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Abstract

A high-order numerical method is developed for the computation of
compressible multiphase flows. The model we use is based on the Baer
& Nunziato type systems [4]. Among all the other available models in
the literature, these systems present the advantage to be able to simulate
either interface or mixture problems. Nevertheless, they still raise some
issues, mainly based on their non-conservative feature. The numerical
method we propose is a discontinuous Galerkin type. In this work, the
interior side integrals are computed thanks to [2]. Robustness and high
order of accuracy of the method are proved on classical interface problems,
but also on suitably derived analytical solutions.

1 Introduction

Multiphase and/or multifluid problems, encountered for example in bub-
bly flows or instabilities fronts in flow or gas mixing in reactive flows,
are known to be tricky. Indeed, they involve strong density ratios and
strongly heterogeneous compressibility effects, which induce real model-
ing issues. Multifluid flows can be divided into two classes of flows: either
the modeling scale is at the interface scale, i.e. all the interfaces are
tracked and resolved, or the modeling scale is wider than the typical size
of the bubbles/droplets, and they are resolved only as average.

For the first kind of flows, a wide range of methods has been developed:
the front-tracking methods [23], the half-Lagrangian methods [50, 27], the
Level-Set methods [31, 42, 30] or the cut-cell methods [33]. We do not
develop these methods in detail, but will focus on their disadvantages.
Front-tracking methods are difficult to develop in multi-dimensions. Half-
Lagrangian methods often result in strong distorted meshes, which require
Arbitrary Lagrange-Euler (ALE) schemes and/or remapping. Level-Set
methods are not conservative and correction terms must be added. Fi-
nally, the mesh must be able to capture all inclusions, which may be very
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costly if these ones are small (e.g. mixture flows). For the second kind of
flows, an average procedure is performed on the one-fluid Euler or Navier-
Stokes system, and only one set of equations is considered for the whole
flow. At any point, existence of a fluid is characterized through its vol-
ume fraction. Thus, interface problems correspond to solutions for which
the volume fraction is either equal to 0 or 1. In the numerical method,
a smearing of the interface is allowed. Moreover, mixture problems may
also be taken into account provided a suitable modeling is adopted for the
small size effects. These flows involve specific difficulties, such as hyper-
bolicity and non conservative products and interface variables modeling,
which will be detailed further. To circumvent these difficulties, many
strategies have been adopted [4, 37, 38, 28, 2].

Fatherhood of discontinuous Galerkin methods is usually attributed to
Reed and Hill [35]. These methods being Finite Element Methods, their
main benefits are their potentially high order accuracy feature and their
possible use on unstructured and possibly hybrid meshes. The discontin-
uous nature of the finite element space allows to use upwind fluxes, which
are well suited for convection dominated flows. Moreover, the high order
accuracy can be reached by keeping the compactness (which is a benefit
for the efficiency in a parallel environment). Last, in the discontinuous
Galerkin methods, the boundary conditions are imposed weakly, which
for example makes easier to take into account a corner of wall boundaries.
Here again, we will not make a review of the huge amount of papers dedi-
cated to discontinuous Galerkin methods. Concerning compressible flows,
the main contribution was made in the nineties by Cockburn, Shu and
coworkers, see [11] for a review. Recently, some authors have proposed
discontinuous Galerkin schemes for multiphase flows [51, 45]. Both of
these references are based on the Level-Set method, which couples a dis-
cretization of an Hamilton-Jacobi equation describing the interface and a
Ghost-Fluid [51] or a Cut Cell Method [45]. Our approach is very differ-
ent, because our discretization is led in one step, by using an hyperbolic
system. Py Py framework, which includes discontinuous Galerkin meth-
ods if N = M, have been developed for a very similar system in [18, 19].
The difference with our model will be discussed in Section 2.

The paper is organized as follows. In Section 2, we recall how to express
the governing equations for a compressible multiphase flow [4]. Then, in
Section 3, we show how to derive a discontinuous Galerkin method for
the system shown in Section 2. The interior side integrals discretization is
based on [2], which is revisited by mean of a stochastic process. This allows
to find the same finite volume discretization, but also to compute cell
integrals that are consistent with the boundary integrals, which appear in
the discontinuous Galerkin formulation as derived in [36]. Finally, Section
4 is devoted to especially dedicated numerical tests, in order to prove
robustness and accuracy of the method.

2 Model

2.1 General expression

Among the Eulerian models that aim at modeling the multiphase feature
of the flow, most are based on the model developed by Baer & Nunziato



[4]. They usually may be written in the following general form:
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Here, ok, pr,uk, Pk, Er denote volume fraction, density, velocity, static
pressure, and total energy of the phase k. The total energy is equal to
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where €, is the internal energy. The thermodynamic parameters of each
phase are linked by an equation of state e, = e, (P, px), where € is a
concave function of its arguments.

Concerning ur and Py, they stand for the interfacial velocity and pres-
sure. Then, p and X are relaxation coefficients that account for the re-
laxation effects, i.e. pressures work (pressures relaxation) and drag force
(velocities relaxation). Finally, we define k = 1 (resp. k = 2) when k = 2
(resp. k=1).

2.2 Closure of the mathematical model

The partial differential equations composing system (1) may be solved
only if the corresponding model is closed and mathematically well-posed.

To close the system, we first need to model the interfacial variables.
This point is still in debate and many authors have proposed different
formulations. Indeed, there is currently no ”better” formulations, since
these choices often depend on the physical problems involved. Yet, among
all the available relations, only a few may ensure the hyperbolicity of the
system, which is fundamental. Therefore, we will only restrict ourselves
to these kinds of closure.

So, Baer & Nunziato [4] propose to take:

us = Usolid

{ P I = P, gas (2)
This closure was obtained for detonation problems, where one of the phase
(the heaviest, i.e. liquid phase in our case) is not compressible, contrarily
to the other (the lighter, i.e. the gas phase). More recently the inverse

choice was proposed [22].
For multiphase problems in pressure equilibrium, it was usual to take
an unique pressure for the two phases and the interfacial variables [16, 49].

Yet, this choice does not ensure the hyperbolicity and [37] thus proposes
the following modification:

urs - Usolid (3)
P = Pgas + 104 (1 - OCgas)4/3

The new term is a pressure correction term which guarantees the hyper-
bolicity.



When both phases are compressible, an other option, fully symmetric,
is proposed by [38]:

w = Dok CkprUL
, = Lk QkPEUR

> ok QP (4)
Pr = Y, orP

Thanks to a new averaging procedure obtained in one dimension, a new
form is proposed by [39]:

P, = 1P+ Z5 P I (%) VAV (UQ - ul)
Z+ Z2 ox Z\ + Zo (5)
w = Z1u1+Zzu2+S . dar\ P — P
YT T 212 '\ 0z ) Zi+ 2

In a general way, [12] has shown how these different formulations may
modify the mathematical structure of the problem. In this paper, instead
of using one of these models or developing a new one, we will directly define
the non-conservative terms of (1) which include the interfacial variables.
With such an approach, we do not have to worry about the limitations of
this modeling anymore. Part of our scheme will be based on [2], for which
the continuous system solved for regular flows, and therefore its link with
the seven equations model, was left unclear. We will give an expression
of this continuous system as a model of type (1) (namely, the expression
of ur and Pr) in Subsubsection 3.4.3. This closure is fully nonlinear, and
different from the previous closures that have been proposed until now.
Moreover, we will propose a test-case giving evidence of this limit model.

3 Numerical scheme

The discretization of (1) is usually led by splitting the equations into
two parts: the hyperbolic operator, in which we have all the derivatives
with respect to the spatial variables, and the relaxation operator, which
involves all the terms with A and p. In this section, we are interested
only in the derivation of a numerical scheme for the hyperbolic operator
of (1). A strong literature already exists on the discretization of (1) with
the closure of Baer and Nunziato (2). In this case, the interfacial velocity
is the velocity of the solid and the interfacial pressure is the one of the
gas. In one dimension, the system has one double eigenvalue ug, and five
distinct eigenvalues us * cs, ug, and ug £ ¢4, where ¢; denotes the sound
velocity of the phase i. The first step, when deriving a finite volume
method consists in solving the Riemann problem. Using the closure (2)
simplifies also the solution of the Riemann problem, as it is very well
explained in [3, 15, 47], because

e All solid phase variables remain constant across the three gaseous
characteristic fields, while the solid contact changes all gaseous vari-
ables.

e The left and right solid nonlinear waves do not affect the gaseous-
phase variables.

e Therefore the only difficulty is to find the jump relations across the
solid contact.

This problem has first been adressed in [3], which developed an inverse
method for solving the Riemann problem: their solution consists in first



prescribing the states on both sides of the solid contact with the jump
relations of [20], and then to search for the associated wave patterns,
which allows to find the left and right states of the Riemann problem.
The first direct method (i.e. with given left and right states) for solving
the Riemann problem of (1) with closure (2) was proposed in [41]: jump
relations across the solid contact are treated with a vanishingly small
thickness method. An iterative method is then developed to obtain the
wave structure and the intermediate states of the Rieman problem for
given left and right states. The same type of method was developed in
[15], but with the jump relations of [20], as [3].

Once the Riemann problem has been solved, the nonconservative na-
ture of the system induces also problems in deriving a Godunov’ type
numerical scheme. Up to our knowledge, the only systematic way to de-
rive such a scheme is the so-called path conservative scheme of [32].

Last, we mention [46], in which a finite volume numerical scheme was
derived for the isentropic version of (1) with closure (2). This method is
based on a separation into subsystems: the first one corresponds to the
gas phase, the second, expressing the conservation of mass of the solid and
momentum of the mixture is conservative, and the third is a compaction
dynamic equation. Then the numerical method consists in a well balanced
scheme based on the stationary waves for the first subsystem, in a classical
conservative scheme for the second subsystem, and in a Engquist-Osher
scheme for the third subsystem. The resulting scheme is well balanced,
i.e. it is able to capture exactly equilibrium states.

As far as high order methods are concerned, the only works we heard
about are [18, 19]. In these references, a Py Py framework is developed for
non-conservative schemes. This framework includes the DG framework for
N = M. These works are concerned with (1) with closure (2), for which
the continuous system is known. Part of their scheme is derived using
[36], whose method will be detailed later in this article, where the main
remaining difficulty is to find a suitable approximation of the fluxes on
the boundaries of the cells. This is achieved by a centered flux in [18] and
with a Osher-Solomon type flux in [19]. In both of these works, the fluxes
are derived so as to ensure the path conservativity described in [32].

Nevertheless, contrarily to the above cited works, we do not want to
prescribe the interfacial pressure and the interfacial velocity. Then we
have to deal with the full system (1). From a numerical point of view,
this model raises two problems:

1. The interfacial pressure and velocity are not known.

2. The system is not conservative and therefore it is not easy to derive
a finite volume method. Logically, the derivation of a discontinuous
Galerkin method is even more complicated, because this method
basically consists in using finite volume fluxes on the boundaries,
and continuous integrals inside the cells.

As explained in [17], the derivation of the system is based on the averag-
ing of the Euler equations, and we will recall in Subsection 3.1 how the
model (1) can be obtained by combining the Euler equations with a simple
interface model. Then in Subsection 3.2, we recall the derivation of a dis-
continuous Galerkin formulation for nonconservative hyperbolic systems
made in [36]. In Subsection 3.3, we compare the finite volume scheme
obtained by [2] with the scheme obtained by [36] in the case of finite
volumes (i.e. approximation and test functions are piecewise constants).
From this comparison, we deduce a discontinuous Galerkin formulation



Figure 1: Different kinds of modeling for the small size effects in the multi-
phase model. For one realization, the topology of the flow is known. Each time,
bubble/droplets are smaller than the modeling scale, represented by the sur-
rounding box. The aim is to derive equations for an average of these different
realizations.

of the finite volume scheme derived in [2]. This formulation depends on
averaged terms that we compute in Subsection 3.4 by giving a suitable
stochastic model of the multiphase mixture.

3.1 Derivation of the model (1)

In this Subsection, following [17], we briefly explain how the system (1)
can be obtained.

The aim is to derive a system which describes the behavior of two
fluids that cannot be mixed. The modeling scale is wider than the typical
size of the droplets/bubbles (see Figure 1). The aim of the modeling is
not to describe exactly the topology of the flow, but to derive equations
for ensemble average, given a set of realizations.

For one realization w, we denote by xi(x,w) (k =1 or 2) the charac-
teristic function of the fluid k: it is equal to 1 if x is inside the fluid &, and
equal to 0 otherwise. As the fluid are not miscible, only one fluid can be
present in x, so that x1(x,w) + x2(x,w) = 1. Then the following model

holds

- (% + dika(Uk)) —0 (6a)

where Uy, is the vector of the Euler system unknowns of the phase k:
Ui = (pk, pruk, peEk)

and Fy, is the associated flux. This model means that:
e cither xx(x,w) =1, then the Euler system of the phase k holds.

e or xix(x,w) =0.
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Figure 2: Local interface variables. If the boundary between the two phases is
%1, then we may define the interfacial velocity and pressure by solving a local
Riemann problem. We define by n the unit vector that has the same direction
and sense as Vy. Then we can define the interfacial pressure and velocity as
P;r = P* and u;y = u"n.

For closing the system, an equation on xy is necessary. This equation is
Oixe+0-Vxe =0 (6b)

in the sense of distributions. The velocity o is given by solving a local
Riemann problem as described in Figure 2: if the set xx = 1 has a regular
boundary, the normal of this surface can be defined. Then the local inter-
face velocity o is defined as the contact surface velocity of the Riemann
problem between the two phases in the direction of the normal (see Figure
2). The second step of the derivation consists in combining (6a) and (6b)
for finding

O (X Ug) + divx (xx Ux) — (F(U) —oU) - Vxi = 0 (7
Then, still following [17], an ensemble average E () is performed.
E (9 (xxUx)) + E (divx (xx Ux)) —E((F(U) —oU) - Vx) =0 (8)
If the operator commutes with the space and time derivation, we have
OB (xxUg) + divxE (xs F(Ux)) = E((F(U) —oU) - Vxx) =0 (9)

In this last equation, we see that only a part of the spatial operator can
be put into a divergence form, divxE (xxF(Uy)), whereas the other part
E ((F(U) — oU) - Vxi) cannot. If we define the averaged conservative
variables by Favre average:

ar=E (xx)
arpr =E (Xkpr)
agtg =E (xruk)
arEr =E (xxEx)



the following system can be obtained (omitting the superscript):

0

% +E(o-Vxx)=0

9]

% + V- (axprur) = E (o (ks — 0) - Vxi)

15]

% + V- (arprur @ ui + arPr) (10)
= E ((prux(ux — o) + Py) - Vi)

0 E

kPl 2k + V- (arprErur + ax Pruy)
= E ((px Ex(ur — o) + Peug) - Vi)

Last, a modelling step is done, which consists in

e modelling zeroth order terms by the terms of (1) involving noncon-
servative products

e modelling the first order fluctuations (i.e. involving a difference of
velocity ug — o) by relaxation terms.

As was previously done in [2], the numerical scheme is directly derived
from (6), and not from (1). The idea is that for a given realization, the
system (6) can be easier discretized than (1), because it is easier to deal
with a known x than with its average.

3.2 Discontinuous Galerkin formulation for non-
conservative hyperbolic systems

In this Subsection, following [36], we derive a discontinuous Galerkin for-
mulation for a general non conservative system. We begin by doing the
derivation for a conservative system.

For simplifying, we suppose that we are working on an open set (2
with polygonal boundary. This set is meshed by a conforming mesh 7p,.
We denote by S; the set of all the sides of the mesh, by S; the set of the
interior sides, and S, the set of the boundary sides. For all the sides S
of S, we choose one unitary normal n®. This normal is supposed to be
outward for the sides of Sp. Last, for a given side of a given cell of the
mesh, we denote by n°"* the normal going outward of the cell.

The approximation space is composed of functions that are piecewise
polynomials: polynomials inside the cells of the mesh 7,, and maybe
discontinuous across the sides of 7;,. The approximation space is denoted
by V. For all functions ¢ of V}, and all sides S of S;, we denote:

e®(x)= lim (x4 en®)

e—0,e>0
VxS el (x)= lim p(x —en”)
e—0,e>0

and for all x in an interior side S, we denote by:
R L
X) + X
[P16) = "0 — 9 (x)  and ) (x) = ZOIEED
For the sake of simplicity, we suppose that we are dealing with a
conservative equation (and not a system):
Vo € Q divk f(u) = 0. (11)

The discontinuous Galerkin method consists in approximating the solution
of the weak formulation of (11) by elements of V},. The test functions of the



weak formulation of (11) are also supposed to be in V4. If w is supposed to
be piecewise polynomial, then the derivative in the sense of distributions
of divx f(u) is composed of the derivatives in the classical sense inside the
cells, and directional Dirac distributions concentrated on the sides of the
mesh. Therefore, the integral of the product of ¢ by divx f(u) is equal to:

/Qapdivx Z /cpdlvx Z/Lp[[f (12a)

TET), ses;
where ¢ is the numerical flux of the test functions. This one is required
because there appears a product of distributions, basically an Heaviside
(the test functions) by a Dirac (the divergence of f(u)), on each side.

Then an integration by part is performed on each element T of Tp:

/Tapdivxf(u):/divx (of (w)) f/Tf(u)Vgo

/ (1) - — /T £(u) Ve (12b)
/T pdivf(

=> / of (u / f(u)Ve.

5€dT T
If we sum this last equality over T, a given interior side, appears twice,
with opposite normals. This induces that

T E g it 3 fote
(12¢)

Last, applying the formula

[ab] = {a} [o]+[a] {0},

leads to:

/ pdivyf(
Q

- [ fwve- Z/[[so]]{{f

—g/{{sﬂﬁ Sﬂesn +52;/90f
+Z/g0[[f nd.
ses;” S

As remarked in [36], a natural choice of the test function numerical flux for
ensuring conservativity is: ¢ = { ¢ }. With this choice, the discontinuous
Galerkin formulation of (11) is

/gadlvx Z/ VSO—Z/[[‘P]]{f

TETy S€eS;

+Z/g0f

Sesy

The implementation may thus be divided into four steps:

1. Approximate the interior sides integrals: this is done by a
classical finite volume flux.

2. Compute the internal integrals: this step is straightforward be-
cause the function f(u) - V¢ is continuous inside all the cells. If it is
nonlinear, a quadrature method is used.



3. Integrate in time: For a k*® order scheme, an explicit integration
can be led with a Strong Stability Preserving scheme [24], and the
scheme is stable with a CFL that does not depend on the space
discretization [9].

4. Stabilize the method for non regular solutions: the aim is
to avoid spurious oscillations. This can be done by adapting slope
limiting to the discontinuous Galerkin method [8, 7, 6, 10].

In the non-conservative case, we keep unchanged step 3 and 4. The
terms computed during step 1 and 2 being strongly linked to the conser-
vative nature, the formulation is quite different:

1. First, the jump across an interface is not defined in general, so that
the side integral of (12a) is not defined;.

2. Second, the integration by part of (12b), and the computations that
follows in (12c) cannot be made.

Following [36], we propose to keep the formulation (12a), and to define
the jumps, thanks to the DalMaso-LeFloch-Murat [13] theory, which we
briefly recall.

The definition of nonconservative products developed in [13] consists
in first defining a family of path ® that connect two states u” and u®
that are on both side of a discontinuity. For a nonconservative product

g(u) %, a family of path is defined as having the following properties:
e Jump property
vl u® e R? ®(0;u”, u) =u* and ®(1;u”,u") = u"
e Consistency
VueRP Vse]0;1] D(s;u,u) = u

e Lipschitz regularity For any bounded set % of R?, there exists a
constant k£ > 0 such that:

2 (st ) 2 (sat)

with all these hypothesis, it is proved in [13] that the nonconservative
product can be defined as a Borel measure . When u is smooth, this
measure corresponds to a classical integration. When u is discontinuous
at a point {xo}, it is equal to:

< k| @ = o") - @ - 0"

pltzoh) = [ (@G u o). a0)). 20) G (5, w0). " (w0)) ds

This definition allows to define the second integral of (12a). If the same
numerical flux for the test functions is used, then for the problem:

3
divof(u) + > ai(u) g;‘. _o,
i=1 ¢

10



the following discontinuous Galerkin formulation is found:

/Lplex Z/ u)Vo + Z/cpz

T€Th TET;,
S;/S el {f(u }-n
+S€ZS/{{ }/ D5 (s, ul, u)a(®(s, ul, uf),.) - n®
+Z/gof
S€s,

(13)
where a denotes the vector (a1, asz,as3).

For stabilizing the method, the integration on the interior sides are
replaced by numerical fluxes. Finding these numerical flux are not an
easy task for general hyperbolic nonconservative systems. In the next
Subsection, we derive these fluxes for the multiphase system.

3.3 Numerical fluxes

In this Subsection, we compare the discontinuous Galerkin formulation
of [36] that was recalled in the previous Subsection, with the finite vol-
ume formulation of [2]. The aim is to define the numerical fluxes of the
discontinuous Galerkin formulation of (13).

As in the previous Subsection, the space €2 has been divided into cells.
At time ™), we suppose that all the variables of the mean flow are known:
the volume fraction of each fluid a(”), and the density, pressure, and
velocity p( ™) P(n) En).

From the knowledge of Oz(l") (x), we rebuild a stochastic process x1(x, w)
which has the following properties:

e forall x,w,x1=1or x1 =0
e for all x in which the variables are continuous, E (x1(x)) = a1 (x).

For one given realization w, x1(x,w) = 1 if the fluid 1 lies in x, and
x1(x,w) = 0 otherwise.

Our aim in this Subsection is to derive the normal numerical fluxes on
the sides of the mesh. For a given interior side S, we still denote by n® the
normal of this side. Given two states on the left and on the right of the
side, we use the Godunov method: we first solve the Riemann problem in
the direction of the normal, and then integrate the equation, see Figure
3. Depending on whether x¥(x,w) = 0 or 1, and whether xff(x,w) = 0
or 1, four cases shall be investigated.

xF(x) =0 and x%(x) =0 In this case, an example of the solution of
the Riemann problem is shown on Figure 4. The integration is led as for
a classical finite volume method [48]: the intermediate U™ state at 2 = 0
is computed, and then the flux Fo(U™) is added on the left side, and
withdrawn from the right cell. We denote this flux by F$"(Uf, U n¥),
and more generally, if we denote by .Ffj’+ what is added for the fluid k£ on
the right cell, from the integration of the Riemann problem between the

11
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Figure 3: Decomposition of the side integral into four Riemann problems. The
side S has a normal n® and two adjacent cells, which we denote by L (where n®
is outward) and R (where n® is inward). At the point x, there might be four
possible Riemann problems, which initial conditions are shown on the right of
the figure. The first phase is in white whereas the second phase is shaded.
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Figure 4: Example of solution of a Riemann problem involving a pure phase. In
case shown on the picture, the left wave is a rarefaction wave and the right wave
is a shock. The integration is led classically by computing the flux at = = 0,
and by adding this flux on the left and withdrawing it on the right.

phase ¢ and j, and by ]—'fj’_ what is added on the left cell, we find

Fpt =0
Fps =0

Fay = —F$" (UL, U n¥)

xF(x) =1 and x£(x) =0 This case is more difficult than the previous
one, because the discontinuity of x1 has to be taken into account in the
integration. The position of this discontinuity leads to two cases which
are shown in Figure 5, depending on the sign of the contact surface u*.

1. If u* is negative then on the right cell, the integration is led classi-
cally, as there is no discontinuity of x1 inside the right cell: the flux
Fo(U5") is withdrawn from the right cell. We denote this flux by
F$"' (UL, UE n®). On the left cell, this same flux has to be added,
but the discontinuity on x: has also to be taken into account. We
denote by U7 the state on the left of the surface contact. Then the
integration on the left leads to a flux

0
P*n?
Fi(U;) n® —w'U} = | P*n
P*n?
P*u*
Note that this flux does not depend on the equation of state. Note
also that we find the same result by computing F2(U%)-n® —u*U%,
thanks to conservativity. From now on, we denote this flux by
Fl28(UL, UF n®). To summarize, the integration of this Riemann
problem gives:

e On the phase 2, in the right cell: the Eulerian flux F$*(U¥, UF, n®)
is withdrawn.

e On the phase 1, in the right cell: nothing is added nor with-
drawn.

e On the phase 2, in the left cell: the Eulerian flux F§" (U, U, n®)
is added, and the Lagrangian flux F'*8(UL UZ, n%) is with-
drawn.

13



U—c ur u—+c U—c u* u—+c

Figure 5: Example of solution of a Riemann problem involving two different
phases. The first phase is in white whereas the second phase is shaded. The
flux integration strongly depends on whether the velocity of the surface contact
u* is positive or negative. This contact surface correspond to a jump in Vy,

which integration raises a Lagrangian flux.

e On the phase 1, in the left cell: the Lagrangian flux F#8(U¥ UL n¥)
is added.

2. If u* is positive the integration on the left cell is straightforward: it
consists only in one Eulerian flux F‘{“l(UlL, U n®) which is added
on the fluid 1, and nothing on the fluid 2. On the left cell, the
integration leads to withdrawing the Eulerian flux F$®(UY, UF n®)
on the phase 1, and adding the Lagrangian flux, whereas only a
Lagrangian flux is withdrawn from phase 2.

To summarize the paragraph, the total flux added on the right cell,
on the phase 1, that comes from the integration of the Riemann problem
with phase 1 on the left and phase 2 on the right is

-Fllé+ = _%(UTQ (ns)) (F?lll (va U§7 nS) - Flag(va U§7 nS))

where 7 denotes the Heaviside function, i.e. s (z) = 1 if x > 0, and
A (x) = 0 otherwise. On the phase 2, the flux for the right cell is equal
to
Fis" == (—ui>(n®))F5" (UT, UF, n%)
—(ufy(n%))F28 (UL, UF, n)

The flux on the left cell for the phase 1 is equal to
Fi3~ =0 (uix(n®))F$ (U, UF, n%) + 7#(—uiy(n®))F8(UT, UL, n)
and for the phase 2, it can be written as

Fiy = (—uia(n%)) (F$"(UT, UF, n®) — F*8(UL, US, n%))

xF(x) = 0 and xf(x) =1 Reasoning as for the case x¥(x) = 1 and
x2¥(x) = 0, we find that the total flux added on the right cell, on the
phase 2, that comes from the integration of the Riemann problem with
phase 2 on the left and phase 1 on the right is

Fait == (us (n%)) (F§"' (U, UT, n®) — F*8(U§, UT, n%))

14



On the phase 1, the flux for the right cell is equal to

Foit == (—us,(n%))F§" (UL, U, n%)
_%(ué(l (ns))Flag(U§7 U{%7 nS)

The flux on the left cell for the phase 2 is equal to
F3i~ =0 (us, (0%))F5 (UL, U, n%) + #(—u3, (n®))F28(UL, UF, n¥)
and for the phase 1, it can be written as

Fai” = (—ub (n%)) (F§ (U, UT, n%) — F*8(U%, U, n%))

x¥(x) =1 and xf(x) =1 This case is integrated as for the case with
xF(x) =0 and x¥(x) = 0, and we find

Fi" =Fi"(Uf, UT, n%)
Fii_ =-F{"(Ut, Uf,n%)
Fit=0

Fii =0

Averaging The last step for obtaining the multiphase system in Sub-
section 3.1 was to perform an average. This is also the way that is followed
for obtaining the total flux for the average system. Let us denote by PP (4, j)
the probability to have a Riemann problem between phase i on the left
and phase j on the right. Then the total flux on a given point x of a given
side S is equal to

FRY=N"P, ) FT and T =) CPGLG)FET (14)
i, i,

Computing the weights P (i, 7) is out of the scope of this Subsection, this
will be done in Subsection 3.4, by stating precisely how x1 can be chosen.
Here, we are concentrated on finding an expression for the conservative
numerical flux and the nonconservative numerical flux for the formulation
(13).

Expression for the conservative and nonconservative flux
The total flux F*F is split into two types of flux:

o FFeulE: the sum of the fluxes that are of Eulerian type
o FF1a8E: the sum of the fluxes that are of a Lagrangian type.

We remark that Foeubt = — FFeub= \which is a property of conserva-
tion. The Lagrangian fluxes never match this property, because they are
put only on one of the neighboring cells. We can therefore identify in the
discretization the conservative part and the nonconservative part. Conse-
quently we propose to approximate the conservative flux of (13) as follows

[T IE Cor @) yn® ~ [ [olreo,
s S

and the nonconservative flux as

1
[Aed [ Gt wE (FU) - oU) V) [ phrhiesy [ gt
s o Os s s
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Equation for the volume fraction. Following [2], the volume frac-
tion equation is discretized by adding a first component to U, which is the
volume fraction, and by adding a first component to the conservative flux
F which is 0. Thus, the only fluxes that appear in the volume fraction
discretization are the Lagrangian fluxes.

3.4 Discrete modelling of two phase flows

The aim of this Subsection is to compute all the probabilities and math-
ematical expectancies that still appear in the numerical scheme. They
both appear:

e in the fluxes, through P (i, j);

e in the internal integrals, especially in the integral of E ((F(U) — ocU) Vixk)
inside the cells.

As far as we are concerned, the simplest model consists in taking the
image of a Gaussian stochastic process:

1+ sgn(gx
= g2(g)

For the sake of simplicity, we suppose that Var(gy) = 1 for all x. We
denote by m(x) its mean. The constraint E (x1) = a1 induces:

1 1+sgn(g) (4 2
E — g-m(x))7/2 q
() == [ e g

_ 1 /1+sgn(u+m(x)) 5272 dg
V21 Jr 2

which leads to . -
a1 (x) = \/77/ ( )6792/2 dg (15)

As the function erf is ¥ with nonnegative derivative, this means that
m has at least the same regularity as a;.
We denote by R the autocorrelation function:

R(x,y) = E((9x = m(x))(gy —m(y))) -

We suppose that the centered process gx —m(x) is stationary and isotropic,
i.e. a function R exists such that:

R(x,y) = R(Ix=yl)

3.4.1 Computation of the weights at the boundaries

In Subsection 3.3, we defined the integrals at the sides as averages of simple
Riemann problems, see (14). These fluxes depend on P (4, j), which is the
probability of having a contact between the fluid ¢ and the fluid j at a
given point on the side.

On a side, and with a given normal n and a given function u, we
denote by u”(x) the value of u on the left and by u¥(x) the value on the
right. We remark that a contact exists between the phase ¢ and the phase
j provided xF(x) =1 and Xf(x) =1, so that

P(i,5) = E (! x())

The following proposition gives the value of this probability for ¢ = j.
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Proposition 1. If gx is a Gaussian process such that for all x where a

18 continuous,
E (1 + sg2n(gx)> = o (%)

with variance 1. « is continuous inside the cells of a mesh, and might be
discontinuous on a side, then on a point of discontinuity of a1(x)

E (xf (xi'(x)) = min(af (), af (o).

Proof. This proof consists in giving an expression of E (XlL (x)x1(x + Tn))
where 7 > 0, and then to compute the limit when 7 — 0. The vector
(gx, gx+rn) is a Gaussian vector with mean (m(x), m(x + 7n)), and with

autocorrelation matrix
_ L R(7)
C= < R(7) 1 )

where R(7) is the cross correlation function of gx. Then the cross corre-
lation of the process x¥(x)x1(x + n) is

B (xk (e G 7)) = o [ [ 1ol L senlee)

ety
2

Xexp | — ) dgi1dg2

with u = (g1 — m*(x), g2 — m(x +7n))T, with det C = 1 — R*(7). We re-
mark that the expression when 7 — 0, det C' — 0, so that E (x{ (x)x1(x + 7n))
seems to be singular. Therefore, we are looking for a suitable variable
change for removing this singularity. The matrix C~! can be transformed

o 1 1 1 —R(7)
¢ _173(17)2 < “R(r) R1( | >
T 1+ R(7
=S -RY 0 1-R(r) )P
with

r=(71)

In the integral, we change the variable g such that v = Pu. Then the
integral becomes (note that det P = 2)

1 +sgn(g1) 1+ sgn(g2)

vio ]
4mv/det C J Jg2 2 , 2 ,
><e_4(1—11?(T))e_4(1+123(7')) dvidvs

E (xt (x)xa1(x + mn)) =

with
g1 =m"(x) + R
g2=m(x+mn) + 71’1;“2

Moreover, det C' = 1 — R(7)?. By doing the variable change

(%)
W = —F—
2(1 = R(7))

V2
Wy = —————
2(1+ R(1))

we find
1 1 1
E (x} (x)x1(x + ) = - /R/R + Sg2n (g1) 1+ sg2n (92) —w? /2 —wd/2 dwyduws
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with

glsz(x)—l—% (wg\/Q(l—i—R —wiy/2(1 - R )
m:m@+nﬂ+§@m&ﬂ+Mﬂqu2O7Rm0

Therefore the cross correlation can be put into the following form

1 // 1+sgn(g1) 1+sgn (gZ)e—w%/Qefwg/Q dw; duws
2 2
with the domain D, defined by
(7') 2 L

wo > m~(x

? 1—|—R(T) 2(1+ R(7)) ()
R(T) ., 2

wo > — m(x + m™n

= 1+Rh) IR )

When R(7) — 1, the limit integration domain is defined as
wa > max(—m”(x), —m™(x))
Therefore the limit cross correlation is equal to

1

= [e i au, / e "3 2dw, = min(a® (x). a"(x))
2 R wa > max( (x) R(x))

O

Proposition 1 emphasizes the strength of the modelling of the flow
topology by a stochastic process. Actually, what was missing in [2] was
to give a spatial correlation of the flow topology. Therefore the weights
were only assumed (see [2, p.376]), whereas in our case, the expression of
the weights are a direct consequence of the modelling.

Knowing the weights P (¢,4) for ¢ = 1,2, we can compute all the other
weights, as indicated in the following proposition

Proposition 2. The weights are given by

P(1,1)= mln(al() (x))
P(1,2)= maX(Oq( ) — ai(x),0)
P (2,2) = min(a3 (x), a3’ (x))
P (2,1) = max(ad (x) — ad(x),0)

ar(x7)=E (XlL (x))

=E (x1(x) (xF(x) + x5(x)))

=E (x{ (x)x1'(x)) + E (xi (x)x5'(x))
ar(x7)=P(1,1) +P(1,2)

so that, using Proposition 1
P(1,2) = af (x) - min(ad (x), ol (x)).

This means that either min(af (x), aff(x)) = af(x), and P(1,2) = 0, or
min(af (x), adf(x)) = aff (x), and P (1,2) = of' (x) —aff(x). The computa-

tion of the other P (¢, j) with ¢ # j can be proved in the same manner. [
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3.4.2 Internal integral

In this Subsection, we are interested in finding an expression for
E((F(U) —oU) - Vxi)

which must then be integrated inside the cells. Suppose that the boundary
of the set I' defined by

={xeR> yi(x)=1}

is continuous. Then (F(U) — oU) is defined by solving a one dimensional
Riemann problem, where the direction is defined by the normal of the
boundary of I" (see Figure 2).

For a given realization, the value of (F(U)—oU)-Vx strongly depends
on the value of Vy1:

1. if Vx1 = 4, then we have an interface between phase 2 and phase
1. Then for computing (F(U) — oU) at the interface, we solve the
Riemann problem in the direction n given by the gradient of x.

2. If Vx1 = 0, then we do not care about the value of (F(U) — oU).

A first step for studying the gradient of x consists in studying its
directional derivative. For a given direction n and a given x, we are
interested in the behavior of

X+ 7n) — x1(x)

T (r) = X2k

when 7 — 0. T, (7) can have three values: —1/7, 0, 1/7, depending on
the values of x1

xi(x+7n) | xa(x) | Tx(r)
0 0 0
0 =
-
1 o | 1
-
1 1 0

Given a direction n, (F(U)—oU) can take two different values, depending
on whether Vx; is the same or opposite to n. Therefore, what we want
to compute is the probability of having T, > 0 and the probability of
having T, < 0. These events can be recast as follows

Ty >0 <= xix+m(1-x1(x))=1
Ty<0 < ()1 - xi(ctm) =1

Thus, computing the probability of having Vx: in one given direction n
is equivalent to finding the limit of

g (bt o 06)) g (0G0 ubek )

T T

The behavior of these expectancies is given in the following proposition
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Proposition 3. We suppose that the autocorrelation function R is regular
near 0. If a1 can be derived in a given point x, and for a given direction
n, the behavior of

E(a(x)xi(x+ 7)) —ai(x)

when the nonnegative real number T tends to 0, depends on the behavior
of the autocorrelation function R near 0:
o if R'(0) # 0 then E (x1(x)x1(x + 7n)) — ai(x) behaves as /T, and
the ratio has an infinite limit.
e if R'(0) =0 and R"(0) # 0, then the ratio has a limit that depends
on R"(0).

e if R'(0) = 0 and R"(0) = 0, then the ratio has a limit which depends
only on the derivative of the first moment:

E (x1(x)x1(x 4+ ™)) — a1 (x) %{ 0 ) 2? Va1§x§~n>0
T Vai(x) n if Vai(x) - n<O0

The proof of this proposition is too long for being exposed here, and
is detailed in appendix A.

We want that the result does not depend on the values of R”(0), be-
cause this is a modelling parameter. Therefore, from now on, we suppose
that we are in the third case of proposition 3, i.e. R'(0) = R"(0) = 0.
With this choice, gx can be derived, and its derivative is a Dirac mass
concentrated on Vay(x). Consequently, Vx1 is also a Dirac mass concen-
trated on the direction of Vai. From the direction Vai, we define the
associated unitary vector n(Vay). The interfacial velocity and pressure
are defined by solving a local Riemann problem which initial condition is
given by (see Figure 2)

{ U(£,0)=Ua(x) - n(Voa) if  £<0
U(,0)=U1(x) - n(Vai) if £E>0

and we denote by v*(Vai) and P*(Vai) the velocity and pressure of the
surface contact. With these notations, we finally find

0
—P*(Vai)nz(Var) |[Vaa ||
E((F(U)—0oU) - Vxi)=| —P"(Vaa)ny(Var)|[Vou||
—P*(Vai)n.(Vay) [[Vai]|
—u*(Vaq)P* (Vo) |[Vaa ||

3.4.3 Some remarks on the internal terms found

With the notations of the previous section, setting

{ ur =u*(Var)n(Vai)
Pr=P*(Van)

then the integration of the internal term can be written as it appears in
the model (1), with uy - Vay in the volume fraction equation, PVa; in
the momentum, and Prus - Vai in the energy equation.
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1

(u*, P¥)

+
.

Figure 6: Riemann problem in the plane (u, P) when one phase is incompress-
ible. The phase 2 is on the left, and the phase 1 on the right. The phase 1 is
supposed to be incompressible. Therefore, its wave curve is a straight vertical
line, and the velocity of the intersection is equal to the velocity of the incom-
pressible phase, as in [4]. Note that the pressure at the intersection is not equal
to the pressure of the compressible phase.

Behavior when one of the phase is incompressible. The solu-
tion of the Riemann problem is computed by intersecting the wave curves
from the left and right state, projected in the plane (u, P) (see [48]). If
the phase 1 is considered as incompressible, then its associated wave curve
is vertical, as shown on Figure 6. Consequently, the interfacial velocity is
equal to the velocity of the incompressible phase, as was supposed in [4].
Yet, the interfacial pressure is not equal to the pressure of the compressible
phase, as was supposed in [4].

Expression in the acoustic approximation. If the acoustic ap-
proximation holds, the pressure and velocity at the contact surface read

_Zob+ Z Py | Z1Z3(uz —wi) -n(Von)

P
! Z1+ Zs Z1+ Zs
w— Ziur -n(Vai) + Zouz -n(Vay) + P, — Py n

Z1 + Zo

(16)

(Vau)

where Z,; denotes the acoustic impedance of the fluid ¢ for 4 = 1,2. In one
dimension, this expression is the same as [5, p.510], but is slightly different
in two dimensions. Note in particular that this expression is invariant by
a Galilean frame change, which is not the case of [5].

3.5 [Exact preservation of contact discontinuity

As stated in [1], preserving exactly the contact discontinuities is neces-
sary for avoiding spurious pressure oscillations in contact discontinuities.
The scheme we developed ensure this condition, mainly because this con-
dition was already ensured in [2]. More precisely, the following proposition
is proved
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Proposition 4. If both of the fluids follow a stiffened gas equation of
state, and if they both have an equal uniform velocity uo and pressure Py,
then the uniform pressure and velocity are preserved by the scheme.

Proof. This property is ensured by the finite volume approximation [2, pp.
383-384]. Following their proof, the solution of all the single phase Rie-
mann problems is straightforward: all the acoustic waves are evanescent,
and the only variation of the variables is on the contact discontinuities
of heterogeneous Riemann problems. For a given cell K, and for one of
its side S, we denote by n® the normal of S, outward with respect to K.
The neighbour of the cell K with respect to S is denoted by K. Then two
situations may occur

e If up - n° > 0: the sum of the fluxes does not make appear any La-
grangian flux. The total flux is composed of the Eulerian flux from
the homogeneous Riemann problem, whose weight is min(a(,? (x~
and of the Eulerian flux from the heterogeneous Riemann problem

if it exists, whose weight is max(a&?(x*) — O‘Er'? (x1),0). In any case
min(ag (x7), o) (7)) + max(aid (x7) = o (x),0) = afd (x7)

so that the total flux is equal to aK ( ) 3 (U(Z (x7)) -n.

e If up - n° < 0: the total flux is composed of a Lagrangian flux

coming from the heterogeneous Riemann problem. Up to a sign,
its expression does not depend whether this heterogeneous Riemann
problem is a 0 — 1 or a 1 — 0 Riemann problem: it is always equal
to F2&n® = (0, Pyn®, Pyup - n®). It is multiplied by a plus sign if

(i)(

atd w(xT)> a(l) (x7), and a minus otherwise. It is moreover weighted
by the probability o' )( ) - ag—? (x7) if ag?( ) > a(l)( ~), and

%)( ) — EK)( ~) otherwise. Therefore the contribution of the
Lagrangian fluxes is always equal to

(@4 (x7) — o (x*))F*n®

Using the same ar ument as for the previous case, the total Eulerian
contribution is a xHFU )(U(l (x))-n®.

Still following [2], Eulerlan fluxes can be rewritten as
FO(UY (x) - n® = F*n° + uo - n°UY (x)
and the total flux on a point of a side can be rewritten as
S
)

af,? (X*)]:lag Sy ol )( *Sgn(uoﬂs))ug ~nSU<I? (X*Sgn(UOﬂ

)

Thus, the scheme can be rewritten as

aUg)" T — (aUg)" G i)
R e e I L >F< Volx)
/ ( )]_—1ag VOé() +Z/ ]_—lag n°
+Z/ x —ssn(uo-n ))U(Z)( —sgn(ug-n ))110 .n° =0

The conservative flux which is integrated in the cell can be rewritten as a
sum of a Lagrangian contribution and the conservative vector

[ a20are e = [ (07 e+ [ afl (U0 V()
K K

K
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The cell integrals with Lagrangian flux can be added to give

= /K div (aff) (x)7)

which vanishes when added to the boundary integral with a Lagrangian
flux, by using the Greene formula. Consequently, the scheme has been
simplified as

aUg)" ! — (aUk)" i :
[ o0 O OB a0 600 - Vot

+> / p(x)af? (x o0 mYUD (om0 )y =
S S

Four equations are obtained by writing each component of the previous
system, with

UL (x) = (17 Pi i us, ol ug, pf) EE?)

The equation obtained for the components of the velocity are obviously
proportional to the one obtained for the density (by multiplying it by ug
and u}), so that on each point of the cell K, the velocity is constant at
time n+1. Then, the kinetic part of the energy equation vanishes, thanks
to the equation on pgp and to the uniformity of u. The following equation
holds for the internal energy

al® IR (ONG , ,
/Kw(x)( K (PE)K) 5 (o (p2) i) —/Ka;?(x)(pe)g?ungo(x)

> / p(x)a? (x5 (0 m ) (o) () (om0 0% gy S —
S S

W _ PHypet
- ’y(l) —1 ’

we see that the pressure equation is just the equation on ak, multiplied

by Py + 'y(’)Po"”, which ends the proof. O

And finally, using the stiffened gas equation of state (pe)

Note that the hypothesis on the equation of state is necessary, because
even for one phase flows with strongly nonlinear equations, contact surface
might not be conserved, which can induce pressure oscillations [40].

4 Numerical tests

Our aim is to demonstrate the capabilities of the RKDG method for multi-
phase problems. Therefore, all the numerical simulations presented here-
after involve two different fluids. The fluids are supposed to follow either
the perfect gas equation of state, i.e.

P

Ep = 77—
(v — 1) i

(17)

where vy is the polytropic coefficient, or the stiffened gas equation of state

_ Po Py

T kDo (%)

where v and P are given coeflicients. This equation is such that for
P, < Py i, the fluid is nearly incompressible whereas when Py is of the
same order as P i, the fluid is compressible.
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4.1 Time integration and slope limiting

The time integration is led explicitly by using Strong Stability Preserving
schemes [24] corresponding to the spatial order of discretization. The
spectral basis of Legendre (in one dimension), and of Dubiner (in two
dimensions) are used for having only a diagonal system to solve at each
time step.

For interface tests, a slope limiting is necessary, because the volume
fraction, which is equal to 1 in one phase, and 0 in the other is not regular.
We perform it as follows:

e If the volume fraction is either equal to 1 or equal to 0, then the
conservative variables of the phase that exists are limited.

e If the volume fraction is neither equal to 0 nor to 1, then in each
cell, the following steps are followed
1. Compute the average of each of the conservative variables o px,
arug, apuy and apprEr. We denote the average by (awpr),
(arui), (awuy) and (akprEx)
2. Limit the volume fraction. This is done as for example in [8].
The new volume fraction is denoted by & (x).

3. Rebuild the conservative variables as

(okpr) (x) = e (x) (o)

(i) (x) = i o) SRLEE)

akprul x:dkxM
(awpruy) (x) (x) )

(arprEr) (x) = ar(x)

For mixture tests, the slope limiting is performed on the characteristic
variables of the system. The computations of the left and right eigenvec-
tors of the full system is described in Appendix D. The left and right
eigenvectors depends on the interfacial velocity and pressure. For sim-
plifying this computation, the expression given by (16) is used for the
interface variables.

From a practical point of view, the minmod limiter was used in both
cases.

4.2 Consistency test of the scheme

In the finite volume scheme proposed in [2], the limit system solved
by the discrete equations method was left unclear. Derivation of the limit
system was necessary in the discontinuous Galerkin formulation, because
of the cell integrals. This limit was derived in Subsubsection 3.4.2, and
was discussed in 3.4.3. The aim of this test is to prove the consistency of
the numerical method with the model (1) with the closure explained in
Subsubsection 3.4.3.

A simple way to derive an analytical solution of a given hyperbolic
system consists in computing a self similar solution attached to a charac-
teristic field. Basically, for a given hyperbolic system

Oru+ A(u)dzu =0,
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a solution u(z, t) is searched as a function of the variable z /¢, i.e. u(z,t) =
up (%) Then denoting by & the variable of uo,

A(u) - Z1d) (uo), = 0. (19)
t

For having a non trivial solution of (19), /¢t must be equal to an eigen-
value of the matrix A.

In this test, we are interested in self similar solutions associated to the
field us. In this case, the volume fraction is a free parameter, and the other
variables can be computed by solving an ODE system. Computations of
the ODE system are detailed in Appendix C. Here, it is worth highlighting
that if the closure (2) is considered, one of the phase entropy is constant
and the velocity of the other phase is also constant which are not the case
here.

We denote by P the function such that P'(z) = (z — 1)*(z + 1)* and

(L)

P(0) = 0. On the boundaries of the domain, oz takes the values ay’ on

the left and aéR) on the right, and as is then set to
(L)

az(z) =ay if =<z,

W, o8 —afP [T ; =)
az(z)=ay”’ + P P GeTs if 1 <z <o,
az(x) = agR) if x> .

With this definition, a2 is a regular function. The variables are set to

oS =06 PH =10 3L):12
PP =0.1 P =2 2 ‘

with 1 = 0.4 and x2 = 0.6. Both of the fluids are governed by the perfect
gas equation of state with v = 1.2 and 2 = 1.9. For keeping a regular
wave, we must ensure that the characteristics are not crossing. For check-
ing this, u; was drawn on Figure 7. This proves that u; increases through
the wave, which means that the characteristics associated to u; will never
cross. The computation is led until time 0.1 on a [0,1] domain. The in-
terfacial velocity is approximatively equal to 3, so that the non constant
part of the initial condition has been transported of approximatively 0.3.
The results obtained for a number of cells equal to 100, 200, 400 and 800
cells are shown on Figure 8, using a magnified view between 0.6 and 1.
The exact solution is computed by the method of characteristics, which
then allows to compute the L? error to check the convergence order. Re-
sults are shown on Figure 9. Both of these Figures make evidence that
the scheme developed is consistent with the model (1) with the closure
explained in Subsubsection 3.4.3.

4.3 One dimensional two-phase entropic wave

The aim of this test is to prove the high order accuracy on a regular one
dimensional entropic wave. Following [28], the entropic waves of (1) are
characterized by an uniform velocity and pressure. Therefore we take a
computational domain of [0;1], where the fluids have the same uniform
velocity of 10m - s~! and a pressure of 1Pa. Associated boundary con-
ditions are periodic. This small value for the pressure is taken so as to
reduce the associated sound velocity, which allows to use a larger time
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step.
The volume fractions are given by:

1
it 0. .
ar =af® + 36Xp(10(a:—0.3)(1‘—0.7)) it 03<2<07

0 else

3ex ! if 0.3<x<0.7
az = af — P 10z —03)(z —0.7) ‘ ‘

0 else

with af® = 0.6 and a5° = 0.4.
The densities are defined by:

10% (z — 0.3)*(z — 0.5)* if 03<2<05
e <) amp
pL=pr P { 0 else

o am 108z — 0.7)*(z = 0.5)* if 05<xz<0.7
p2 = p5 +pzp{0( A ) else

with p° = 1kg-m™3, pI™" = 5kg-m™% | pi™ = 0.003kg - m~? and
p° = 0.001kg - m~2. Both fluids follow a perfect gas equation of state,
with a polytropic coefficient of 1.4 and 1.648. The functions p; and ps are
€* and o and s are € functions of z.

The computation is led until ¢ = 0.15s, for finite element discretizations
of order 0, 1 and 2. In order to fully see the benefits of high order these
tests are done with exactly the same degrees of freedom for each test.
Thus, we use a 120 cells mesh in the DG case, a 60 cells mesh in the
DG case and a 40 cells mesh in the DG? case.

Results are shown on Figure 10, in comparison with the exact solution.
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Figure 9: The convergence order of the consistency test is drawn for all the
conservative variables computed: the L? error is computed for the mesh with
100, 200, 400 and 800 cells. For all the variables, the convergence is proved to
be close to 1.

Benefits of high order discretization is clearly visible. The smearing of
all variables in the DG® case disappears when order increases. We may
also see that fluid densities are better described with the DG? solutions
than with the two others. Finally, we conclude this test by a study of the
convergence order, in Figure 11. For a k" degree of approximation, an
order accuracy of k + 1 is found.

Eventually, we also propose to use this test so as to give a numerical
evidence of the Abgrall criterion, theoretically proved in Subsection 3.5.
Indeed, in this test, the pressures and velocities of each phase are uniform
in the whole domain and are therefore expected to remain uniform during
the computation.

Corresponding results are depicted in Fig. 12, for the DG°, DG' and
DG? solutions.

4.4 Helium-Air shock tube

This test is based on the classical Sod shock tube [44], except that the
left side is filled with helium instead of air. The shock tube is 1 m long
and the initial discontinuity is located at 0.5 m. Each fluid is described
by a perfect gas equation of state (17) v = 1.648 for helium and v = 1.4
for air.

The mesh used contains 200 nodes and 100 nodes in the DG® and DG"
cases, and the CFL number is set at 0.5 for the DG scheme and at 0.3
for the DG scheme.

Results are shown in Figure 13, at time t = 0.2 s. On Figure 13(a) to
13(c) we compare the numerical solutions obtained with the DG scheme
(circle) and the DG* scheme (square) for the total density, the velocity
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Figure 10: One dimensional two-phase entropic wave. Comparison of the DG°
(circle) and DG (square) and DG? (triangle) solutions with the exact solution
(line). The comparisons are made withggconstant number of degrees of freedom.



Figure 11: One dimensional two-phase entropic wave. Convergence order of the
DGY (circle) and the DG! (square) and the DG? schemes (triangle). Usual
orders of 1, 2 and 3 are found.

and the pressure. We also show on these figures the analytical solution
(line) so as to compare the benefits of using high order scheme. Thus, we
may clearly see that there is a good agreement between the DG solution
and the exact one, contrary to the DG° case. As an example, let’s see
the total density profiles. The post-shocked state cannot be distinguished
from the state behind the contact discontinuity with the DG° solutions.
In consequence, the shock wave and the contact discontinuity cannot be
discriminated. In the same way, we may note that the isentropic wave is
very smeared. On the contrary, the DG solution gives a better descrip-
tion of the flow. The different waves (shock, contact discontinuity and
isentropic) are sharper and each constant state is well described.

Finally, in Figure 14, we compare the convergence order of the numerical
scheme for the DG® and DG' approaches. The solution being not regular,
we obviously do not recover the convergence order of 1 and 2. Neverthe-
less, we may clearly see an improvement of the order of the scheme.

4.5 Water-Air shock tube

We now consider a shock tube filled with water under high pressure at
the left and with air at low pressure at the right. The shock tube is still 1
m long but the initial discontinuity is now set at 0.7 m. The initial data
are: Pr = 10° Pa, pr, = 1000 kg - mfs, ur =0m-s ! and Pr = 10° Pa,
pr =50kg - m™3 up = 0m-s~'. Water is governed by the stiffened gas
equation of state (18), with v = 4.4 and P, = 6 - 10® Pa, whereas air
obeys the perfect gas equation of state, with v = 1.4. This test is known
to be a particularly tricky one [26, 1, 43, 21, 38, 2]. Indeed, it involves two
pure materials with different equations of state and the interface problem
that has to be solved induces an interfacial mixture - due to the smearing
of the interface - where the sound velocity is not easily computed. It is
then common for many schemes to fail to perform such a test, see [38] for
more details.

Here, we use in the present simulation a mesh composed of 60 nodes. The
CFL number is still set at 0.5 in the DG case and at 0.3 in the DG case.
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Figure 12: Numerical evidence of the Abgrall criterion. Comparison of the
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DG? solutions.
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Figure 14: Multiphase Sod shock tube. Convergence order of the DG (circle)
and the DG schemes (square). Since the solution involves discontinuities, the
convergence order of 1 and 2 are not recovered. Nevertheless, we may observe
a better convergence order with the DG scheme.

Results are shown in Figure 15, at time t = 229 us. Since each part of
the domain is filled with a pure fluid, we may compute an exact solution
for this test. Therefore, we compare this analytical solution with the
numerical ones, obtained with a DG® and DG* scheme, in Figure 15. First
of all, we note that the method is still able to perform this test. Then,
we may see that the DG scheme improves the quality of the solution:
diffusion is drastically reduced and physical variables are better described.
For example, the velocity, which is slightly over-estimated with the DG°
solution, is now well computed.

4.6 Multiphase shock tubes

Eventually, we will deal with some multiphase shock tube problems, where
we have mixtures on both chambers, proposed by [3, 15]. Let us first
recall here that these references deal with the Baer & Nunziato model,
that is to say the closure (2) is considered for the model (1). For this
reason, and as stated in Subsection 4.2, our present model has a different
mathematical structure and waves’ pattern. Therefore, we will not use
the exact solutions developed in the references therein.

We first consider the test 1 of [15]. It consists in a 1 m long shock
tube with initial discontinuity placed at 0.5m. For each chamber, we
have the following initial data: for the left chamber Pr; = 1Pa and
Pro=1Pa, pr,1 = 1kg- m~? and pr,2 = 0.5kg - m73, ur,1 = 0m - st
and ur,2 =0m- sfl, and finally a1 = 0.4 whereas for the right chamber
Pr1 =2Pa and Pro = 2Pa, pr1 = 2kg- m~3 and pr,2 = 1.5kg - m_37
UR,1 = Om-s~! and UR,2 = Om‘sfl, ar,1 = 0.8. Each fluid is governed by
the perfect gas equation of state with parameter v; = v2 = 1.4 In Fig. 16,
the solution is presented at time ¢ = 0.1s for a DG" solution computed
on a 5000 cells mesh. We also show on the same figure the converged
solution obtained with the DG° solution on a 10,000 cells mesh. We have
a good agreement between each solution.
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Figure 15: Liquid-gas shock tube. Comparison of the DG (circle) and DG*
(square) solutions with the exact solution (line).
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Our second example is the test 3 proposed by [3]. Initially, we thus
impose the following conditions: at the left chamber, we have Pr; =
1.5666 Pa and Pr2 = 1.5Pa, pr,1 = 0.9123 kg~m73 and pr2 = 2.6718kg-
m73, ur,1 = 1.6305m - s and ur,2 = —0.05m - sfl, ar1 = 0.1, in
the right chamber we set Pr1 = 1.1675Pa and Pro = 1.5Pa, pr1 =
0.8592kg - m~> and pr2 = 1.3359kg - m~>, ur1 = —0.0129m - s~ and
ugr,2 = 0.5438m - sfl7 ar,1 = 0.9. The perfect gas equation of state is
considered for each fluid, with the same parameter v = 1.4. The results
are presented in Fig. 18, at time ¢ = 0.1s, for a 5000 cells mesh in the
DG" case, which is compared to a converged solution obtained on a 10000
cells mesh in the DGY case. In some part of the domain, we still have a fair
matching between each solution. Yet, the computed solution with DG*
scheme diverges from the attended solution, especially the volume fraction
of phase 1 which tends to 1 between z = 0.5 and 0.55. Consequently, the
other variables could not be well computed anymore in this part of the
domain. Moreover, this new wrong state induces new waves that modify
the behavior of the solution. To our opinion, there could be at least two
explanations for this behavior.

1. First, the system we deal with is non conservative. In the case of
a conservative system, it is known that a conservative scheme must
be used otherwise the scheme converges to a wrong solution. This
means that when dealing with the discontinuous Galerkin method
with a conservative system, it is necessary to conserve the average
of each conserved variables inside each cell. In the case of a non con-
servative system, a similar constraint should exist yet the variables
in each cell are governed by non conservative equations and it is thus
not easy to find which variables should be averagely conserved.

2. Secondly, the system may undergo a resonance phenomenon, because

the eigenvalues of the system [ur, u1, u2,u1 — ¢1,u1 + c1,u2 — c2, u2 + c2]

do not have the same order and may intersect within a wave. In the
present test case, we show in Fig. 19 the behavior of some eigen-
values. Contrary to the previous test case, whose eigenvalues are
presented in Fig. 17, we may see here that several eigenvalues are
intersecting.

So, excepting the part where as vanishes, the results keep acceptable.
Our last example is the test 2 of [15]. The initial data are now: Pr,; =
500Pa and Pr> = 2Pa, pr,1 = 800kg - m~2 and prL2 = 1.5kg - m_37
ur,1 =0m- s~! and ur2 =0m- sfl, and ar,1 = 0.4, Pr,1 = 600Pa and
Pr=1Pa, pr,1 = 1000kg - m~? and pr,2 = lkg- m73, ur1 =0m- s7!
and ugr2 = 0m - s_l, ar,1 = 0.3. The first fluid now obeys the stiffened
gas equation of state with v; = 3.0 and P = 100Pa, the other one is
not modified. The solution is still presented at time ¢ = 0.1s in Fig. 20
for a 5000 cells mesh in the DG case, with comparison with a converged
solution with a 10000 cells in the DG° case. Here again, we note the same
behavior as in the previous test case: some area has appeared in the DG*
case in which the volume fraction of phase 2 vanishes. Once more, we
may see in Fig. 21 that we have an intersection of some eigenvalues.
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4.7 Two dimensional two-phase entropic wave

In this Subsection, we test the order of the scheme on a regular two dimen-
sional entropic wave. This test is an adaptation of the test of Subsection
4.3.

The computational domain is a periodic [0; 1] X [0; 1] square. The fluids
have the same uniform velocity of u = (10, 10), and a pressure of 1 Pa.
For a given point (z,y) € [0;1] x [0; 1], we define

ra =+/(x —0.5)2 + (y — 0.5)2
T, = \/(m —0.4)2+ (y —0.5)2
7o =/ (z = 0.6)% + (y — 0.5)?

The volume fractions are given by:

1
if 1o < 0.2
o =ag +{ P <10(7‘a —0.2)(ra + 0.2)) i e <0

0 else

3ex ! if ro <0.2
as = a$® — P\10(ra — 0.2)(ra + 0.2) o=

0 else

with af® = 0.6 and a5° = 0.4.
The densities are defined by:

108 (rp, — 0.1)*(rp, +0.1)* if 7, <0.1
__ oo amp P1 P11 P1
PL=PEE P { 0 else

108(rpy — 0.1)*(rpy +0.1)* if 7,, < 0.1
__ > amp P2 P2 P2
p2=p2 t 0o { 0 else
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Figure 19: Multiphase shock tube: Test 3 of [3]. Behavior of some eigenvalues.

degree | # cell | # d.o.f.
0 1502 1502
1 506 1518
2 288 1728

Table 1: Numbers of cells and degrees of freedom for the two dimensional two-
phase entropic wave.

with p?° = 1kg - m™2, p¥™ = 5kg-m™> , p5™ = 0.003kg - m™* and
ps° = 0.001kg - m~3. Both of the fluids follow a perfect gas equation of
state, with a polytropic coefficient equal of 1.4 and to 1.648. The functions
p1 and p2 are %* and a1 and as are €™ functions of z.

The computation is led until ¢ = 0.15s, for finite element discretizations
of order 0, 1 and 2. Results with the different schemes are obtained with
a number of degrees of freedom nearly constant, as shown in the Table 1.

In Figure 22, we show the results for the DG° and the DG* scheme.
It is clear that the flow variables are better described. To have a better
idea of this behavior, we present a slice of the different solutions, between
(0,0) and (1,1), in Figure 23. Benefits of the high order are emphasized.
As previously, we finally present the order estimations obtained with the
various schemes in Figure 24.

4.8 Multiphase vortex

Our aim in this test is to deal with a regular solution with a non-uniform
pressure for the multiphase model (1). In the single phase case, it is
possible to test the advection of an isentropic vortex [14, 54, 53, 52]. Here
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uy and uy intersect and also u; + ¢; and ug + .

Behavior of some eigenvalues:

P | pf°

o0 oo oo
P2 a7 o) Y1

2

1 1

3 1040614

1.8

Table 2: Initial conditions for the multiphase vortex.

we want to use a similar test in a multiphase context, with the same

pressure and velocity for each phase: P; = P> and u1 = wus.

In that

case, the model is equivalent to the Baer & Nunziato model, and the
corresponding version for the advection of a multiphas vortex is available

in [18].

expression of the initial condition is:

P =P (Poo

Ve v
) = (; LB
23
o = pYy
Pk

n—1pP &

P =P (1- Ll e2¢(1-
( m Px16m26 °
uf = 0 ge1r?)
2
o_ o [PT n—1p7¢ &
= Lt S O R £
Uz = U7 p§° ( 7 P 167T2¢

€
P)’yk

.

p2

Derivation of such solution is detailed in Appendix B. The

Y1

Tz)) y1—1

Y2 =71
e2¢(17T2)> 272(71-1)

Corresponding values for these parameters are given in Table 2.
A constant velocity along the x axis is also added in the whole domain,
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Figure 22: Two dimensional two-phase entropic wave. Comparison of the vol-
ume fraction of phase 1 and densities of each phase obtained with a DG scheme
(left) and a DG (right) scheme. In this test, the number of degrees of freedom

is nearly constant, as detailed in Table 1.
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and DG? (triangle) solutions with the exact solution (line). In this test, the
number of degrees of freedom is nearly constant, as detailed in Table 1. Note
that the DG? solution is slightly stronger than the analytical solution, which is
unexpected. This is due to the fact that the resolution is very low (about 15
cells in the slice). As a consequence, even if the initial solution is regular, the
gradient of the initial solution is strong compared with the resolution, and is
therefore seen as a discontinuity, which induces a small oscillation.

\

Error

Figure 24: Convergence order for the two dimensional two-phase entropic wave
test. The order accuracy of k + 1/2 is found, as usual for the discontinuous
Galerkin method.



degree | # cell | # d.o.f.
0 12314 | 12314
1 4092 12276
2 2112 12672

Table 3: Numbers of cells and degrees of freedom for the multiphase vortex.

equal to 7m -s71.

The computational domain is a rectangle delimited by —3.5 <y < 3.5
and —7 < x < 7. Periodic boundary conditions are imposed at the left
and the right sides of the domain, whereas wall conditions are imposed on
the top and the bottom. Here again, we test finite element discretizations
of order 0, 1 and 2. Results are presented after 1s. In Figure 25, we show
the vortex velocity for the DG? scheme. Here, the mean velocity of the
flow has been withdrawn in the final results so as to see only the vortex.
Good accuracy is obtained. In order to have a fair comparison between
the different accuracies order, we present in Figure 26 a slice along z = 0.
The number of degrees of freedom is still kept nearly constant, as shown
in Table 3. We may clearly see the boons of high order.

3.26e-05

Figure 25: Multiphase vortex. Vortex velocity minus mean velocity flow con-
tours and vectors obtained with the DG? scheme. Meshes are detailed in Table
3.

4.9 Travelling Bubble

For this test and the next one, the domain is a a rectangle of 0.325 m long
and 0.089 m high. It is filled with air, with a density p = 1.4kg - m™3,
except for a bubble of helium, with a density p = 0.25463kg - m~3, of
0.05 m of radius. Initially, all the domain is at atmospheric pressure and
with an uniform horizontal velocity v = —100m - s~!. The two fluids are
described by a perfect gas equation of state, as in Subsection 4.4.

The computational domain is an unstructured triangular conforming mesh,
composed of 8932 triangles generated with emc2. The CFL number is 0.3.
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Figure 26: Slice of the multiphase vortex along the y-axis. Comparison of the
volume fraction for the DG (circle) and DG! (square) and DG? (triangle)
solutions with the exact solution (line). In this test, the number of degrees of
freedom is nearly constant, as detailed in Table 3.
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On Figure 27, we show the numerical results for the DG° and the DG!
schemes, at time t = 0.001 s. In this case, the exact solution is known:
the bubble must be translated from -0.1 m. We may observe that the in-
terface is sharper with the second order solution than with the first order
one.

Figure 27: Travelling bubble. Isolines of the volume fraction («
0.1;0.2;...;0.9) for the DG? (top) and the DG* (bottom) solutions.

0.089 m

4.10 Shock bubble interaction

Our aim here is to compute the test proposed by Quirk & Karni [34],
based on the experiments of Haas & Sturtevant [25]. As described in Fig-
ure 28, there is now a shock wave, moving to the left from the right part
of the domain, which will interact with the bubble. The Mach number
of the shock is 1.22, which implies that behind the shock wave, air has
a density of 1.92691kg - m~23, a velocity of —0.33361m -s~!, and a pres-
sure of 1.5698 Pa. The fluids involved are such that the Atwood number
is negative, which is referred as the divergent case in the previous pub-
lications. It is then known that it will lead to a reversal of the bubble
that is penetrated by a jet of surrounding fluid and then gives two vortex
downstream of the flow.
In this test, we still use an unstructured triangular conforming mesh, con-
taining 14086 triangles, generated with Gmsh.

Numerical results are shown in Figure 29. Mixture density evolution

o
=
3

Air

25 mm

Shocked air

0.325m

Figure 28: Computational domain for the shock bubble interaction.

is shown, with the corresponding isovalues, for the DG° and the DG*
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schemes. Here again, this test is well described by both schemes which
give qualitatively good results. The reversal of the bubble and the inter-
face is better described with the DG' scheme. Finally, we also present
isovalues of the volume fraction in Figure 30 at time ¢ = 230 ms. We may
clearly see that the interface is more sharpen in the DG case.

4.11 Richtmyer-Meshkov instability

Eventually, we show the capability of the method to compute Richtmyer-
Meshkov instability. Therefore, we consider the test proposed by Nour-
galiev et al. [29], schematically described in Figure 31. An interface, sepa-
rating a light gas (air) from a heavy one (SFs), is attained by a M = 1.24
shock wave. Initially, the fluids are at rest and at an uniform pressure of
P = 10° Pa. For the SFs, we have an initial density of 5.04kg - m~2 and
a polytropic coefficient v = 1.093.

The mesh is still unstructured and composed of 11 538 triangles.

In Figure 32, we show a sequence of the mixture density for the DG' so-
lution. The description of the flow is similar to the one obtained by [29].
Finally, in order to prove the relative accuracy of the method, we show a
quantitative comparison of the time evolutions of the spike, the edge of
the bubble and the thickness of the mixing layer with the corresponding
results in [29]. As it may be seen in Figure 33, the results are relatively
good.

5 Conclusion

In this article, we present a Runge-Kutta discontinuous Galerkin method
for multiphase compressible flows, involving either interface or mixture
problems. The multiphase model is based on a Baer & Nunziato formu-
lation [4], but with a different closure for the interfacial variables. The
numerical method is a discontinuous Galerkin method, based on the for-
mulation of [36] where interior side integrals are determined by revisiting
the method proposed by [2] thanks to a stochastic approach. This allows
to derive a continuous limit for the numerical scheme developed in [2].
This continuous limit has been validated with a specially dedicated test
case. Our discontinuous formulation inherits from the main property of
[2], i.e. it is average conservative. Nonconservative products are unam-
biguously discretized. Analytical solutions for the continuous system are
developed, so as to ensure that the scheme is (k + 1)“‘ order in one di-
mension and (k + 1/2)*™ order in two dimensions. Classical shock tubes
and interface problems are also tested. A good agreement with the ana-
lytical and experimental solutions is observed. These tests also prove the
robustness of the method. Three multiphase Riemann problems were also
tested. In the first one, a good agreement has been achieved between the
DG° and DG solution. For the two others, a symptomatic behavior is
obtained. In the DG' case, the volume fraction of one of the phase van-
ishes on a part of the domain, leading to wrong computed variables here
and to a waves’ pattern different from the DG° computation. This behav-
ior might be attributed to a resonance phenomenon. Further work on this
issue shall be addressed. Current work is devoted to the incorporation
of reactive effects, by mean of reactive Riemann solvers.
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(a) t = Oms.

(b) ¢ = 43.954 ms.

(c) t =82.923ms.

(d) t = 121.507 ms.

(e) t = 158.71ms.

(f) t =195.029 ms.

Figure 29: Interaction of a shock wave with an helium bubble in air. Contours of
the mixture density for the DGV (top) and the DG (bottom) schemes. Isovalues
are also represented in black lines.



Figure 30: Interaction of a shock wave with an helium bubble in air. Isovalues
of the volume fraction for the DG (top) and the DG (bottom) solutions.

0.8m

Sk 01m b

im

4m

Figure 31: Computational domain for the Richtmyer-Meshkov instability.
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(b) t = 1.229s.

(c) t =3.355s.

(d) t = 4.566s.

(e) t =8.277s.

Figure 32: Richtmyer-Meshkov instability. Contours of the mixture density
obtained with the DG! scheme.
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Figure 33: Richtmyer-Meshkov instability. Comparison of the time evolutions
of characteristic positions for the DG' scheme (lines) and the results of [29]

(symbols).

A Proof of Proposition 3

In this appendix, we prove the following proposition
Proposition 4. We suppose that R is reqular near 0. If a1 can be derived

in a given point x, and for a given direction n, the behavior of

E(a()xi(x+ 7)) —ai1(x)

T

when the nonnegative real number T tends to 0, depends on the behavior
of the autocorrelation function R near 0:
o if R'(0) # 0 then E (x1(x)x1(x+ 7mn)) — a1(x) behaves as /T, and
the ratio has an infinite limit.
e if R'(0) =0 and R"(0) # 0, then the ratio has a limit that depends
on R"(0).

e if R'(0) =0 and R"(0) = 0, then the ratio has a limit which depends
only on the derivative of the first moment:

E (x1(x)x1(x + ™)) — a1(x) R { 0 if Vai(x) - n>0
T Vai(x) n if Vai(x) - n<0

Proof. Using the same computations as for the proof of Proposition 1,
what we aim here is to compute the first order development in 7 of:

1 w2 w2
E (x1(x)x1(x +7n)) = g// e W1/2672/2 Qo  dws
D,

o1



with the domain D, defined by:

wy > 1— R(r) wy — 2 m(x)
“V 1+ R(7) V2(1 + R(7))
— 1= R(T) wi — 2 m(x + m™n
2T R ™ T AT T RO) (e t7n)

The intersection of the straight lines defining the domain D, is such that

R(T) 2

wS( )= 1+R(7—) ( ) — Wm(X)
9 = (T) — 72 m(x+m™n
wel(7) 1+R(T) )= A amy ™

for which the solution is:
m(x) — m(x + 7n)
2(1 — R(7))

wi(7) =

and
m(x) + m(x + mn)

2(1+ R(7))
We denote by b~ (7) and b" (1) the functions:

wg(T) = -

bt (w,7) = 1+ R(r) 2(1+ R(7)) >
_ _ 177}%(7)10 - #m X
b (w1, 7)= 1+R(r) ' /2(L+ R(n) e

The cross correlation E (xx(x)xx(x + 7n)) is equal to the integral above
the straight lines defined by b~ and bT. In this equality, it appears the
integral which will be equal to i (x) when 7 — 0 (which is the integral
above the line w2 = —m(x)) and the integral between this straight line
and the straight line we = w3 (7):

oo
E (x5 (%) x5 (x + 710)) ::5% ) (>j/ a2 /26-93/2 quo duv
wo m(x oo

71 ’w;O)(T) oo
/ e~ 1/26=w3/2 quy; dw,

_% —m(x
- 6377”%/267“’%/2 dwidws
21
y (20)
where D, is defined by:
R(T) 2
wa
1+RU) 21+ R(r
R(T) 2
woy < — m(xX+ ™
2= 1 +R(r) " 2(1 + R(1)) ( )

we > w(0> (1)

The first integral of (20) is equal to a;(x).
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Second integral of (20) In this paragraph, we want to perform a
first order approximation of:

1 e o

I = —
2 2w

o 2/2 2/2
/ e~ 1/267%2/2 Qo dwsy
— 00

—m(x)

We remark that this integral can be integrated in w;:

1 o,
L= — e w2/2 qgy
2 V2T [m(x) 2

and we thus have:

m(x) + m(x + 7n)
2(1+ R(7))
m(x) +m(x) + 7Vm(x) -n+o(r)

VA+21R(0) + o (7)
m(x) +m(x) +7Vm(x) -n+o(r)

2\/1 L TRO 0

0
wy(r) =~

m(x)-n / —1/2
= m(x)—i—V (2) T4 0(T) 1+%0)7'+0(7')
Vm(x) _R/(O)

which leads to:

L=—

1 (Vm(x) ‘n_ R(0)m(x)
Ver 2 4

By computing the derivative of relation (15), we have:

) e~m0/2 +o(7)

e’ CI2gm(x) - n

V2r

Vai(x) -n=

so that we can rewrite I as follows:

L (_ Vai(x)-n | R/(O)m(x)e" <X>/2> o)

2 427

Third integral of (20) In this paragraph, we are interested in the
behavior of the integral:

(0) - +
wy (7)) b7 (w1,T) oo b (w1,7)
orls = / / e_wg/Qe_w%ﬂdwgdwl—k/ / e_wg/Qe_w%/zdedwl
— 00

wéo)(f) wgo)(f) wéo)(r)

In the integrals with respect to w2, we change wa to z2 + wéo), to find:

w{® (7)o~ (wi,m)—wiP (r)
27l = / 1 / : e_(ZZ-HUSJ))2/2(3_7““§/QdZ'zdwl
—o00 0

bt (wr,m)—w” (r) o
+/ © / o~ (2 2608 2 2o duny
wy (r)Jo
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The behavior of Is depends on the behavior of wgo) and of b~ (w1, 7) —
’UJ;O)(T) and bt (w1,7) — wéo)( ):

. v [1=R() | m(x) = m(x+n)
b (wl,T)—wé() (7-)7_ 1+R(7-) w1t 1—|—R(7')

0 1—R(7) m(x) — m(x + 7n)
b m) =0 (1) =\ T R 1+ R(7)

w® () — m(x) — m(x + 7n)
(1) 1-R(r)

If we suppose that R is smooth near 0, then:

R(r) =1+ R (0)7 + //2(0) 2 +o (7'2)

Case 1: R'(0) #0. In this case, we have:

R'(0)

b (wi,7) —wi (1) === VT o (V)
bt () — (1) = - O 7 o (v7)

wi® (r) =0 (v/7)

Therefore in I3, in the integral with respect to z2, we change 22 to Z24/7,
and we find

w0l b= (w1, r>—w2 9 ()
) ©12/5 25 ;
475 7/ / e~ GavTtwy)? /20 —wi/ /7 dZ2dwy

vt (w1, ) —wl® (1)

T s (0)
+/ N / VT o~ Cavmrut™ 22wl 2 /= 45 o,
()
We then can find the limit of 2w I3/+/7, which is equal to:

0 /
213 :/ o—wi/2q-m?(@) [ _ _R(0) wy | dwy
VT oo 2
oo /
+/ e~ wi/2g=m’(2) < _7R2(O) w1> dwi +0(1)
0

/ o0
_ 9e-m2(2)/2 /_RT(@/ w12 1 o(1)
0

/
—9e—m(2)/2 ,RT(O) +o(1)

Thus, in this case, we have:

—m?2(x)/2 /
I~ C R (O)ﬁ

s 2
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Case 2: R'(0) =0 and R"(0) # 0. In this case, we have:

b (wr,7) — w (1) =— < —RNZ(O) wi + Vm(;{) : n) T +0(7)
b (wn,7) — wf” () = ( SO YO oy
w® ()= m(x) — (m(x) + 7Vm(x) -n+o(7))
: o/ O
_ Vm(x)-n
= 7_]%//(0) +o(1)

Therefore in the integrals with respect to z2, we change 22 to Z27, and we
find:

- (0)
0 b (wy,T)—wy (T)
w§>(7) L)y a2 s w2/a o
2rls = e \F2T T e~ Y1/4r dZadwy

—o0 0
bt (wy,m)—wi® (r)

=~ i —Gartwi)2/2 —w2j2_ o
+ © e \#2 2 e “1/°r dzydwn
wy (r)Jo

We then can find the limit of 2713/7, for which we have:
_ Vm(x)n -
2rls = _/ \/Tl(O)e_w%me_mz(x)/2 ( R 2(0) w1 + Lm(;() ' n) dw:
T —o00

) 77
+/ e—w%/Qe—mQ(x)/Z < _R (0) w1 + Vm(x) n> dw +O(1)

_ Vm(x)n 2 2
—R/"(0)

77 _VYm(x):n o
= (@)/2 \/fiR 2(0) —/ VRO 4, 0012 duyy +/ Tt wie®1/? dwy
- RVao)

Vm(x)n o

Cpe—m (x)/2 ———
+Vm(x) ne f/ \/T,(O)ew%/z dw: +/ ewi/2 dw:

2 _ VYm(x)n

/— R’ (0)

oo

Finally, we get:

27;13 —9e-m(0/2 Wexp ((Vgﬁ)@)nf)

Vm(x)n

—Vm(x) - neﬂrﬁ(x)/2 VRO e“’%/2 dw,

_ Vm(x)'n

/— R’ (0)

Case 3: R'(0) = R”(0) = 0. In this case we have:

(w7 — ) () = —V”‘?) o tolr)
b, 7) — ()= YOI o
() 0 = () + TVm(x) m 4 o (1)
1 _R(S)(O) T3

3

o 4 3)

3

This means that:



e either Vm(x) - n > 0, then w§0)

(1) = —o0
e or Vm(x)-n < 0, then w(” (1) = 0o

Doing the same variable change as in the previous case leads to:

) b= (wy,m)—w® (1)
wy (7') T 7(_ + (0)>2/2 _ 2/2 -
2z = e \F27TW2 e Y1/%r dzydwy

—oo 0
bt (wy ) —wi® (1)

oo
T s (0)y2 2 -
/ e~ (F27Hwy”) /ze_wl/QTdZdel
wgo)(ﬂ') 0

We then can find the limit of 2713 /7, which is equal to
o If Vm(x)-n > 0, then

—w%/Q

2rl3  (Vm(x) - n) e~ (@)/2
T 2
(Vm(x) -n) e~ (@)/2

= 2w

2

[§] dwl

o If Vm(x) -n < 0, then

—m?2(a oo
T

T 2
. —m?2(z)/2
__ (Vm(x) -n)e 5
2
Consequently, we have:
Is = 7|Va1(2x) ol (1)

Conclusion on the behavior of E (x1(x)x1(x + 7n)) Three cases
are obtained:

e if R'(0) # 0 then I3 behaves as /T, and I as 7, so that E (x1(x)x1(x + 7n))—
a(x) behaves as /7, and the ratio with 7 has an infinite limit.

e if R'(0) =0 and R"(0) # 0, then the ratio has a limit that depends
on R"(0).

e if R'(0) = 0and R"(0) = 0, then the ratio has a limit which depends
only on the derivative of the first moment:

E (x1(x)x1(x + n)) — a(x) . { 0 if Va(x) n>0
T Va(x)-n if Va(x) - n<0

O

B Derivation of an isentropic vortex so-
lution for the seven equations model

In this appendix, we are looking for a two dimensional, polar-symmetric,

steady solution with divergence free velocities for the seven equations
model (1).
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Following [28, pp. 668-669], the system in entropic variables (without
relaxation terms) is:

ot

0
arprTk (ﬁ + uyg - Vsk) = (P — Pk) (uz — uk) -Vag
0
QL Pk (% -+ (uk . V)uk) -+ V(Ozkpk) = PV

OP,
Qg <—k +uyg - VPk> + ozlplai divug = pkai’l(uj —ug) - Vag

Gak

(21)
The classical vortex solution derivation is based on the following assump-
tions:

1. All the variables depend only on the radius .

2. The velocity is divergence free, which, with the previous assumption,
induces that the velocity is orthoradial.

In the case of a two fluid vortex, we choose to search a solution such that
all the velocities are divergence free, and such that all the thermodynamic
variables are polar symmetric. For simplifying the system (21), we search
solutions such that all the terms with a gradient of oy vanish. This is
possible provided we have uy - Vay, = 0, and (ux —ur) - Vai = 0. If o
is polar-symmetric and uy is divergence free and depends only on 7, then
ui-Var = 0. Moreover, as seen in Section 3.4, the product of the gradient
of a by the interfacial velocity is computed by solving a one dimensional
problem such that:

e A unitary direction n is defined as having the same direction as Va;.

e The left state is a phase 2, with a velocity of uz - n, whereas the
right state is a phase 1, with a velocity of u; - n.

u* and P* are defined as the velocity and pressure at the contact surface of
the solution of this Riemann problem, and the nonconservative products
containing ur and Pr are equal to:

us-Vai=u"Vai -n
PIVal = P*Val
Prur -Vair = P*u*Va; -n

Therefore, as ug - Vay, = 0, and if we suppose that the pressures are
locally equal, then u* = 0, and so the terms involving Vay are equal
to zero. With this choice, the stationary equations on pressure, entropy
and volume fraction of (21) are ensured, because the terms with Vay
vanish and the velocities (colinear to eg) are orthogonal to the gradients
of thermodynamic variables (which depend only on r).

Moreover, the solutions are supposed to be isentropic for having a reg-
ular solution. Therefore, the only contraints that remain are the equations
on the velocities, and the equality of the pressures.

Since pressures are equal, and as the velocities are orthoradial, the
equation on the velocity uy of (21) becomes:

akpk(uk . V)uk +arVFP, =0

This means that for uxy = u,e, + ugey, P = P, and p = py, the following
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equations hold:

our n our Uy our _ ufﬁ _ _ai

p ot tr or r 00 r ) or
Oug Oup | up Ous  urug\ 1 OP
p(ﬁ+“’"W+TW+ v )T v 0

Thermodynamic variables depending only on r and velocities being ortho-
radial, this set of equations reduces to:

ug®  dP

o dr
Thus, using the isentropic relation Pp, " = P> (pi°)” "% in each phase,
we obtain:
uo® = 7(1300)1/7 p3dr

r p>X dr
Integration of the right hand side leads to

/+oo (Poo)l/’Y P_%QZ 5 (POO)l/’Y [Pl_%]oo

p> dr ~v-1 1/p"o r
_ P [ peoy1-1 _ pi-l
O [(P ) il }
__aPr (L <L>T
(v = D)p pee

which induces:

_ (eS] oo 2 41;1
p:pw<1_u/ uidr/)"f
ypee ).

Since the two pressures must be equal, we do have:

2

2 T 2 2
Lo n = <) A\ e Dps 2 (s)” )
v P> - r! " - Yo P> - r! "

y2—1
Y2

Here, if we put this last relation at the power and if we differentiate

it with respect to r, we have:

02 02 oo (4,9)? BGIoD
ﬁ(“z) _ﬁ(ul) <1_(71—1)PT0/ (u1) dr') o

P> gy = P® r 1 P> r!

and thus:

oo oo oo 0)2 2"!’;2(’:1’111)
o _ o |P1 (m1 —1)p% (u?) /
Uy = Uq vy 1—- o ; dr
P2 ’Ylp T r

The divergence-free velocity constraint for u{ implies the existence of a

0
stream function ¢ such that u; = Vx| 0 |. A classical choice [53] for
¥
P is:
Y(r) = —74;;3 e?1=") so that ul = —% RS
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with this choice, we find:

2

+o00 0 +oo ./ 52
/ (“1,) dr’ = / o 52 21" gy
- T A

—/+OO & ( 4r'¢)e2¢<1_r,2) dr
= ey -
52 67 ¢2
— eZ(b(lfr )

1672¢

To conclude this section, we summarize the previous results.

Thus, a

stationary, radial-symmetric, isentropic and iso-mass fraction solution of

the seven equations mode is given by:

Y1
p—p>(1-"1"= 1pr & e20(1—7%) o
v1 P> 1672¢
uf =10 go1=r%)
2

= 1 p%° 52 2772(’:’Yi1)
uf =uf [P (1- 1= Lj e2ei—r®) ) T
Vo \U o P Ten

(22)

C Derivation of a self similar regular so-
lution associated to the eigenvalue u; for

the seven equations model

This section is devoted to finding regular solutions to the system of Baer
and Nunziato, closed by arbitrary interfacial closures. For this, we start
with the entropic formulation found by Murrone [28, p.669]; the system

can be written as
U+ A(U)0, U =0

with U = (s1, 82, u1, u2, p1, P2, 2)

ur 0 0 0 0 0

(Pr = P1)(ur —u1)

C¥1P1T1

(Pr — P2)(ur — uz)

0 u2 0 0 0 0 -

az2p2T>
1 1 — Py
0 0 U1 0 — 0
p1 1 glplp
A(U) 0 0 0 w 0 — e
P2 Qa2 P2

]

Q2
0 0 0 0 ur
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with Cir = # & — Pk <%> . This matrix has ur, u1, uz,
(Gr), Ve
OP% (2
u1tc1 and uz *c2 as eigenvalues, and if we suppose that these eigenvalues
are not equal, the matrix A can be diagonalized.
We are interested in the regular solutions associated to the eigenvalue
uy. For such solutions

(A(U) —w)U'(€) = 0

so that the equation on o) becomes 0 = 0, which means that as can be
freely imposed, and the following equalities hold

’

(Pr— Pu)(ur —u)

/
_ =0
(w1 —ur)sy + o T as
Pr— Py)(ur —uw
(w2 = un)sy — =) o g
(ur —ur)uf + —ph+ ———ab =0
glpl
pret o+ (ur —unph + S o g
1
1 P —P
(uz — ur)uh + —ph— ——=ah =0
2 g202
pacuty + (ua — unpy — S0 o g
2

Considering oz as a parameter, we will try to compute the other variables
with respect to it

/ PI*PI ’
st = ———ab
a%lTl
r I_PZa/
=—-——F Q3
a2p2Th

P - P
(w1 —ur)uy + —ph = ———af
a1p1

C _
piciul + (u1 —ur)py = w o
1 Jy
(uz — ur)uh + — ph = ———— af
S
p2ch Uy + (u2 —ur)py = —% o
2

p} and uj can be computed with respect to a5 and to the other variables.
For this, we use the Cramer formula. The determinant of the system is
equal to

(ur —ur)® — cf

P—-P , 1

uf = B S Q101 “ E

1= _ 2 _ 2 _

(w1 —ur)? —cf 7011(12 ur) oy (ur —ur)
1

u = (Ul - UI)O/Q P, — Py 1

Yo ((w—u)2=cf) | Cu 1
o = (ur —ur) (Pr — Pr— Cir) ah

=

arpr((ur —ur)® —cf)
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P - Pr

!
Ul —u —
Pl -t (1~ ) apr
(uy —ur)? — 2 e Cur(ur —ur) o
“p_p
B o (ur — ur) A
- p1

a1 ((ur —ur)? —c3) e Cur(ur — ug)
as (Cu(ul —ur)? -3 (P — PI))
a1 (w1 —ur)? — cf)

In the case of a perfect gas, we compute the expression of Cr

1 Pr (6@)

Cri=——~ | ——p| 5

<0€k ) Pk Oprk Jp,
by, Pl

= (7 — 1)PI + Py
=P, — Pr+mPr

With this closure, we may find for the fluid 1

o (u1 — ur) vk Prag
Fap (- (- ur)?) ),
/ (6%} ’YlPI(Ul — U[) e %}
=—=(P— P
n=g B- POt o ((ur —ur)? —cf)

And for the variables of the fluid 2

(u2 — ur)yiPrag
0/2,02(63 — (u2 —ur)?) )
, ajy Y2 Pr(uz —ur)“ajh
— %2 (p,_p)-
b2 s (P 1) az((u2 —ur)? — c3)

/
U

Evolution of ag is imposed by an explicit function. The other variables
through this wave are computed by numerically integrating the system
of ODE. The exact solution at time ¢ is computed by using the method
of characteristics. This method is of course very easy to implement here,
because all the variables are transported with velocity ur. For the solu-
tion to be stable, we require that u; increases through the wave when x
increases, otherwise the characteristics would intersect.

D Eigenvectors of the continuous multi-
phase model

Let us now deal with the case where we want to express system (1) under
the following form:

‘%V+A(W)~V(W):o (23)

with W = (Oé1,p1,ll1,P1,/)2,u27P2)T
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In such a case, we have in the one-dimensional case:

us 0 0 0 0 0 0 0
pP1 (ul - UI)
—_— w1 M 0 0 0 0 0
P; OilP
L= 0 w — 0 0 0 0
a1p1 pP1
plci[ wzur oy pici u 0 0 0
A(W) = 0 0 0 0 ur
p2 (uz - uz)
0 0 0 0 —2  uy P2 0
P a—zP
0 0 0 0 =1 0 u —
Q202 P2
0 0 0 0 pgcg,l U2 T UI 0 p2cs w2

Eigenvalues They may be easily deduced from the matrix A and are
now well known:

[ur,ui, u2,ur — c1,u1 + c1,u2 — C2,u2 + 2]
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Eigenvectors We first begin by the left eigenvectors, computed with
SAGE:

=(1,0,0,0,0,0,0,0)7" (25)
=(0,0,0,0,1,0,0,0)7" (26)

a161

T
, 0, — ,0,0,0,0 (27)
—ci)m (¢t —ci ), )

T
2
2Co Qo
0,0,0,0, 1, 0. (28)
( (c% - 03,1)1)27 (c% - C%yl)p2>

g

alplcl ((ur —c1) — ur)
plcl ;(ur—ur)+ (Pr—P1)a

1,0, -

T
at (w1 —e1) —ug)
,0,0,0,0 29
p1c3 ; (ur —ur) + (Pr — Pr)ca (29)

=110 aipier ((ur + c1) —ur)
" ;e (ur —ur) + (Pr— Pr)a

T
a1 ((u1 4 c1) —ur)

) 03 07 07 0 30

p1c3; (ur —ur) + (P — Pr)aa (30)

azpacs ((u2 — c2) — ug)
p2¢5 1 (uz —ur) + (Pr — P2) 2

az ((u2 — c2) — ur) T
0263,1 (ug —ur) + (Pr — Pg)c2> (31)

= (0,0,0, 0,1,0, —

azpzcs ((u2 + c2) — ur)
pzc%,[ (ug —ur) + (P2 — Pr)c

18 = (O, 0,0,0,1,0,

a2 ((uz + c2) — ur) T
p2c3 ; (u2 —ur) + (P2 — Pr) CQ> (32)
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Let us now turn to the right eigenvectors:
r_ (1 o1 (u1 *UI) *p1(01 *011) + Pr— P
’ a1 (c% — (u1 — u[)Q) ’
(prcls + (Pr = P) (ur —w1) piciy(w —ur)® + (Pr— Pl
aip1 (021" — (u1 — uI)Q) ' ai (cf — (u1 — u1)2)
0,0,0, 0> (33)
(00001 pz(uz—mf—m(cgfcg,f) +Pr— P
y Uy Uy Uy Ly o (C% — ('LL2 — ’LL])Z) )
(p2cs.1 + Pr— Po) (ur —us) pac ; (us —ur)® + (Pr — Pa) c3
azp2 (c% — (u2 — u;)z) ’ Qs (c% — (u2 — u;)z)
(34)
=(0,1,0,0,0,0,0,0) (35)
R*=(0,0,0,0,0,1,0,0) (36)
:<O,1,— ,01,0000> (37)
= (07 1, <L, 20,00, 0) (38)
(0 0,0,0,0,1, cé) (39)
Cpe’
(0 0,0,0,0, 1, 3) (40)
P2’
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