;,&;4,1[, 0 < j <
N(w)—1;
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3. write the semi-discrete approximation of that realisation thanks to
Godunov scheme ;

4. make an ensemble average of all realisations.

We may assume that two adjacent internal interfaces contain different phases,
because if not, we may merge the two internal cells. Hence, we merge similar
adjacent internal cells ; this has no consequences in the results because the
scheme is of finite volume type. Of course, the most left internal cell of C;
and the most right internal cell of C;_;, whatever i, may contain the same
phase, because the control volumes are considered independantly.

There is clearly a constraint on the subdivision and N(w). We choose
the subdivisions in such a way that the average lenght of all the internal
sub—cells containing > is agl)Aaj, that is

N(w)—1 f +€
& Z X(k)(—j 5 JH)(@‘H —&) | = Az agk). (13)

=0
Since the state U is constant in each |¢;,&;1[, we notice that
1 Tit1/2
&l — / X®Ude | =w®
A‘T Ti—1/2

so the control of the volume fraction plus the way we fill internal cells is
enough to recover the average state, without any additional assumptions.
In the following, we use the following notations :

e P (A) the probability of an event A and £ (G) the mathematical ex-
pectation of the random variable G,

e U! is the conservative vector in the subcell ]&;, & 1[. We denote by U,
the state in the most right subcell of C; and U;” the state in the most
left subcell of C;.

Doing so, the evolution of the phase > in C; obeys
ts ou OF
X|—+—=—)dz=0
/t /C (875 * ax) v
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that is
f]Jrl

Nw)=1 g0 oU
Z/ X -de + Z/ X—da:—O (14)
j=0 gj

]

where the characteristic function obeys

N(w)—1

Z /gﬁl ade + Z /£J+1 J—dx = 0. (15)

In this sum, there are two types of terms : the integral terms for j =1
to 7 = N(w) — 2 which correspond to the internal subcells, and the terms
j=1land j = N(w) — 1 which correspond to the boundary subcells. To
evaluate easily these integrals, we observe that the interface between two
subcells moves at the speed of the contact discontinuity between the left—
and right— constant states Uy and Ug at that interface. We denote this
speed by o(Up,Ug). This interface separates the two phases (1) and £,
so Uy, = UW and Ug = U or U, = UP and Uz = UM, For a given

t &+oUUDs

zi_12=% & & EN(w) = Tiy1/2

C; Cit1

Figure 4: A configuration

configuration, there is a finite number of internal subcells. Hence, between
times t and t+s with s small enough, the situation in C; evolves like on Figure
4 : before the interfaces cross the cell boundary, each subcell is streched or
compressed according to the solutions of local Riemann problems, and the
interfaces move at constant speeds.
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UL UR

Figure 5: : The various states in the Riemann problem with the Euler equa-
tions between states Uy, and Ug

We denote by F(Up,Ug) the Godunov numerical flux between the states
Uy, and U and F'*9(Up, U r) the flux across the contact discontinuity between
the states Uy, and Ug. Following the notations of Figure 5, we have

F'9(U,,Ug) = F(Uy) — o(Up,Ug)Ufp = F(Urp) — o(UL, Ur)Up .

where superscripts £+ denote the states on the right and the left of the con-
tact discontinuity respectively. We also denote by U, /2 the solution of the
Riemann problem between U;" and U,

The Riemann problems in each subcell are independent if the solution is

sought for times [t,t + s] for s that satisfies a CFL condition of the type
s 1
<z
AE T 2
Here A,y is the maximum wave speed, and A¢ is the minimum width of a
subcell. Then we integrate equation (14) between ¢ and ¢ + s, namely

| Amax| (16)

N(w)

Z/ /&HX dx+2/ /;+1X—dx_o (17)

and let s — 0.

As on Figure 6 let us call D’ the point on the interface moving at speed
o(U",,U;”) coming from r;—1/2 and C' the analogous point for x;y1/5. We
denote by ADD’ (resp. BCC") the space-time triangle that lies between

20



t+ s

A B
Ti—1/2 Tit1/2

Figure 6: Configuration for the evaluation of (17)

the segment AD (resp. BC') and the characteristic AD" (resp. BC"). The
space-time domain C; X [t,t + s] is the reunion of ADD’'NC;, BCC'NC; and
the Lagrangian internal cells as on Figure 6. The triangle ADD’ N C; may
be reduced to AD if o(U;,,U;) < 0. Similarly area of BCC’' N C; may be
reduced to CB if o(U;",U;;;) > 0. These situations occur when the flow is
going out of C; from the left or the right. By abuse of language, in any case,
we still denote BCC' NC; (resp. ADD'NC;) by BCC" (resp. ADD").
The equation (17) can be rewritten

ou  OF
X —+ —) dxdt 1
N(w) E41+s o Ul UlJrl aU aF
X —+— 17 18
" Z/ /( (at+ax)dazdt (an (1)
ou OF
—i—/ X(——i——)d:cdt:(). 117
CBB’ 875 81‘ ( )

We detail each term
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Boundary terms (I) and (IIT) : We consider first (I). We have

oUu OF
¢ el
/AD,D <8t + ax)dxdt

oXU O0XF 0X 0X
—_— dxdt — —+ F dxdt
/AD’D ( o o ) ! /AD’D (U o " ©) 893) )

i—1/2+s 0T (U, U7)
/ X(z, t+ s)U(x,t + s)dx
i—1/2

_SX(fEi—l/% t+)F(Ui*_1/2) + 5 Flag(Ui—tlv Uz'o> [X]jzo

Here, we use the notation 27 = max(0., z). Similarly, we have for (III)
/ X aU oF dzds
BCC! at 837

171-}—1/2"'5 (<) (U 1+1)
:/ X(xz, t+ s)U(x,t + s)dx
i+1/2

+SX(1’1‘—1/27 t+)F(Ui*_1/2) +s Flag(U‘ﬁ Uijl—l) [X]j:N(w)7

7

we have used the notation £~ = min(0.,z). The “flowing away” cases
are taken into account by the bound z;_1/5+s o (U;", U;”) in the case
(I) and z;11/2 + s o~ (U;",U;;,) in the case (III).

Internal terms (II) : we have

Eir1+s o(UT U
/ / X (8_U + a—F)dxdt
+SO‘ UJ 1 U'LJ at 837
= ([XhFlag(Ug, U + [X] o Fles (U7 Uf'>>

+

Eir1+s o(UL U Ei+1
/ - X(x,t+s)U(z, t+ s)dr — X(z, t)U(x, t)dz
g+s o(UI 71 UY) &

where [X]; is the jump of X at node &: [X], = Xi41 — X
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If we sum up all the terms, we get

1 Tit1/2

1 Tiy1/2
- X(z,t + 8)U(x, t + s)dz — M/xim X (2, 6)U (2, )dz

Ti—1/2

S
+E (X(I‘H_l/g, t+)F(UZ*+1/2> — X(Iz‘_l/g, t+)F(UZ*_1/2))

1 N(w)—1

Ax 2 ([X]jFlag(Ug’Uij1)+[X]j—1Flag(Ufl7Uijz)>

J=1

X Xl
+s < [A]O Flag(Uzth U~)+ []ﬁplag((]fr Uijrl))'

x Ax v

Taking the limit when s — 0, we have the semi-discrete scheme

d (1 [mre 1
< / X(I‘,t)U(ZII,t)d.T) + E(X($i+1/2,t+>F(UL_1/2) — X(xi—1/27t+>F<Ui*_1/2)>

dt\ Az |
i—1/2
1 Nt o , o
N > ([X]jFl“g(vaUi]_l)Jr[X]j—lFlag(Uf_lvUi]_z)
j=1 ,
[X]o lag (T7+ - [X]N(w) lag(T7+ 77—
+ A_xF (Uiq,Ui)—A—mF (U Uy r)-
(19)

Next, we take the mathematical expectancy of the relations (19).We first

have
[ )7
— X =\,
& (AJ?/ (:L‘,t)U(:c,t)) a; U,

Ti—1/2

Then, we consider

N(w)—1
> At([X]jFl“g(Uil? U + (X Fo (U] UZH))'

j=1
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We have [X]; = —[X];—1 = 1 thanks to the definition of § : through a sub—
cell interface, X change from 0 to 1 or 1 to 0 depending wether we leave or
not the considered phase. Hence,

N(w)—1
([X]jFlag(Uz-ja U™ + [X]ya oo (U7 Uz'j_2)>
= (20)
— N( )znt <Flag(U U(l)) Flag(Ui(l),Ui@)))
where N(w);; is the number of internal subcells.
This shows the expectancy of (19) is
d(aMUM 1 . .
% t A (€ (X (@ir1y2, ) F (U1 p0) = E (X (wimayo, ) F (UL )))
E(N(W)in
_ &l A(C;) ) ( plas(u® M) _ plas(®, Uz-@)))
1 _ a -
b (8 (XP07,,00) — € (Xwo P8 ) )
(21)
where % is interpreted as the average number of internal interfaces.

It remains to evaluate the three terms € (X (zi41/2, ") F (U} 9)), € (X (i1/2, 1) F(USy 15))
and & ([X]o) F'(U;",U;7) = € ((X]nw) F*(U;, U;;,). This is done in the

A 1)
next section.

3.2 Averaging procedure

Evaluation of conservative terms We first consider cell boundary i+1/2
and focus on the fluxes available for fluid 3y, namely £ (X (zi41/2, ;1) F(U}\12))-

On this cell boundary, four instances may occur : U | = Uz—il—l and U;" = Ui(l),

Ur, = U and U =02, U, = UD and U = UM, U, = U(21 and
Ut =U, @ We define

iy A 1 ifo(ULUP ) >0
@H/Q sign (o(U;, Ul) = { 1 if O(UZ!’UZ?’A) < 0.
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Last, we introduce X (x z+1/2) = lim, 4,0t X(2). With these nota-
tions, the four instances described above are summarised on the Table 1.

Flow paterns | Left and right states | Flux indicator
DI v, U, (Bt
S — 5y v Ut 1
2 -5 U, UL (=Biap)*
Sy — Yy u® Ul 0

Table 1: The various flow configurations at cell boundary i + 1/2.

Thus we have,

E(X @ity ) F (U1 )0)) = P (X(witre)” =1 and X(wirye)t = 1) (UL, UL
+ P (X(2i41/2)" = 1 and X(zi41/2)" = 0) (5?12) >+ FUM,u®)
i+1/2 i+1/2 i+1/2 i Y+l

7

+
+ P (X (@)™ =0 and X(wipp)* = 1) (=p%47,) FOP, 05

It remains to evaluate the terms P;1/2(2,, Xq) above,

Pz—l—l/? 21, (X $z+1/2 =1 and X(.TZ‘+1/2>+ = 1)
Pz+1/2 Y1, ) = (X fl?z+1/2 =1 and X(ﬂﬂz‘ﬂ/z)Jr = 0)
(22)
PH_l/Q EQ, (X mz+l/2 = 0 and X(ZL‘H_l/Q)Jr = 1)
PH_l/Q 22, 22 = (X LCZ_H/Q =0 and X($i+1/2)+ = 0) .

This is carried out in §3.3.
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Using these notations, we rewrite the terms arising at the interface i+1/2
+ . 12 \* m) 77
£ (X(.Ti+1/2,tn)F<Ui+l/2>) = Pir12(31,39) <5¢+1/g) FU;7,U7Y)
+ Pirya(S,5) FOY, UY)

Jr
+ Pi+1/2(22, 21) <_ﬁz(ill)2> F(Ul@)’ Ul(—il-)l)
(23)
Let us consider now the cell boundary (i —1/2). By the same arguments,

we get the averaged flux
E (X (wimyo, 1)) F (U 1/2)) as follows :

+
E (X (i1t F(UL1))) = Pirja(S, T) (ﬁﬁf}Q) FUY,u®)
+ Pic12(31,3) F(U,(i)l,U(l))

+ Pz—1/2<227 ) ( 65211/2) F<U2(E)17U7,(1))
(24)

Evaluation of the non conservative terms We now consider the terms

E([X]o) F'*9 (U, U?) and € ([X]nw)) Flas(uN“) U= ). We first consider

(2
the second term. As before, there are the same four possible configurations.

The jump indicators are given in the table 2

Flow pattern | Lagrangian flux | Jump indicator
a 1 2 1,2) \
Y =3 Flas(uM, U?) (5'(+1)2>

1 (3

> -, | Flesw® Ul 0

(U; )

a 1) 2,1) '\
Yo — 2 F g(Uz(Q Uz(—i-l) - <5i(+1)2>
-, | Flasu® Ul 0

2

Table 2: The various ingredients for the computation of the non-conservative
products related to the inner interface emerging from the cell boundary ¢ +
1/2.
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Using the same type of arguments as in the previous section, we have

& ((X]nw) F(U U5 = Prap(®,%) (815)) P ul)

7Di-l—1/2(22721) (51(3-711)2> Flag(Uz(Q) Uz-i-)l)'

(25)
We now apply the same arguments to the most left interface. Again for
this situation four instances may occur, and the same arguments give

+
g([X]O) Flag(UitDUiO) - - i_1/2(21’22) (ﬂ(LQ) > Flag(Ui(i)hUi(Q))

i—1/2

+
+Pi-1/2(E2, X1) (51(311}2> Flas(u®, oV,

(26)
Relaxation terms They are
£ (Nint) lag (2) (1) lag (1) (2)
T (P o) - P, u®)) (27)

E (Nint)

x
relaxation terms depends of the flow topology as we will see later on.

where is the average number of internal interfaces per cell. These

The volume fraction evolution scheme The scheme is easily obtained
from the previous calculations by setting U = 1 and F' = 0. Doing this,
F'a9(Uy, Ug) reduces to —o(Uy, Ug). Then the scheme reads:

d 1

%Oé(l) + A_x<7)i1/2(21’22> <ﬁ(11/2> (U(lp )+Pz 1/2(227 ) <

(2,1)

2,1) a 2 1
ﬁl( 1/2) U(Ui(f)lan( ’

+ Pir12(Xe, 1) (5(i12)2> a(UD,UL)) + Pig1j2(S, 51) ( ﬁ+1/2> (U, Uz+)1))

(28)
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3.3 Estimation of P, /,,(%,,%,)

To estimate these terms, we make the following remarks. First,
Pir1/2(Xp, Tp) + Piv1/2(3g, Bp) = oy
Piv172(Xp, Lp) + Pig1ja(Xp, 5g) = of

whatever p and ¢, and
Piv12(5p, %) > 0.

Since 0 < X(xirlﬂ) < 1, we have

0< X(l‘;;yg)X(I;H/Q) < X('I;-l/Z)

and

0< X(x;1/2>X<x;+l/2) < X(251)0),

so that Piy1/2(3,,%,) < of and Piy1/2(5,,3,) < of ;. This means that
Pis1/2(Ep, Bp) < min (af,af ;) -
The second remark is that since
Pis1/2(Xp, Xp) < min (agp)> O‘z@l) )

we also have
Pi+1/2(2p7 Zq) 2 max <O‘z(p) o O‘g—)l? O)

because
p p e D p
o, —ao; >0 if of <af
i . X )=aot , —P; Yo ) = i+1 T = i = Tt
732Jr1/2( e p) i+1 Pz+1/2( P> p) afﬂ—afﬂz() otherwise

We also notice that min <Oé(»p), aEﬂ) + max (&Ep) — o) 0) =1

)
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Moreover, if the flow is smooth, it is legitimate to ask that

Pit12(X1,21) =P (X(%trl/z) =1 and X(z +1/2) = 1) = a(l)($i+1/2)

Pi+1/2(227 22) =P (X(x;:-l/2> =0 and X +1/2 =0 xz+1/2)

1
o

12

)=a
Prirja(S1,5) = P (X(x;1/2) =1 and X (a7, ) o)
) 0.

Pisija(Ta, T1) = P (X(a,, ) = 0 and X (a7, ,) = 1

The first two relations are legitimate because they mean that, in the limit,
the flow composition is approximately similar seen from the left and the right
of z;,1/2 almost everywhere. The last two means that almost nowhere, the
flow composition may be different seen from the right and the left of z;/,.
Doing so, we implicitly assume that the flow is almost everywhere regular.
This set of remarks is developped in appendix A.

Combining all these remarks, we make the following estimation and as-
sumption,

Pis1/2(Xp, Ep) = min (af, ol ;) whatever p and q. (30)

¢ From this, and using the relations (29), we get

Pit1/2(31,31) = min (%(1)7 aﬁ&)

7%,:,.1/2(217 22 — Imax <Oé z(—li—)h 0)
(31)
Pz+1/2(227 = max (Oé - Oéz—l—la )

Pit1/2(X2,X2) = min (a H1)

The relations (30) and (31) are only approximations. They are justified
by two additional remarks. First, in the two dimensional situations of Fig-
ure 7 the fluxes along the vertical interfaces can be computed by the same
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©©O<> e

i-1/2 i+1/2 i-1/2 i+1/2
>

X

Figure 7: Schematic representation of the equivalence between a bubbly flow
or a dropplet flow with a stratified flow for the computation the numerical
fluxes between at a cell boundary

techniques as here, and the formula are identical to the ones we have pre-
sented here, with the same coefficients P;11/2(2,, X4). The physical meaning
of these coefficients, in the configuration of Figure 7 is the geometrical lenght
of the common interface between two equivalent bubbles.

The second justification is more mathematical. Because our scheme is an
averaged classical finite volume scheme, we may follow the lines of the proof
of Lax—Wendroft’s theorem, see e.g. [11]. We define W by

Wa(z,t) = W if (x,t) €]@i—1/2, Tiz1/2[ X [tn, bt [-
Thus, if we assume that, for % fixed,
e the sequence Wiy is bounded in L*(R* x R),
e there exists W € L2(R x R"),. such that Wa — W,
e the probability law of the flow is known,

o Pii1/2(Ey, ) has the fonctional form Pjiq/0(3,, X,) = qu(oz(p), agi)l)
with (o, o) — P,y (a, ) continuous and P,,(«o, o) = «, Py, a) =

ifp#gq
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then the limit solution W satisfies, for any test function ¢ compactly sup-
ported on R x R,

Wa—(p—l—F(W)Vgo—/ W(z,0)p(x,0) =& (/ (F(W) —oW) VXgo) .
RxR+ ot R RxR+

In other terms, the solution is a weak solution of the problem, as defined in
Drew and Passman [7]. This result is proved in Appendix A.

In practice, it is not necessary to know the probability law defined for the
flow under study. We only compute averages, so it is only necessary to define
averages. Here, the parameter that is given is the relaxation parameter, in
other words, the expectancy of the number of internal bubbles.

The definition of P;11/2(2,,3,) above satisfies these assumptions. We
have set this result for the Godunov scheme. In fact, what is really essential
is that the numerical flux be continuous and that it is possible to have a
discrete interface velocity.

3.4 Summary and extension to other fluxes.

We end this section by a summary of the results. The numerical approxima-
tion of (7), for Xy, is

d (amU-(l)> n EXF)ip1yy = E(XF);_yps ¢ (Flag(?X) (32)

e\t Az O

where the various terms are defined below.

In (32), the numerical flux F that we use at the microscopic level is
obtained thanks to an approximate Riemann Solver for which it is possible
to define a contact speed. The contact speed between the left state Uy, and
the right state Ug is denoted by o(Up, Ug). We also denote by U the left
and right states surrounding the approximate contact discontinuity, similarly
as in Figure 5 for the Godunov solver. This permits to define the Lagrangian
flux Flag(UL,UR) = F(UE_R) - J(UL,UR)UZ_R == F(UL_R) - 0<UL7UR)UER-
Last, we define ﬁf}z — sign (o(UP,U9)).

All the calculations have been performed for the Godunov scheme, but
can be extended to more general fluxes The key ingredient of the derivation
are, besides the randomisation, average procedures and estimation of the
various coefficients, the use of a Riemann solver for which it is possible to
define a contact discontinuity speed. This property is needed because we
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must define a Lagrangian flux, F'9(U, V). This Lagrangian flux has to be
consistent, as well as the base flux F(U, V).

Even more, the choice of the base flux F and the lagrangian flux F'* may
be independant : we do not really need a relation of the type F'49 = F*—gU*.
This can easily be understood from the proof of the Lax Wendroff Theorem,
see Appendix A.

The choice of the various fluxes has to be done only with the constraints
of physical problem under study, there is a lot of freedom. In this paper, we
have used the Godunov scheme and the HLLC flux [25].

Then, we have

1 1 12) \ ' 1 2
5 (XF)H—l/Q - max(ozg ) - a1(+)170) (61(_5_1}2) F(Uz( )7 Uz(—',-)l)

+ min(agl),agfl) F(Ui(1)7Ui(—|1—)1) (33)
2 2, - 2
+ max(az@) - O‘z(+)1> 0) <_ﬂz(+11)2> F(Ui( )v Uz'(Jlr)1)
and
0X
e (Pl ) = max (o’ —allh.0) (1) P U
T/
— max (af? —al?),0) (82),) PP 0l)
J’_
— max (o) — ol 0) (502),) " P, u®) (39
+
+ max (O%‘—)1 - 0%(2)7 O) (51(311)2) Flag<Ui(E)1a Uz‘(l))
+ A (Flag(Ui(Z), Uz‘(l)) . F(Ui(l), Uz‘(2))>
where £ (Vo)
Ai _ int ) 35
Ao (35)

is the average number of internal interfaces. Similar expressions hold for the
fluid 22.
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Last, the volume fraction evolution equation is obtained by the same
formulas by setting U = 1 and F' = 0 as done in equation (28). This means
that the volume fraction equation comes from a trivial PDE:

01

% +V.(0)=0 (36)
3.5 Numerical approximation of the semi—discrete scheme
(32)
: lag OX o
In equation (32), the term & | F g8_ can be split into two parts:
v/
£ Flaga_X =& Flaga_X + & Flaga_X
Ox 7 Ox i,bound Ox i,relax
where
0X
g Flag_ — A'L Flag U(z) U(l) o Flag U(l) U(2)
( ax)i,relax ( ( o ) ( o )>

ox
In practical applications, the solution is reached via a splitting method.
First, we integrate

X
and & <Fl“98—) is defined by the equations (25) and (26).
i,bound

(0112 M7 \"
i,bound

At Ax Ox
(37)
This step is stable under the condition
At 1
/\max A S "
el e < 5 (38)

Here A,y is the maximum wave speed, and Az is the cell size. This condition
holds because all internal waves are omitted during this evolution step.
Then, a relaxation step is applied,

<a£1)Ui(1))n+1 B (agl)Ui(1)>n+1/2 | ox
—&(pm= 39
At ( Ox )i,relax ( )
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The flux are computed at time ¢,,. The relaxation step can be carried out by
several ways :

e by a standard resolution of (39) when \; is not too large,

e by a procedure that computes the steady state of (39) when \; is large.
Such a relaxation procedure is detailed in [21, 24].

When dealing with contact-interface problems at the macroscopic scale,
as well as with well-mixed materials (for example solid alloys), the relax-
ation procedures given in [24] are appropriate. When dealing with mixtures
containing a moderate number of interfaces per computational cell, the res-
olution of (39) is recommended. It is also possible in such situations to solve
a micro-mechanical problem with integro-differential equations as was done
in [16, 10] or to use empirical closure laws including dissipation effects, as
done in most two-phase flow codes.

4 Second order accuracy

In this section, we propose an extension of the conventional MUSCL approach
to get a second order approximation of the scheme

M\ ®rrm\"
(a"U) = (aPUD) e xRy, - E(XF), zg(FlagaX>

At " Az or
(40)
where the flux are given by (33) and the non conservative terms/relaxation

by (34).

Following the MUSCL strategy, the variables U, defined by (9), in the
system (7-8) are approximated by their averaged values over the control
volume {|z;_1/2, Zi11/2[}icz, so second order accuracy can be achieved if we

oF
have a second order accurate approximation of the average of — (where F'

is the flux (10)) and & (G) (from (12)). o

4.1 A predictor corrector scheme

This scheme is an extension of the predictor corrector scheme for a general

ow oG
conservation law —— + — = 0 that we recall. Here , the mesh size is Ay

ot Ox
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which is assumed uniform for simplicity only.

Step 1. From {W}, compute the (limited) slopes W/ and evaluate

A
Wz'711/2,r =W - _y5Wn

T A2 K
n n y n
Wi+1/2,l =W+ 75Wi

Step 2. Evolve the solution over half a time step

At W W
n+1/2 Wwn n n " "
Wi =W - 20y (G( iy Wikijoe) = GWiliyop, Witaya,)

Step 3. From {VV;LH/ 21, evaluate the (limited) slopes A’™/2 and compute

Wn+1/2 o W@+1/2 B %5W@+1/2

i—1/2,r ) 2
+1/2 _ 1rnt1/2 Ay n+1/2
Wil =W, + - 0W;

then

Step 4. Compute

At
n+l __ n n+1/2 n+1/2 n+1/2 n+1/2
Wit =W - A_y (G(VViH/z,zv VViJrl/Q,r) - G(I/Viq/z,l’ VVil/2,r)>'

This is not the simplest predictor corrector algorithm, see [25] for example,
but the steps 1 and 2 are identical to the step 3 and 4. Hence, it is very
simple from the algorithmic point of view. Thanks to this remark, we only
describe the corrector step of our second order algorithm, i.e. the extension
of steps 3 and 4.

4.2 A predictor corrector scheme for multiphase flows

We start by the data reconstruction. Since the volume fraction has to remain
between 0 and 1, and because of the constraint p, > 0 and P, > 0, we

choose to reconstruct linearly the vector of primitive variables V;* where
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V = (a,p,u, P)T for each fluid. We extrapolate these variables by using
their limited slopes 6;V :

r — I;

O R
with & €]x;_1/2, Zi11/2[. We denote by
Az Az

Vitije, =Vi" — 7(2“/ and Vi, 5, = V" + 751“/
the primitive variables at the most left /right points of the cell |z;_1 /2, ;41 /2[.
We denote by U, ,, (resp. UL, ;) the vector of conservative variables
corresponding to Vi, (resp. Vi, Jo. ).

In order to get an approximation of (7-8), we divide the cell |x;_1 2, 2;11/2]
into subintervals |z;_1/2, 91, [y, yial, | = LN = 1, Jyn, @iv1/2[. In the cells
Y1, yi41[, we consider the conservative variable W/, corresponding to the

primitive variables V" (y;11/2) with yi41/2 = %’ in |z;_1/2, y1[ we consider

the one corresponding to V", ,, = V" — §5iV, and similarly in |{y, ;41 /(,

n

we consider V", 2 Then we apply the scheme (40), that is the technique
developed in section 3, to this data distribution. This means that we subdi-
vide each interval into random sub-interval (with the constraints of section
3), and then we take the expectancy of the schemes. There is no contra-
diction, since there might be only one random subdivision in each |y, y;11] :
this is taken into account in the relaxation term of equation (35), which is
defined here for each subinterval |y;, y,41[, and might vary with respect to
[. To o indicate this variation, we denote it by A(y;41/2). Then, we get the
averaged flux variation over the interval |z;_1/2, Z;11/2[ but summing up the
contribution over each subinterval x; 1/, y1[, Jyi, yiga[ for I =1,--- /N — 1
and |yn, Tit1/2[. The arguments in the formula (31) are those defined by the
reconstructed left and right states at x;41/. Similarly, ﬁz(if)g represents the
sign of the contact speed evaluated at ;+1/2 from the reconstructed data.
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In step 3, the conservative terms sum up to
1,2) n+1/2 77(2),n+1/2
S(XF)E )1/2 = (ﬁz( 1/2) i 1/2(21722)F(U( )1/2+l/ U( 1/2+r/ )

1),n+1/2 1)n+1/2
+ Pi1/2(31,50)F (Uz( 1/2+l/ Uz( )1/;7"/ )

B 2),n+1/2 1),n+1/2
(6(2,1)) Pi71/2(227 El)F(Uz(f)l/;[ / 7UZ(7)1/2J;/ )7

(41)
1 + 1),n+1/2 2),n+1/2
£ ()(117)£+)1/2 = (p1?) 7’¢+1/2(Z1722)F(U1(+1/;l/ 7Ui(+)1/;r/ )
+ Piy1j2(X1, X1)F (Ui(i)1’72+,zl/2> Ul(—il-)172+7"1 )

(ﬁ(Q ) z+1/2(22,2)F(U.(Q)’nH/Q,U.(l)’nH/Q)

i+1/2,1 i+1/2,r

1904
since all the internal contributions cancel. The non conservative terms £ (F lag ) =

ox
0X 0X
& (Flag ) + & (Flag ) sum up to
O i,bound Ox i,relax

a n + a M
_(5(1’2)) Pis1j2(E1, ) F g(U( )1/2zv Ui(E)I/Z,r) + (ﬁ(Q’l)) Pig1/2(22, 2 ) g(Uz( )1/21’ Ui(i)l/lf‘)

- 5(1’2))_731‘“/2(21, Zz)Flag(Uz’(i)f;lQ,zv Ui(E)l’;ZQ,T) + (5(2’1)) 7Dﬂrl/ﬂ(E? El)FZ g(U( )1/2“ Ui(i)l’;l?vr)

N-1
+ Z max (0, Aa(l)(yl+1/2)) Flag(Uz(Q)’n(ylﬂ/Q)a Ul(l)m(yl—&-l/Q)) — Mmax (0, Aat? (yl+1/2))) Flag(U2(2
=
+ D Ayity2) (F WU (Yry2), UL (Yrgy2) Z F9(U"™ (Yrr1/2), U§2)’n(yz+1/z)))
=1
(42)
where

A (ypi1y2) = (8:0M) (& = &41).

We do not need any (3 terms because we account for all the internal cells in
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|Ti—1/2, Tiy1/2[. Hence, the last two terms of (42) are equal to

N-1

(Z F (U (yri1/0), U (yra2)) (1 — yl+1)> max (0, 5z‘04(1)>
=1

N-1
(Z FU U (yr170), UP ™ (ys12)) (1 — yl+1)) max (07 5z‘04(2))

=1

which converges, when N — oo to

Tiy1/2
</ Flag(U(2)’"(y), U(l)’"(y))dy> max <O, 5i04(1)>
Ti-1/2
- (43)
Tit1/2
(/ FI“Q(U(l)’”(y), U(2)’"(y))dy) max (O, 52-04(2)>

i—1/2

Then we apply the mid point rule to (43), and we have a second order
approximation of the non conservative terms by

a 0X + a n 2),n
Az € (Fl 9%) = —(BUD) P (S0, Be) Pl (UL, U )

+(BCD) Py (Se, ) s (U, 1, ULy )

—(B1D) Pipaja(S1, Sa) Floo (UL, U, )
+(BED) Piga a3, Xn) Fl9(U;

+ max (0, Ao%(l))Flag(Ui(z)’"7 U.(l)’”) — max (0 Aa?))Flag(Ui(l),”’

where Aagl) = aﬁ)l /o _0‘91 /o, and Aagz) = agi)l Y —ag)l Jo,- are the limited
slope of a® and a® in the cell C,.
Similarly, the relaxation terms corresponding to a linear reconstruction

of the data can be approximated, thanks to the same interpretation in terms
of Riemann sums and to the mid point rule by

Ai (Flag<Ui(2):", Ui(l)an) _ F(Ui(l)m, Ui(2):">) . (45)

38



It is not surprising to have the averaged values of the conservative variables
U, and U, because we need to evaluate UM and U® at the point T;;1/s.
This values are precisely the averaged ones thanks to the geometry of the
cell. The same remark applies to the relaxation term A.

In the end, the predictor step becomes

n+k n (1) 1)
(@)™ — (@PU")" | EXF) e~ EXF)y, ( Fmg@_X>

At Ax Ox
(46)
X
where & (F lag %—) is the sum of (45) and (43), the conservative terms
L/

& (XF)Eli)l/2 are given by (41).

There is an enlightening interpretation of the scheme. It is important to
note that the cell contains now a gradient of volume fraction a. Geometrically
speaking, the mid point rule applied to the integral of F'® and the internal
relaxation terms is equivalent to adding a new internal interface in the middle
of the cell between the values VZ(_"l) /2.1 and V;Sfl) Jor 85 depicted on Figure 8.

It is essential to take into account this new interface for the design of the
second order scheme.

5 Some useful verifications

The various numerical approximations being rather complex, it is necessary
to check some elementary properties. The following verifications may be done
with the first and the second order variants. For the sake of conciseness we
consider the first order method only.

5.1 Uniform pressure and velocity flows

We have shown in a series of papers [2, 21, 22] that these uniform conditions
were particularly important for interface problems. We consider the semi
discrete form:

d (@) EXF)ipy)y = EXF);_y ) 1aa 0X
L (aWy! — ¢ plasZl 4
pm (az U; ) + AL & 57 ) (47)
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Figure 8: Schematic representation of a computational cell with a gradient
of volume fraction. The gradient in dotted lines is equivalent to the discon-
tinuous representation with full lines

where, for any 1,

Jr
EXF)iyyy = max (o) — %(413170) <5.(1’2) > FUY, Ui(i)l)

)

+ min(e{”, al})) F(UL, UL (48)

2 2 2,1) \ 2 1
- max(ag - O‘z(+)170) (@&1}2) F<Ui( ) Ui(+)1)
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and

0X
& (F lag —) = max
Oz i,bound

+ max (o) — a0 (521),) " Feow®, U
(49)
We assume that the flow evolves under initial uniform pressure and ve-
locity conditions. Consequently, the pressures and velocity should remain
constant during time evolution. We now check whether this property is sat-
isfied or not at the discrete level by the scheme (47). Note that this basic
property was fulfilled in [21] but not in [13].
In the following, we consider base fluxes for each phase that have the
property, for any phase Y

[fugk) and pl(-k) are uniform on the stencil of the flux, then the pure
fluid FEuler scheme for phase ¥ has the same uniform velocity
and pressure after one time step.

A slight variant of this property was considered in [21]. We assume that it is
possible to identify a wave structure, and a numerical contact discontinuity
so that the Lagrangian flux can be defined,

Fl9(U, V)= F(U,V) - o(UV)U*(U,V).

It is clear that if the velocity and pressure of the phase within one com-
putational cell are in equilibrium, the Lagrangian flux is uniform. These
two properties are obviously satisfied by the Godunov’ scheme, Roe scheme,
HLLC scheme, etc.

Since the velocity and pressure of both phases are equal and uniform in
space, the Lagrangian fluxes are constant and some flux indicator cancel (the
velocity is assumed positive):

FeoU U = FoUR Upn) = F9(ULLU) = FU9UELU) = Pl

? 7
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then N N N N
(1,2) _ (2,1) _ (1,2) _ (2,1 _
(61‘—1/2) - (@—1/2) - (ﬁi+1/2) - (@41/2) =1
(1,2) N _ (a@D) \ _ (02 _ (a1 _
(61‘—1/2) - (@—1/2) - <ﬁi+1/2> - <ﬁi+1/2> =0

Owing to these simplifications the numerical fluxes and non conservative
terms reduce to:

and

E(XF) = FIUP) (max(al’ = af}),0) + min(af”, o))
and
& (F’“QZ—X> = [log» (— max (agi)l - 041(1), 0) + max <0491 - a§2), 0)) .
Z i,bound

This reduces again to

E(XF) aVFU)

i+1/2

and
& Flaga_X — (05(1) _ 06(1) )Flag,*
8m i,bound ! o
We now notice that F(Ui(l)) = Flagx 4 an(l) where 0 = u = cst. and
denote A = At/Axz. Thus the scheme (47) reduces to:

(@ Uyt = @MUy (P @B uf)r) o (50)

)

We then drop superscript (Y and develop this equation for the various com-
ponent of the vector U = (1, p, pu, pE)T. The volume fraction equation
reads:

(@)™ = ()] = (o} —af'y)

The mass conservation equation reads:

(p)! ™ = (ap)] — Mu(afp! — a1 pf )

The momentum equation reads:

(apu)™ = (apu)? — Nu(af prf — apoinplyul )
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JFrom these last two equations, it is obvious that:

ul 7

The velocity does not change, in agreement with what was expected. Now
we consider the energy equation:

(pE)* = (apE)} — (o pl B — o1 p} | El" 1)

3 K3

Using the fact that the velocity does not evolve, we can eliminate the kinetic
energy in the total energy. Thus, last equation can be rewritten in terms of
internal energy:

(cpe)i™ = (ape)! — Au(afplel — ol p} el ;)

We now introduce an equation of state (EOS). The stiffened gas EOS is able
to describe gases, liquids and solids. It can be written as:

pe = (P+7Px)/(y—1)

with
1 a 1l -«

y=1 m-1 7-1

VP aPY (1-— a)Po(g)
o R B BN

where v, PCQ) (resp.’y(z), Po(g) ) are the thermodynamical parameters of ¥
(resp. Xo).

Since the pressure is uniform at time level n, and since the parameters of
the equation of state are constant too, a sufficient condition for the pressure
to not evolve is:

ntl _

af " = o = du(af — aily)

which is in perfect agreement with the numerical update of the volume frac-
tion obtained previously. The overall scheme satisfies perfectly the uniform
pressure and velocity flow.
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5.2 Flow in a uniform volume fraction field

In the particular case of two-phase flow with uniform volume fraction field, if
we do not account for the relaxation terms, we expect that the fluids evolve
freely, as they were evolving in a one dimensional duct if they were alone.
So we must recover the Godunov scheme for the Euler equations when the
volume fraction is uniform.

Under uniform volume fraction condition we have:

£(XF) o U, UL

i+1/2 i

1G]
8 i,bound

By eliminating a ) the scheme (47) reduces to

and

gt = g \(pw®,ud) - Fd, UM (51)

1

which is readily identified to the Godunov scheme.

6 Test problems

The method works for all tests of references [21, 24]. We have retained here
the most important ones corresponding to various flow situation in shock
tubes, the ”water faucet test problem” of Ransom, a sedimentation problem
and Rogue’s test case to show that the method works for very different flow
conditions.

6.1 Shock tubes with pure fluids and with mixtures

The tests are done with a uniform mesh of 200 cells. The materials are
governed by the stiffened gas equation of state: P = (7 — 1)pe — 7Py. The
parameters of the gas are v = 1.4 and P,, = 0 while for the liquid they are
v = 4.4 and P, = 6.10%Pa.

The first shock tube involves a uniform volume fraction initial condition
as shown on Fig. 9. The diaphragm separates two mixtures of equal vol-
ume fractions (o = 0.5). The left and right part of the shock tube contain
fluids with a very strong pressure difference. The gas and liquid densities
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are H0kg/ m® and 1000kg/ m” respectively in the entire domain. The initial
pressure in the high pressure chamber (left) is 10°Pa and 10°Pa in the low
pressure chamber (right).

We use the second order variant of the method as described in section
4. For this first run, we do not use any pressure and velocity relaxation
procedure. The results are shown on the figure 9, and the numerical solution
of each fluid is compared to the exact one. The exact solution is obvious :
each fluid evolves in a constant cross section duct and is governed by the
Euler equations. Perfect agreement is obtained.

Then, we run the same test with the relaxation procedure of reference [24].
Now the fluids have an infinite drag coefficient and the pressure relaxation is
instantaneous. The results are shown on the Figure 10. The volume fraction
varies across the rarefaction and shock waves. This behaviour is in perfect
agreement with our previous results using a different scheme [21] and pressure
and velocity relaxation procedures.

We now use the same initial conditions as in the previous test problem,
but we change the initial volume fraction of the various fluids. An initial
discontinuous profile is imposed. The left part of the shock tube contains
the same liquid as before with an initial pressure of 2. 10® Pa and an initial
volume fraction of a; = 1 — € (e = 107%). TIts right part is filled with a
gas at 10° Pa with an initial volume fraction of oy, = 1 — €. This situation
corresponds to a nearly pure liquid on the left high-pressure chamber and
a nearly pure gas on the low pressure right chamber. We want to check
if the method is again able to solve interface problem between nearly pure
materials. The results are shown on the figure 11 and are obtained with
the second order scheme combined with the pressure relaxation procedures
of reference [24] as was done previously. We again obtain perfect agreement
with the exact solution.

We now redo the same test under the same initial conditions with a dis-
continuity in volume fraction. Contrarily to the previous calculations, we
do not use any relaxation procedure as in [24], nor solve the ODE system
(39). In other words, we take A; = 0 in equation (35). This means that
the two—phase control volume does not contain any internal interface. The
only interfaces come from one of the cell boundary and its contribution to
the evolution of the solution is controled by (34) only. In abscence of the
relaxation terms (35), each fluid will retain its own pressure, velocity, etc,
because there is no interaction between fluids. There is no drag force between
the fluids, and of course no pressure relaxation. Hence, this test puts into
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evidence the contribution of the non conservative terms appearing in (34)
only, that is the terms related to the interfaces that cross cell boundaries.
The results are displayed on Figure 12. As expected, the two fluids have
very different pressure and velocities. They also have very different profiles
because they do not have the same initial conditions, nor equation of state,
and they evolve in different volumes. In the left part of the shock tube, the
liquid is nearly pure and is expanded by a strong rarefaction wave. The solu-
tion of this rarefaction wave is in excellent agreement with the one obtained
with a pure liquid on the left left and a gas on the right . In the left part
of the shock tube, the gas is expanded too. It accelerates near the interface
because its volume varies in space and time. Indeed, the interface has a large
velocity, and during its propagation, it is smeared by numerical diffusion.
This numerical diffusion zone corresponds to a diverging nozzle where the
gas is again expanded by geometrical effects.

We now consider the right part of the shock tube. A shock wave propa-
gates into the gas due to the liquid—gas interface motion. The liquid existing
in the right chamber in a negligible volume is moved too by a fast shock wave
that is initiated in the stiff converging nozzle associated to the numerical dif-
fusion zone.

The most interesting result of this test is that the coupling between the
gas in the right part of the tube and the liquid on the left is achieved perfectly
at the interface. The non-conservative terms (34) are able to restore the
interface condition by the only fact that the volume fraction is discontinuous.
The matching between the gas and the liquid variables at the interface is
clearly shown on the magnified view of figure 13.

These results mean that the numerical model is able to deal with multi-
phase mixtures into non equilibrium velocities as well as interface problems
separating pure or nearly pure materials. Up to our knowledge, it is the first
model able to deal with mixtures and interfaces under a unique formulation.

6.2 Ransom test problem

The water faucet problem consists of a vertical tube 2 m in length. The
top has a fixed liquid velocity (10 m/s) and a liquid volume fraction of 0.8.
The bottom of the tube is opened to atmospheric conditions. Initially, the
tube is filled with a uniform column of liquid water at a velocity of 10 m/s
surrounded by a gas at volume fraction of 0.2. From these initial conditions,
gravity effects are considered and provoke a lengthening of the liquid jet. The
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gas and liquid are treated as compressible fluids with the same parameters
and equation of state as for the liquid-gas shock tube test problem. Exact
and numerical results are shown on the figure (14).

The numerical solution shows an excellent agreement with the exact one
even if the fluid compressibility necessitates the use of small time steps.
Under mesh refinement, the solution converges to the exact one, contrarily to
models involving pressure equality between phases and having a conditional
domain of hyperbolicity.

6.3 Sedimentation case

We consider a tube filed with air and water. The tube is vertical and closed
on top and bottom. Its length is 1 m. The mesh has 100 cells.

At initial time, the volume fraction of each phase is uniform and equal to
0.5. The initial velocity is 0 m/s, the initial pressure of both phase is 10° Pa.
The air density is 1 kg/m3, that of water is 1000 kg/m?. At t = 0, we set up
the gravity ¢ = 10 m/s™2, so that the heavy fluid falls down, and the light
one moves up. At steady state, the tube should be filled with pure air in the
upper half domain and with water on the remaining half tube. We show on
Figure 15 the volume fraction and pressure after at initial time and after 1.5
s. Here, we use the pressure equilibrium procedure. The results of Figure 15
show that the method is able to separate fluids under body forces and fulfill
interface conditions, starting from an ideal mixture.

6.4 Rogue test case

We consider here a vertical tube filled with air, see Figure 16. In the middle,
a bed of dense and small solid particles is settled. A shock wave propagates
in the tube from the bottom. At some time, it crosses the bed of particles,
hence pressure disturbances and drag effects make the particle move. At
the same time, the incident shock wave refracts, a transmitted wave propa-
gates through the bed, and a reflected waves propagates backwards. During
the propagation of the transmitted wave, drag effects and volume fraction
modification weaken the propagated shock, while the bed of particle moves.

To visualise the pressure evolution due to this very complex phenomena,
two pressure gauges are installed, one before the particle bed, one after it.
Their locations are 4.3 cm before the bottom of the particle bed, and 11 cm
after it. The bed thickness is 2 cm.
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The particle are modelled as compressible particle, with the same param-
eters as for water.
The drag effects on the particles are modelled with the drag force

<u<1> _ u<2))

The various coefficients and parameters of the experimental setup are
given in Table 3. The superscript (1) stands for the ambient gas, and (2) for
the particles.

There exists experimental results about this configuration, see Rogue [17,
18]. No exact solution is known, of course. In Figure 17, we have reported
the experimental results for the pressure and computed ones. They are in
good agreement.

1
Fd == Z%Odpd_(l — Oé(l))

P

NG

Parameter Value
Air preshock density 1.2 Kg/m?
incident shock mach number 1.3
Particle density 1050 Kg/m?
Particle diameter (d,,) 2 mm
Particle bed thickness 2 cm
Initial gas volume fraction in the bed 0.35
Drag coefficient (Cy) 0.6

Table 3: Parameters for the Rogue test cas

The accuracy of the computed results could be improved by adding gran-
ular pressure and energy to the model. Doing this, the method would couple
two more complicated systems than the Euler equations. This type of work
comes out of the scope of this paper. For addition of extra physics and
hydrodynamics to the model see [23].

7 Conclusions, perspectives

This paper describes a new philosophy for the modelling and numerical res-
olution of heterogeneous media. We have successfully applied it to interface
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problem and compressible multiphase mixtures. We believe that this con-
cept may be applied to other physical problems of physical and mathematical
importance.
The extension to multidimensional problems is possible [1]. The only real
modification, compared to the present developments, is about the coefficients
Pit1/2(Xp,Xq). They are defined as, for an interface between two compu-
tational cells, say between |z, 1212, Tiy1/2,-1/2[X|Yi-1/2,j-1/2, Yit+1/2,j—1/2]
and |z 1/2. 5172, Tivas2-1/20X}|Yi-1/2,5-1/2, Yir1/2,5-1720; that is {@it1 25172t }JYio1/2,5-1/2, Yir1/2,5-1/

Yiv1/2,5—-1/2
Piil/lj—l/?(zpa Eq) =& (/ X(xi+1/27 s)ds)

Yit1/2,5—-1/2

which can be evaluated in the same way as in the present paper.

The problem of the relaxation coefficient is more interesting. In the one
dimensional situation, they are defined as the average number of internal
interfaces. In the multidimensional case, using once more the same argument
as here, they are the average area of internal bubbles in the x and y directions.
It is interesting to note that the one dimensional case can be interpreted in
the same way. It is also noticeable that these quantities have already been
introduced in the litterature, see [6] for example.
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A  Proof of a Lax Wendroff theorem

We show the following result

Theorem A.1. We consider the semi-discrete scheme (32-33— 34-35). We
define Wa by
Walz,t) = W if (z,t) €]xi_1)2, Tiv1/2[ X [tn, thsa |-

Thus, if we assume that, for % fized,

e the sequence Wa is bounded in L= (R* x R),
o there exists W € L*(R x RT)y,. such that Wa — U,
o U is piecewise reqular,

e the probability law of the flow is known and the relaxation coefficients
remain bounded,

o if Piy1/2(Ep, Xy) has the functional form Piq2(3,, Xq) = qu(oz(.p), O‘z(i)l)

)

with P,, continuous and Py,(c, o) = a, Py (o, o) =0 if p# ¢
Then, the limit solution is a weak solution of the problem, i.e., for any ¢ €
CHR x RT)4,

WL F W) T~ [ Wit 0pte.0 =& ([ (Fm) = om) Vxs0)),

J
RxR+t ot xR+
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Proof. Let ¢; = p(x;). We have

dm(j) . 00X
ZAZESOZ‘ dt F))i-i—l/Z_(g (XjF))i—l/Q)_Z QDZ(S (Fl g ax) ),’.,.1/2 =0.
Z Z (52)

The flux £ (X;F))iy1/2 is defined by (23) can be written in short as a

X
sum of terms like SPF. The term (8 (ang aa$ )i+1/2

conservative” terms (25) and (26) and “relaxation” terms (27). The non
conservative terms can be written as a sum of differences of terms of the

type SPF'9.
The difference between

0X
S — ZAJ;@Z +Z 0i(E(XiF))iz12—(E (XjF>>i—1/2)_Z %’(5 (Flag B > )i+1/2

and the same expression S obtained with the ezact probabilities Perect
is the sum of terms like (P — P**)F and §(P — P°**) F'e9. Then (52)

can be rewritten as

is the sum of of “non

0= Sea:act + S — Se:cact‘

I- We first show that

0
Sea:act N W] SO
RxR+ ot

for the Godunov flux.

| X
Recalling that (€ (X; F))is1/2— (€ (X;F))i10) =3 (€ ( i g%) s

+ W)V [ Wi 00— ([ ) - ow) vxp)

xR+

i
is the expectancy of

N(w)— Ei41+s o Ul Ul7L1 aU aF
X| — -
Z / / (at + ax)d:cdt

&i+s O’(Ul ! ,Uh

ou OF
+/C«BB/ X(E + %>dl’dt

see equation (18) and section 2.2, and since ¢ does not depend on w, the
index of the realisation, we see that

ngi(g(xjp)mﬂ—(g( V)iz1/2) Z% (angaX))M/Q

53



is the expectation of

N(w)- E41+s o Ul UHl) aU OF
X
Z / / vi ( ot ax)dm

&4s o(UTHUD

ou oOF
+ X dxdt
/CBB/“’ <at O >

() AXU
Similarly, gpid—t’ is the expectancy of p;,——,

i so that grouping the terms,

we get that (52) is the expectancy of

&p1+s o(ULUMY oU OF
Azyp; i X dxdt
Z e dt / /5 4 ((i% E)x) ’

1+s O'(Ul ! U

8U 0
+ iX dxdt.
/CBB’ v ( ot 837)
(53)

Now the index w is fized, so using the classical arguments of the Lax Wendroff
theorem, and integrating in time, we see that, provided the probability law
of the flow is known, we have

0
Sexact N W] SO
RxR+ ot

+E Ve [ W 0ew0-€ ([ (Fm) - o) Vi)

xR+

IT- Then we consider the remaining terms S — S and show that
S — Sexact — 0.

As previously noted, they are sums of terms like

©; ({6(7} _ Pexact) Flag} _ {ﬁ(/]) _ Peamct) Flag} ) .
i+1/2 i—1/2
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These terms are difference terms, so the same arguments as for the classical
Lax Wendroff theorem also apply. We note that almost every where, under
the assumptions of TheoremA.1, that

{6(7) o Pezact)F} =0
i+1/2

because P — Pt — () almost everywhere.
ITI- The relaxation terms contributes to

3 K

> Awpi (P, ul) - Flow ), u)

Since U is bounded and since U is almost everywhere regular, we have
FZag<U(2) U«(l)) . ang(Ugl) U(Q)) 0

almost everywhere. Thanks to the Lebesgue dominated convergence theorem,
they contributes to zero in the limit of a mesh refinement. This ends the
proof. O]

If we assume now that the flux F'is only consistent with the continuous
flux, and the same for F'*9. The difference between

dVVi(j) y 0X
Z Axp; dt +Z Pi (5 (Xz'F))i+1/2_(5 (XjF))z‘—lﬂ)_Z i (5 <F g%) >i+1/2

and the same expression with the Godunov flux is the sum of differences like

R L |

Then the same arguments as before applies. This justifies the scheme when
the flux are not the Godunov scheme.

Similarly, the theorem can be extended to the second order scheme be-
cause the basic ingredient we have used is the conservation of the non aver-
aged numerical scheme, and the continuity of the probabilities P.
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Figure 9: Shock tube with two mixtures and uniform volume fraction. Second
order scheme of section 4. No pressure and velocity relaxation procedures

are used. Numerical solution with symbols. Exact solution with lines. The
single phase behaviour of the Euler equations is recovered.
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Figure 10: Shock tube with well mixed materials of the figure 9. Second
order scheme of section 4. Pressure and velocity relaxation procedures of

reference [24] are used.
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Figure 11: Shock tube with interface separating nearly pure materials. Sec-
ond order scheme. Pressure and velocity relaxation procedures of [24] are
used. Exact solution with lines, numerical solution with symbols

58



0.8
Volume Fractions
0.6
0.4

0.2 r

0

0O 010203040506070809 1

Position (m)
2000 2000
1800 V%% 1800
1600 - 1600
1400 |- o' Pressures (bar) 1400 Velocities (m/s)
1200 - % 1200
1000 5 g 1000
800 S o 800
600 ° 600 |
400 3 © 4 400 f
200 % . 1 200 1
0 ‘ ! Q ‘bbb ‘
0 010203040506070809 1 0 010203040506070809 1
Position (m) Position (m)

Figure 12: Shock tube with interface separating nearly pure materials. Sec-
ond order scheme. No pressure and velocity relaxation procedures are used.
The exact solution is shown on the figure 11. Numerical solution with sym-

bols. Each fluid has its own behaviour, but at the interface, the pressure and
velocity interface conditions are automatically fulfilled.

59



50

45 |
40 |
35|
30|
25 |
20
15 |

10

Pressures (bar)

Velocities (m/s)

200

150
1100 -

50 |

o O
T

7 0.75 0.8 0.85

0.95

0.7 0.75 0.8 0.85 0.9

Figure 13: Magnified view of the pressures and velocity profiles near the
interface for the test of the figure 12. Liquid solution with diamond symbols.
Gas solution with lines. The interface conditions are automatically fulfilled.
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Figure 14: Exact (full lines) and numerical solution (with 100 and 4000 cells)
represented by symbols for the Ransom test problem.
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Figure 15: Volume fractions and pressures at times ¢ = 0s and ¢ = 1.5 s for
the sedimentation problem. Cross symbols : water, 4 : air.
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Figure 16: Experimental set up, Rogue test case
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Figure 17: Comparison between the experimental results and the computa-
tional ones.
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