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A KINETIC DISCONTINUOUS GALERKIN METHOD FOR THE
NONCONSERVATIVE BITEMPERATURE EULER MODEL

DENISE AREGBA-DRIOLLET, AFAF BOUHARGUANE, AND STEPHANE BRULL

ABSTRACT. This paper is devoted to the construction of a discontinuous Galerkin discretisa-
tion for the nonconservative bitemperature Euler system via a a discrete BGK formulation.
This formulation is compatible with the entropy properties of the system and thus provides
admissible solutions. The DG method is used to approximate the linear transport part of the
BGK model while the force and source-terms are treated implicitly but with explicit expres-
sions. High order in time has also been investigated using SSP Runge-Kutta methods. We
numerically show the good agreement of our results with the ones provided by other schemes,
including solutions with shocks.

Keywords nonconservative hyperbolic system, discrete BGK approximation, discontinuous
Galerkin methods, Runge-Kutta methods.
AMS subject classification 65M08, 35160, 76X05, 35Q31

1. INTRODUCTION

This paper is devoted to the approximation of the bitemperature Euler system from a Discon-
tinuous Galerkin (DG hereafter) method applied to a kinetic formulation proposed by Aregba and
Natalini [11] and that is based on the discrete BGK model. The present fluid model is able to treat
out of equilibrium regimes. The standard strategy in plasma physics, for simulating such regimes
is to develop PIC methods, that directly solve the kinetic equations. But these methods are com-
putationally very expensive. Therefore, the bitemperature model is a compromise between the
precision of the kinetic models and the lower numerical cost of fluid models. This system is made
of two conservation equations for mass and momentum and of two non conservative equations for
ionic and electronic energies. It describes the interaction of a mixture of thermalized ions and
electrons in a quasi-neutral regime. This system is nonconservative because of the presence of a
relaxation source term and of products between velocity and pressure gradients. Those products
make difficult the definition of weak solutions. In [20], a general framework has been developed
in order to define shocks in this context by using families of paths. The generalization of this
approach to a numerical setting has been considered in [25]. However, even if the path is known
theoretically, the numerical determination of the path is delicate [2]. In [19], the authors consider
the bitemperature Euler system with diffusive terms and by assuming that the electrons are isen-
tropic. In that case, the system is transformed into a system of conservation laws. This approach
has also been used in [27] where magnetic fields are considered and a conservation equation on
electronic entropy is derived. In [13], magnetic fields are also considered in a transverse magnetic
configuration. Moreover, a Suliciu scheme is derived and proved to be entropic. In [28], the
authors perform a Chapman-Enskog expansion by introducing a small parameter representing
the ratio between electronic and ionic molecular masses. At the end, they obtain a system with
an hyperbolic part for ions and a parabolic part for electrons.

Discrete BGK schemes have been introduced in [24, 11]. The method is performed by a
transport projection approach. The advantage is to put the nonlinearity inside the relaxation
term whereas the transport term is linear with constant advection velocities.

More precisely, the bitemperature model under consideration is obtained in [5], by using an
hydrodynamic limit starting from a BGK model coupled with Poisson and Ampere equations in
a quasi-neutral regime. In particular, it is shown that the nonconservative terms come from the
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Ohm’s law defining the electric field. By using this asymptotic a finite volume BGK scheme has
been designed in [5] by generalizing the Aregba-Natalini method [11] to a nonconservative setting.
In particular, a force term is incorporated in the discrete BGK formulation in order to deal with
the nonconservative terms. This formulation leads to the resolution of an hyberbolic system from
a BGK relaxation process. Hence we have to deal with a linear advection term and a source
term. Moreover, a Suliciu approach is developed in [5] and several comparisons are performed
with different schemes. Next, in [7] the kinetic approach has been generalized to a polyatomic
setting by using a kinetic model with a continuous energy variable. The bi-dimensional case has
been considered in [10] and a second order finite volume scheme has been obtained. In [6], a
Navier-Stokes system has been derived from a Chapman-Enskog expansion and by computing
viscous terms, generalizing the model considered in [16]. However, as far as we know, there is no
work on the implementation of high order methods for non-conservative bitemperature model.
For similar works, recently, in [4, 3], the authors developed a discrete BGK formulation for the
compressible Euler system and next perform a RD scheme in the space variable. The time dis-
cretization is obtained by using a DeC method [1]. In [18] the authors constructed a high-order
implicit palindromic discontinuous Galerkin method from kinetic-relaxation approximation for
solving general hyperbolic systems of conservation laws. In [21], this approach is used to solve
Maxwell’s equations. The aim of the present work is to provide high order methods for the
bitemperature Euler system which use a DG scheme on the discrete BGK formulation with k-th
degree basis for the spacial discretization and with an order (k + 1)-SSP-Runge-Kutta method
for the time integration.

This paper is organised as follows. Section 2 introduces the bitemperature Euler system.
Section 3 deals with the presentation of the discrete BGK models in the conservative and in the
nonconservative case. In particular the obtention of the bitemperature model from the kinetic
formulation developed in [5] is explained. In section 4, the DG method applied to the discrete
BGK approximation is described. In particular, the order in time is increased in order to be
consistent with the order in the space variable. Section 5 is devoted to numerical experiments.
We investigate the accuracy of the proposed schemes on some examples. We also compare our
methods with other existing numerical schemes. An important result is that they converge to the
same solutions, even in the presence of shocks.

2. BITEMPERATURE EULER SYSTEM

Subscripts e and ¢ respectively denote electronic and ionic quantities. We denote by p. and p;
the electronic and ionic densities, p = p. + p; the total density, m. and m; the related masses, c,
and ¢; the mass fractions. These variables satisfy

(1) Pe = MeNe = Cep, P =myn; = cp, Me >0, m; >0, c.+c¢ =1
Quasineutrality is assumed, so that the ionization ratio Z = n./n; is a constant. This implies
that the electronic and ionic mass fractions are constant and given by

ZMe m;

(2) Ce=—""—7"—, CG=—"°—.
m; + Zm.’ m; + Zme

Electronic and ionic velocities u., u; are assumed to be in equilibrium in the model. Hence,

ue = u; = u, where u denotes mixture velocity. The pressure of each species satisfies a gamma-

law with its own « exponent :

(3) Pe = (Ve — 1)pece = nekpTe, pi= (v —)pici =nikpTi, e >1, v >1,

where kp is the Boltzmann constant (kg > 0), €, and T, represent respectively the internal
specific energy and the temperature of species a for a = e, i.
Denoting by | - | the euclidean norm in RP| the total energies for the particles are defined by

1
(4) Ea = Pafa + ipa|u|2a a=e,i.
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We denote by v.; > 0 the interaction coefficient between the electronic and ionic tempera-
tures. The model consists of two conservative equations for mass and momentum and two
non-conservative equations for the energies:

Op + div(pu) =0,

9e(pu) + div(pu @ u + (pe + pi)I) = 0,

O + div(u(€e + pe)) — u -V (eipe — cepi) = vei(Ti — Te),
K& + div(u(&; +pi)) +u-V (eipe — cepi) = —vei(Ti — Te),

(5)

where I represents the identity matrix in R3. In the following we denote
(6) U= (pa puvgeagi)a Uo = (Cozpv Capuaga)'

The system (5) is hyperbolic, diagonalisable and owns 3 eigenvalues A_, \g (with multiplicity
D + 1 where D is the space dimension), Ay: for any w € SP~1

A =u-w-—a, A =Uu-w, Ay =u-w+a

where

YaPa
7 a=
(7) p

a=e,i

is the sound velocity. The fields related to Ay are genuinely nonlinear, while the field related to
Ao is linearly degenerate.

Defining the total energy & = &, + &; and the total pressure p = p. + p;, one can note that if
U is a solution of system (5) then (p, pu, &) satisfies the following conservative system:

Op + div(pu) =0,
(8) 9 (pu) + div(pu @ u + pI) =0,
0E + div(u(€ + p)) = 0.

If v, = ~y; this is the wellknown monotemperature Euler system. But even in this case, one has
to deal with one more equation to determine electronic and ionic temperatures. If v, # ; system
(8) is not closed. We want to underline the fact that in both cases, the solutions of system (5)
are to be defined in the context of non-conservative equations were the product of a possibly
discontinuous function with a Dirac measure appears. To give a sense to such solutions, one has
to bring more physical information. In [5] we obtained solutions of (5) as hydrodynamic limits of
solutions of an underlying, physically realistic BGK model. The entropy-entropy flux of species
« being defined as

Pa ('704 - 1)pa5a) :|
9 w(Ua) = — In +C7 aUa:aUaua
O ) = e (e Qo) = (0]
the total entropy-entropy flux pair for (5) is
(1()) 77(7/{) = ne(Ue> + ni(Ui)a Q(u) = 77(“)“
and we proved the following entropy inequality for these hydrodynamic limits:
U
. < _ ) o 2.
(11) OnU) + divQU) < T ToT (T, —T.)

We then defined an admissible solution of (5) as a solution satisfying this inequality.

In the following we consider the 1D version of system (5):
Orp + 0z (pu) =0,

12) 0r(pu) + Ou(pu® + pe + pi) = 0,
e + Op(u(Ee + pe)) — uly (cipe — cepi) = Vei(Ti — Te),

0:&i + 02 (w(&; + i) + uy (Cipe — cepi) = —Vei (T; — Te).
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3. BGK MODELS

This section is devoted to the presentation of discrete BGK models that have been introduced
for system of conservation laws in [11] and then generalized to the non-conservative case in [5], [8].

3.1. Underlying kinetic (BGK) models for the conservative compressible Euler sys-
tem. We start from BGK models for the Euler monotemperature equations. Denoting

U=(p,pu,&) € QC R, F(U) = (pu, pu® + p,u(€ +p)),
the Euler system is a system of conservation laws:
(13) oU + 0, F(U)=0.

We assume that p = (v — 1)(€ — 1pu?). We follow the framework proposed by F. Bouchut in
[12]. We define a measure space (X, d€), a real valued function a defined on X, a “maxwellian
function” M from R® x X onto R¥, and a “moment operator” P from X to £(R* R3) such that
for all U € Q:

L/HMMWOM=M /P@@@Mmomemw»
X X

Let f¢(x,t,&) € R* be a solution of
1
Ocf" +a(©)0: f° = —(MU(f%),§) = f°),
with
U ant) = [ PO (o)

Formally if lim., f¢ = f, then f(x,t,&§) = M(U(f)(z,t),£) and U(f) is a solution of (13).
In [12], conditions are given for the existence of microscopic entropies compatible with all the
entropies of the macroscopic limit.

3.1.1. Ezample 1: a physically realistic BGK model. Here we set
X =R} ¢=w, dé=dv, a() =
and M(U,v) € R is given by

(1) MU) = e cap(~
- (2wkpT/m)3/2 P 2kpT/m’
The moment operator is defined as
2
PE)(M) = (m,moy, 20y

2

As fe(x,t,v) € R, it is a rank one model. This model is compatible with the physical entropy of
Euler system.

3.1.2. Ezample 2: a discrete velocity BGK model. Here X = {1,2}, a(§) = A¢ with Ay > Ay,
P¢) =14, k=3 and
AU - F(U) MU+ F(U)
MUI1) = —-—~ MU2)=—""—-=,
( Y ) )\2 _ Al ? ( ) )\2 _ Al
see [11]. For any Euler entropy, the existence of related microscopic entropies is ensured under
Liu’s subcharacteristic condition, see [12]:

U(F/(U)) C])\l, )\2[
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3.2. BGK models for the nonconservative bitemperature Euler equations. We take a
BGK model for the monotemperature Euler system (13) with v = ~,. and v = ;. We choose

Xe=Xi=X, ac(§) = ai(§) = all), Fe(§) = Fi(&) = P(&).

In order to approximate the nonconservative products we define a linear operator N such that

/X P(EYN Ma(Uas ©))dat = —(0, po. pta).

In the case of example 1:

Nf = vlé)vlf.
In the case of example 2:
0 0 0 f1(8)
NfE={ -1 0 0 f2(8)
0 -1 0 f3(8)

The equations for f; and f; are coupled with the ones for the electric field E:

Ouf% + a0 12 + BN f7 = (M, — f2) + Bual 2, ),
0uf% + a(€)0 7 + BN 7 = Z(Ms = f7) + Buelf ),

(15)
atEE = i ( qe p
Me

e

e, € di ¢ ¢

- Ue + — P U;
e2 ee m; i z)’

1 e 1 e
8mE5<q PiJrq 1)

5 —p
€2 \me m;

The source-term B,g is such that

AP@&M&#MWA%—R»

When ¢ tends to 0, we have formally
q 4qi
Ue = U; = U, ipe‘FLPi =0, Ma(Ua) = fa-
me m;
Quasineutrality holds: p = pce = p¢; and ¢, ¢; are the constants defined in (2). By taking the
moments, it comes that

Otpa + 0z(pau) =0, a=e,li,
at(pau) + az(pa'UQ +pa) - %EPQ =0, a=e,i,
16 .
( ) at€e+8x(u(£e +pe)) - %Epeu: Vei(Ti _Te)»
@&+@m@+m»—%ﬂmm:wAﬂfﬂ)
Considering
O (peet) + 0y (peeu® + pe) — Pele pp 0,

(&

Ot (pesu) 4 0y (pesu® + p;) — %E =0
leads to the expression of F

peQeE _ _ Pidi
me m;

E= Ciaxpe - Ceaxpi

and
Or(pu) + 9 (pu® + pe + pi) = 0.
Hence U = (p, pu, &, ;) is a solution of system (5).
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Theorem 3.1. Suppose that there exists microscopic entropies for the kinetic model (15) related
to the entropy 1. Let U be a solution of the Euler bitemperature model (5) obtained by passing
to the limit in (15). Then one has the entropy inequality

3#7(“) + azQ(u) — k‘BTT

We define such a solution U as an admissible solution.

(T; = Te)*.

In the case of examples 1 and 2 above, the microscopic entropies exist, see [5] for details.

4. A DISCONTINUOUS GALERKIN (DG) SCHEME

This section is devoted to discretisation of the discrete BGK model developped in section 3. We
denote Az and At the space and time steps and we mesh the real line by cells Cx = [mK7% , $K+%]
with g, 1o Tg 1= Az. In practice an interval is considered with appropriate boundary
conditions : K € {1,...,N}. We also denote by P* the space of all polynomials of degree at
most k.

4.1. Preliminary. Let us consider a transport equation

(17) Ouf +00,f =0

where v € R and f(t,z,v) € R. We look for an approximation of f(¢,-,v) under the form
N

Z 5 (t,z,v) where each fX(t,-,v) has Cx as support. Let {<I>jK, j=0,....,k—1} be a basis

K=1

of polynomial functions defined on Cx. Multiplying equation (17) by ®X and integrating over

Ck yields

. O f R (8, 2, 0)®f (x)dz—v . FE(tx,0)(9F) (= )dz+UfK+1(I) ($K+%)*UfK—%‘I)ZK(xK—%):0-

We have to choose a flux vaJrl = h(f(z, Tri1 ) f(a:;“(+%),v). We can set the following

A1 A1Ag
1 = _— J—
<8> h(f’gﬂv) U()\Q}\lf )\27)\1 )+)\2)\1(g f)
where A\ <0 < \s.

Another choice is the upwind flux: denoting v = max(v,0), v~ = max(—v,0)
(19) h(f,g,v) =vTf—vg.

Now we approximate fX(t,z,v) as
(20) Kt x,v) ZfK t,v)P:* ().
We obtain

k—1
Z 8tf] (t,v) —UZS f] tv)+va+1<I) (xK+%)—va_%(I>,K(:L’K_%):O
=

7=0

where we have defined two matrices M* and S%:

K KF K K K (75K\
Mij :/ <I>j ® dx, Sij :/ CIJj (CIJi ) dr.
CK CK

Denoting f& = (f,..., fI£,) we have an ordinary differential system

(21) MEQ, fE (t,v) + S fE(t,v) = F(t,v)
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We denote f"+1(z,v) = XA f*(z,v) the obtained numerical scheme.

It is well-known that DG schemes may oscillate when sharp discontinuities are present in the
solution. Hence in order to control these instabilities we consider a generalized slope limiters [22].
We first define the interface fluxes as

R VAN AN A AR Ve
= FFm (= K@) - TR ;ﬁl—ff)

where j’TJK is the average of f% on Ck and where m is the minmod function limiter

[N

v,

4
<. .
Eara

1
2

N‘H

| s-minj|a;| if s =sign(ai) = sign(as) = sign(as)
(a1, a2, 05) = { 0 otherwise

Then the generalized slope limiter technique consists in replacing fJK on each cell Cx with AIly,
defined by

am )y = {17 ity = [y y) and ol = K )
n(f;) = R _ o _
/ fK + (Aw/é)m(vj(»l), j{(H — jK,ij — fjlil) otherwme.
Remark 1. Define U(t,x) fX f(t,x,8))dE. By linearity if
N k-1
ft,z,v) Z ZfK (t,v)®:* (x)
K=13j=0
then
N k-1
= S UKol @ wit UF©= [ PO
K=1j=0 X

4.2. A DG scheme for the bitemperature Euler system. Suppose that n > 0 being fixed,
we have U™ = (p, pu, &, E;). We define U2 = (pa, patt, Ea) With po = peq.

Step 1: projection onto equilibrium We define

i =MyUY), a=e,i.

[0

Step 2: transport by DG method. For a =e,i
1
= XA

In this case, a simple Euler explicit scheme is used to discretize the time variable. According to
remark 1 we then have

with

Step 3: force and source terms. For a = e,

nHE s A de gt L A B (0 ), B 4a

K2
«
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and

(1

vzt = [ P O)e = (gt en ).

We obtain
n +l qo m n m mn
Urtt = Uy - At EPRINURTE 4 S(T T T,

Mea

Step 4: coupling with Maxwell-Ampére and Poisson equations.

Lo oty ﬂp;wrl —0,

Me mg
de n+1 n+1 q; n+1 n+1
Me —Pe Ue + m; pz z =0.
Hence u}'tt = - We set pntt = pntt g pntt gyntdt = ot = 2+l As g, = —e and ¢; = Ze,
we get as in the continuous case pttl = ¢ p"tL, pZH'l = ¢;p" 1. We have analogously to (16)
n+l _ n+3 _ .
Pao = Pa 27 a=e,1,

nty ntj q
,OZ+1 n+l _ = po 2y —|—AtiEn+1pZ+1,

e
1 1 .
(22) Pttt = p T AT g e,
3
1
gt =gl ¢ At:TeE"“PZHU”“ + Atwey (TP — T,

€

+3 i
EMTL =& 4 At—— B gt — Atw (T — T,
i
The equations on mass and momentum give p"*! and u"+!:
n+1 n+%

" =p

nts ntj n+s ntj
n+1un+17pe 2’U, 2+pi 2ui 2,

(23)
p

We then compute E*t! as in the continuous case:

+l 1
ntl, ntl :pz 2u2+2 +At£E"+1p"+1ce,

Cep
Me
+1,n41 _ ntz ntg 4 41 n+tl
Gpt TN =p Py 2 +AtﬁiE" e,
hence
, 41 1
Atde gratpntt o A B pretpnil p2+2u2+2 +cepy U
Me myg
and
1
(24) 5;1+1 :5:+2 +un+1< CszJrzu +2 +C€ n+2 n+ )—i—Atl/m(Tn—i_l TenJrl)
1 1
gt = gin+2 4ot (cip;”rzu?—“ _ CeszJrZ n+3 ) + At (TP — T,
As

Tn+1 — (&;H_l 1(un+1)2) (7& - 1)ma

pg-&-l - 92 kg

system (24) can be solved explicitly. Finally we obtain U™ (x), an approximation of U (t, 1, x).
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4.3. Higher order in time. The scheme described in subsection 4.2 can be viewed as a fractional
step method which computes the approximate solution Z/{}?H at time ¢,41 as a function of U

(25) U = B (UT).

This method is only first order in time, even if each step is high order, basically because in the
underlying Trotter formula, when two operators A and B do not commute, exp(At(A + B)) =
exp(AtA)exp(AtB) + O(At?). We can view this procedure as an explicit RK1 Euler scheme
applied to the semi-discretized system obtained by performing the DG spacial discretization of
system (5):
o, = G(Up).

It is important to increase the order in time when one increases the order in space, otherwise
you will not observe any significant improvement of the numerical results, see section 5 below.
For this purpose, we use higher order IV steps explicit Runge Kutta schemes. The approximate
solution U}’ being known, we set

(26) Vi=Up, Vi=Yi, {Yi“:EfJ)(Vi)’ o =L,
V;Jrl = dil u}? + diz Yi+17

and

(27) UM = Vg,

The scheme is defined by a N x 2 matrix D) = (dEJN)) Here we set:

)) DB —

The case N = 1 is the explicit Euler method. It is used with a P°-DG discretization. The case
N = 2 is the RK2 Heun method, used with a P! DG discretization. This method is Strong
Stability Preserving (SSP) [23]. For the third-order N = 3, we consider the Shu-Osher RK3-SSP
scheme [22], used with P2-DG discretization. It is to be noted that the case N = 2 can also be
viewed as a DeC method [1].

We consider here the following CFL condition:

DM =(0,1), DY = (

= O
[T
WEslw O
WIS =

1

At
= — [
CPL= 7 < 5

where k is the degree of the polynomial [17].

5. NUMERICAL RESULTS

This section is devoted to the numerical validation of the numerical scheme that is constructed
in the previous section. The numerical method is firstly applied to the compressible Euler system
(8) and next to the bitemperature Euler system (5).

5.1. Compressible Euler system.

5.1.1. Euler isentropic. In this subsection we test the convergence of the scheme for Euler equa-
tions (8) by considering the case of isentropic flow i.e when v = 3 and p = p”, with the initial
conditions

P0 1+ 0.5sin(7x)
Uup = 0
Do Py
where the domain is Q = [—1,1], the final time 7" = 0.1 and we take CFL = 0.1. We plot in

Figure 1 the numerical order of convergence of the method. The considered error is the L?-norm.
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We observe that we get k+ 1 order when we choose a P*-DG discretisation the space with a time
discretisation of order k + 1.

-0.5 T
=+ = Order 1
aL ——p'lpg | |
=+ =0Order 2
—+—plpG
1.5 ——p2.DG | |
=+ =0Order 3
-2 - -

Iog1 0(Erreur )
&
T

log,,(N)

F1GURE 1. Convergence of u for Euler equations

5.1.2. Shu-Osher test case. We consider the test case [26] applied to the compressible Euler system
for v = 1.4. The initial conditions of the Shu-Osher test are given by

P0 3.857143 Po 14 0.2sin(52)
ug | = | 2.6929369 | if x € [-5, 4], |uo | = 0 if x € [~4, 5],
Do 10.333333 Po 1

on the domain [—5, 5] and the final time of the problem is T = 1.8.

The reference solution represented in Figure 2 is obtained with the P?-DG method with 5000
points. We compare in Figure 2 the results obtained with the P°, the P! and the P? method for
512 points with the reference solution. We observe that the oscillations are well captured by the
P2 reconstruction and that the precision increases with the order of the scheme.

5.1.3. Blast waves. In order to highlight the advantages for using a high order method, we con-
sider the test case proposed by Collela and Woodward [15] devoted to the compressible Euler
system for v = 1.4. We consider the initial conditions pg = 1, ug = 0, pg = 1031[0,0,1[ +
10_21[0_1’0_9[ + 1021[0,971]. The density and the energy are displayed in Figure 3 for 1000 points
in space. As observed in Figure 3, the P? reconstruction is able to catch correctly the second pick.

All the previous numerical tests have been tested in [4] for a RD scheme and analogous results
are obtained.

5.2. Bitemperature Euler system. Next the numerical method is applied to the bitemper-
ature Euler system (12). In 5.2.1, we perform a convergence study for the DG kinetic scheme
for the P! and the P? reconstruction. In the next test cases, the DG kinetic scheme for the P2
reconstruction is compared with the kinetic scheme for a finite volume space discretization (FV
kinetic scheme) and the Suliciu method developed in [5].
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Density, Shu-Osher test, N=1024
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FIGURE 2. Density for the Shu-Osher test case.
Density, blast waves test, N = 1000 Energy, blast waves test, N = 1000
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FIGURE 3. Density (left) and Energy (right) for the blast waves.

5.2.1. Analytical test case. We look for a smooth analytical solution of system (12). We assume
that p and u are constant, so that the system reduces to

az(ZTe + /Tz) =0,
(28) 8tTe + uazTe = 56(Ti - Te)7
0T +u0,T; = Bi(Te - Tz)
with
B _ Veima<'7a - 1)
a pcakp

We choose initial temperatures T, (z,0) = Te o(x), T;(x,0) = T} o(z) such that
(29) 0y(ZT. 0+ Tio) = 0.

, a€{ei}.
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It is easy to compute the solution (T¢,T;) of the last two equations: denoting 51 + f2 = S,
_ Ne—1 .
p="z=+v—-1L

1 /(v —1 - .1
o tutt) = (2 (Tole) = Tuo@)e + (i = DTalo) + 2 Too(o) ).
(30)
1 _ e — 1
Tt ut) = (0 = DTiolo) = Toale)e™ + (i = DTen(o) + 2 Toalo) ).
Then one can observe that if v, # 7; the first equation of (28) cannot be satisfied unless 0,7, ¢ =
0,T; 0 = 0. Therefore we set v = ;. In that case, if (29) is satisfied then (30) gives a solution

of the bitemperature Euler system.

We choose v.; =1, T = 0.1, Q = [0,1] and CFL = 0.1. We plot in Figure 4 the convergence of
the method for the bitemperature Euler system (12). In contrast to compressible Euler system,
the numerical simulation show a convergence of order k when using a P*-DG for the space
discretisation and with a (k + 1)-SSP-RK time approximation.

—o—p2.pG
=== QOrder2 ||
—e—p'-DG
==+ == Order 1

251

log, 0(L2-Erreur)

10g,o(N)

FI1GURE 4. Convergence of electronic temperature for the bitemperature Euler system

5.2.2. Double shock. In this test case, we consider the following physical parameters:

kp = 13807 x 1072 J K™, m, =9,1094 x 103! kg, m; = 1.6726 x 10~ 2" kg,
5 7

ga Yi = <.

e=—qe=q =16022x10719C, .= .

We consider a double shock for v.; = 0 which is a Riemann problem
pr =1, up=10°, T.p=2310", T, =2.310°
pr=1, ugr=-10°, T.r=2310", T,p=2.310°.

The results for electronic and ionic temperatures are displayed in fig. 5 and 6 at time ¢ = 4.0910~7
s for 10000 points in space. They are obtained with the Suliciu method, the finite volume kinetic
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method constructed in [5] and the DG method with a P? reconstruction developed in this paper.
The three methods show analogous results.

5.2.3. Double rarefaction wave. Using similar physical parameters as in subsection 5.2.2 we con-
sider here a rarefaction wave for v.; = 0 which is a Rieman problem

pr =1, up=-10°, T.p=2310", T, =2.310°
pr=1, ur=10°, T.r=2310", T;p=2.310°.

We take 7. = 5/3 and 7; = 7/5. This test case is a rarefaction wave computed at time ¢ =
4.0910~7 s for 10000 points in space. In this test case, an analytical solution can be computed.
The results displayed in Figure 7 and in Figure 8 compare for electronic and ionic temperatures
the P? reconstruction with the finite volume kinetic scheme and the Suliciu scheme developed in
[5]. All the scheme show a good agreement with the exact solution.

5.2.4. Stationary shock. We consider here the test case of the stationary shock presented in [5]
in the case v,; = 100 and with the following parameters:

(31) kp =10, me=10"3 m; =10, Z=10, ~ =7 =5/3

In that case, the left and the right states of the Riemann problem are the following
pr=1001, wu,=10, T..=1 Tig=1,
pr = 3.640330609, ugr =2.749750250, T, R =3, T; r = 17.5060240977.

The results displayed in Figure 9 and in Figure 10 are computed for 10000 points in space and
at time ¢ = 0.005s.

5.2.5. Sod test case. We finally consider the test case of the sod test case in with the parameters
(31), ve; = 0 and a final time 0.05 s

oL =1, u, =0, Ter=1 Tir=1,
PR = 0125, UR = O, Te,R = 27 T;,R =3.

Figures 12 and 11 represent ionic and electronic temperatures for 10000 points in space with
Suliciu, kinetic and discontinuous Galerkin method with a P? reconstruction. The three schemes
show the same results. In particular, the “plateaux” after the shocks have the same amplitude.
The DG kinetic scheme shows some oscillations for the electronic temperatures. However, these
oscillations do not propagate.

6. CONCLUSION AND PERSPECTIVES

In this paper, we have developed a DG-kinetic scheme for the bitemperature Euler system
for different order of space discretization. The principle is to consider a discrete BGK model as
in [5] and to construct a DG discretisation with k-th degree basis for the space discretization
and with an (k + 1)-SSP-Runge-Kutta method for the time discretization. Due to the kinetic
model, a special treatment has been used to implement the order in time. This method has been
illustrated on several test cases and numerical order have been investigated on both conservative
Euler equations and on nonconservative bitemperature Euler model. It is to be noted that in
the nonconservative case, when shocks occur, the electronic and ionic temperatures cannot be
predicted analytically, even in the framework of a Riemann problem as for a conservative system.
They can depend on the numerical viscosity. A crucial fact here is that even in the presence of
shocks we observe that whatever the order, the DG method converges to the same solutions as
the ones obtained in previous articles.

The generalization of the present work to a two dimensional framework as done in [10] for
finite volumes is postponed to a future paper. Moreover in the present case, only the electric
field has been taken into account. The question of the presence of the magnetic fields can also
be considered as in [14] for a transverse magnetic field.
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—— FV Kinetic scheme
--- DG Kinetic scheme
2,6e+07 Suliciu scheme
2,5e+07 — —
2,4e+07 (— _
2,3e+07 | —m e e S
2,2e+07 ‘ ‘ ‘ ‘
0 0,2 04 0,6 0,8 1

FI1GURE 5. Electronic temperature for the double shock computed with the DG
kinetic scheme, the finite volume kinetic scheme, the Suliciu scheme, with 10000
points in space

T
3e+06 — —— PV Kinetic scheme
— DG Kinetic scheme
Suliciu scheme
2,8e+06 — _
2,6e+06 — —
- B i
2,4e+06 — |
2,2e+06 ‘ ‘ ‘ ‘
0 0,2 04 0,6 08 1

FIGURE 6. Ionic temperature for the double shock computed with the DG kinetic
scheme for a P? reconstruction, the finite volume kinetic scheme, the Suliciu
scheme, with 10000 points in space
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2,4e+07 —
— FV Kinetic scheme
—— DG Kinetic scheme
| Suliciu scheme
- Exact solution
2,3e+07

2,2e+07

2,1e+07

2e+07 | | | |

FiGURE 7. Electronic temperature for the double rarefaction wave computed
with the DG scheme for a P? reconstruction, the kinetic scheme, the Suliciu
scheme and the exact solution

2,7e+06 I
i : — FV Kinetic scheme
: —— DG Kinetic scheme
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2 1e+06 | | | |
' 0 0,2 04 0,6 0,8 1

F1GURE 8. Ionic temperature for the double rarefaction computed with the DG
kinetic scheme, the finite volume kinetic scheme, the Suliciu scheme and the exact solution
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| — DG kinetic scheme
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FI1GURE 9. Ionic temperature for the stationary shock computed with the DG
kinetic scheme, the finite volume kinetic scheme, the Suliciu scheme.
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FiGUrE 10. Electronic temperature for the stationary choc computed with the
DG kinetic scheme, the finite volume kinetic scheme, the Suliciu scheme
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25 I
— DG Kinetic scheme
B --- FV Kinetic scheme
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F1GURE 11. Electronic temperature for the sod test case computed with the DG
kinetic scheme, the finite volume kinetic scheme, the Suliciu scheme computed
with 10000 points.
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| — DG Kinetic scheme
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37
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FIGURE 12. Tonic temperature for sod test case computed with the DG kinetic
scheme, the finite volume kinetic scheme, the Suliciu scheme computed with
10000 points
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