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Abstract. This paper is devoted to the construction of a discontinuous Galerkin (DG) discreti-
sation for the nonconservative bitemperature Euler system wvia a discrete BGK formulation. This
formulation is compatible with the entropy properties of the system and thus provides admissible so-
lutions. The DG method is used to approximate the linear transport part of the BGK model while the
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1. Introduction

This paper is devoted to the approximation of the bitemperature Euler system
from a Discontinuous Galerkin (DG hereafter) method applied to a kinetic formulation
proposed in [5] and that is based on a 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 computationally 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 nonconservative 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 [21], 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 [28]. However, even if the path is known theoretically, the numerical
determination of the path is delicate [2]. It is shown in [9] that the entropy does
not provide a symmetrizer for this system. However, a symmetrizer can be computed.
In [20], the authors consider the bitemperature Euler system with diffusive terms and by
assuming that the electrons are isentropic. In that case, the system is transformed into
a system of conservation laws. This approach has also been used in [30] where magnetic
fields are considered and a conservation equation on electronic entropy is derived. In [14],
magnetic fields are also considered in a transverse magnetic configuration. Moreover,
a Suliciu scheme is derived and proved to be entropic. In [31], the authors perform a
Chapman-Enskog expansion by introducing a small parameter representing the ratio
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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.

In the context of kinetic equations, a DG method can be used to discretize the
space variable, whereas the velocity variable is treated by using a DVM discretization.
In ( [25], [26], [12]), the authors couple a DG discretization in the space variable with
a spectral method in the velocity variable for the Boltzmann equation. However in the
present paper, the aim is different, because our goal is to solve the bitemperature Euler
system. Hence, we perform a kinetic reformulation of the problem and next we apply
a DG discretization. The final algorithm is obtained by using a transport projection
procedure.

Discrete BGK schemes for general hyperbolic systems of conservation laws have
been introduced in [11,27]. 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. 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
Ohm’s law defining the electric field. By using this asymptotic a finite volume
BGK scheme generalizing the Aregba-Natalini method [11] to a nonconservative
setting has been designed in [5]. 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 also is developed in [5] by relaxing on the pressures 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. In [15], the authors use the asymptotic from the BGK
model toward the bitemperature Euler system considered in [5]. Next they derive
an asymptotic preserving scheme for this limit with a DVM discretization for the
velocity 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, general-
izing the model considered in [17]. However, as far as we know, there is no work on
the implementation of high order methods for the nonconservative bitemperature model.

Recent works use the discrete BGK setting with various approximation meth-
ods in the conservative case. In [3,4], the authors perform a RD scheme for the
compressible Euler system in the space variable. The time discretization is obtained
by using a DeC method [1]. In [19] the authors constructed a high-order implicit
palindromic discontinuous Galerkin method from kinetic-relaxation approximation
for solving general hyperbolic systems of conservation laws. In [22], this approach is
used to solve Maxwell’s equations. The aim of the present work is to provide high
order methods for the nonconservative bitemperature Euler system which use a DG
scheme on the discrete BGK formulation with k-th degree basis for the spacial dis-
cretization 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 conser-
vative and in the nonconservative case. In particular the obtention of the bitemperature
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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 pro-
posed schemes on some examples. We also compare our methods with other existing
numerical schemes. An important result in this nonconservative framework is that they
converge to the same solutions, even in the presence of shocks.

2. Bitemperature Euler system Subscripts e and i respectively denote elec-
tronic and ionic quantities. We denote by p. and p; the electronic and ionic densities,
p = pe+ p; the total density, m. and m; the related masses, c. and ¢; the mass fractions.
These variables satisfy

Pe=MNe=Cep, pi=mn;=c;p, me>0, m;>0, c.+c;=1. (2.1)

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;

_ L A 2.2
Ce “ m; + Zme (2.2)

m;+2Zm.’
Electronic and ionic velocities ue,u; are assumed to be in equilibrium in the model.
Hence, u.=wu;=u, where u denotes mixture velocity. The pressure of each species
satisfies a gamma-law with its own 7 exponent :

Pe:(’ye—l)pese:nekBTe, plz(%—l)pzaz:nlkBTz, ’}/e>]_7 ’yi>1, (23)

where kp is the Boltzmann constant (kg >0), e, and T, represent respectively the
internal specific energy and the temperature of species o for a=e,ji.

Denoting by |-| the euclidean norm in R”, the total energies for the particles are
defined by

1 .
Ea:pasa+§pa|u|2, a=e,i. (2.4)
We denote by ve; >0 the interaction coefficient between the electronic and ionic tem-

peratures. The model consists of two conservative equations for mass and momentum
and two nonconservative equations for the energies:

Orp+div(pu) =0,

O¢(pu) +div(pu@u+ (pe +p;i)1) =0, (2.5)
8tge +d1V(u(ge +pe)) —u-V (Cipe - Cepi) = Ve (Tz - T6)7 '
NWE; +div(u(& +pi)) +u-V(cipe —cepi) = —vei(Ti = Te),
where I represents the identity matrix in R3. In the following we denote
U=(p,pu,Ee,&i), Ua=(pa,patt:&a). (2.6)

The system (2.5) is hyperbolic, diagonalisable and owns 3 eigenvalues A_, Ao (with
multiplicity D+ 1 where D is the space dimension), A, : for any we SP~!

A_=u-w—a, A=u-w, Ay=u-w+a
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/ Z JoPo (2.7)

is the sound velocity. The fields related to Ay are genuinely nonlinear, while the field
related to Ag 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 (2.5) then (p,pu,€) satisfies the following conservative
system:

where

Orp+div(pu) =0,
O(pu) +div(pu®@u+pl) =0, (2.8)
9,€ +div(u(€E +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 . #7; system (2.8) is not closed. We want to underline the fact that in both cases, the
solutions of system (2.5) are to be defined in the context of nonconservative 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 (2.5) as hydrodynamic limits of solutions of an underlying,
physically realistic BGK model. The entropy-entropy flux of species « is defined as

A ] Ll G -l RCI BN A RN A TREY)

For U = (p,pu,&,&;), one sets U, = (Cap,Capu,€q). The total entropy-entropy flux pair
for (2.5) is

nU)=ne(Ue) +n:i(Us),  QU)=nU)u. (2.10)

We proved the following entropy inequality for these hydrodynamic limits:

Vei

omU) +divQ(U) < k:BT T

Vel ()2, (2.11)

We then defined an admissible solution of (2.5) as a solution satisfying this inequality.
In the following we consider the 1D version of system (2.5):

Orp+ 0y (pu) =

By (pu) + 0, (pu® +pe+pz) 0,

e+ 0z (u(Ee +pe)) —udy (¢ipe — cepi) =Vei(Ti — Te),
0:Ei + 02 (u(E; +pi)) +u0y (CiPe — Cepi) = —Vei (T; —Te).

(2.12)

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 nonconservative case in [5,8,10].
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3.1. Underlying kinetic (BGK) models for the conservative compressible
Euler system We start from BGK models for the Euler monotemperature equations.
Denoting

U=(p,pu,€) €QCR®,  F(U)=(pu,pu®+p,u(&+p)),
the Euler system is a system of conservation laws:
U+ 0, F(U)=0. (3.1)

We assume that p=(y—1)(€ — % pu?). We follow the framework proposed by F. Bouchut

n [13]. 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 L(RP,R3) such that for all U € Q:

/P M(U.))de =T, /P M(U.£))dé = F(U). (3.2)
Let fe(x,t,£) €RP be a solution of

0. +a()2. 4= Z(M(U(f),6) - 1),
with
U(f%) (1) = /X P(E)(f* (x.1,€)) .

Formally if lim._,o f€=f, then f(z,t,§)=MU(f)(z,t),£) and U(f) is a solution of
(3.1). In [13], conditions are given for the existence of microscopic entropies compatible
with all the entropies of the macroscopic limit.

3.1.1. Example 1: a physically realistic BGK model Here we set
X=R% ¢=v, dé=dv, a(f)=v1, p=1
and M (U,v) €R is given by
S AR Cles i
= CrkpT/m)32 P\ g T/m

The moment operator is defined as

MU ). (3.3)

mv|?

2
As fe(x,t,v) €R, it is a rank one model. This model is compatible with the physical
entropy of Euler system. It corresponds to the classical BGK model in the context
of rarefied gases. Moreover, the model (2.12) has been derived in [5] by using this
formalism.

3.1.2. Example 2: a discrete velocity BGK model Here X ={1,2}, a(§)=
Ae with A > Ay, P =14, p=3 and

P(&)(M) = (m,muy,

)M.

AU —-F(U) MU+ F(U)

Ao—Ap Ao—Ar
see [11]. For any Euler entropy, the existence of related microscopic entropies is ensured
under Liu’s subcharacteristic condition, see [13]:

o(F'(U)) CJA1, A2l

The numerical scheme developed in the present paper is based on this model.

M(U,1) = M(U,2) = (3.4)
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3.2. BGK models for the nonconservative bitemperature Euler equations
We take a BGK model for the monotemperature Euler system (3.1) with v=+, and
v =;. We choose

Xe=Xi=X, ac(§)=ai(§)=a(f), Fe(&)=Pi(§)=P(E)

In the following, we recall the kinetic formulation of bitemperature system (2.12)
that has been performed in [5]. For more details we refer to this paper. The authors
consider a kinetic system which consists of a BGK model for gas mixtures coupled with
the Ampere and Poisson equations through the electric force. The BGK model satis-
fies classical properties (H theorem, correct equilibrium states, ...). Next the authors
consider a quasi-neutral regime where the collisions between the same species are dom-
inant and perform an hydrodynamic limit leading to the system (2.12). Throughout
this step, the electric field is shown to satisfies a generalized Ohm’s law defining the
nonconservative products. Next by using this asymptotic, a discrete BGK formulation
in a nonconservative setting has been performed in [5]. The discrete BGK model is
based on the formalism developed initially in [11]. The present model displayed in (3.5)
is not devoted to have a physical meaning. But it is used to develop a numerical scheme
for the fluid limit (2.12). In the following lines, we detail the asymptotic developed on
the discrete BGK model of section 3.1.2.

The equations for f¢ and ff belonging to R3 are coupled with the ones for the
electric field E:

OuIZ +a(§)0: S5+ BN o= (Mo~ J) + B2 1),

(M — f7)+ Bie(f5 5 f¢),

M= o=

Oufs +al)0uff + BN [ =

)

N—
—~

w

ot

~

1 e i
o = 2 (e e+ L
3 m;

Me
1 Ge qi
9.Ff = — e | 4t ¢
v g2 <me eerl '

The term B,g represents the collisions between the different species o and S.
The linear operator N f represents the force term ( [5]) defined for f(¢) €R? by

0 00\ [/fi(§)
NFO=(-10 0] f(S)
0 -10/ \ fs(§)

In the classical case corresponding to subsection 3.1.1, this term is replaced by E-Vf.
For more precisions we refer to [5].

When ¢ tends to 0, we have formally

Ue =U; = U, qepe—l—ﬂpizo, My(Us) = fo- (3.6)
m m;

e

Quasineutrality holds: p=pc. =pc; and ce, ¢; are the constants defined in (2.2).
The collision operator Byg is computed when f, =M, satisfying (3.6), so that

/X P() Bas (Mo, M) = (0,0,v(Ts — ).
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The linear operator N ( [5]) is such that

/X P(E)N My (Un, )€ = — (0, pa, pots).

By taking the moments, it comes that

atpa +8w(pau):0a a=e,i,
at(pau)“i’ax(pafug‘i’pa)*%Epa:(); a:e,z',
: 3.7
8t5e+8:c(u(€e+pe))_%Epeu:l/ei(Ti_Te)7 ( )
0Ei 4 0y (W(Ei + i) — %Epiu =—vei(T; = T.).
Considering
2 Pede _
O (peeu) + 0z (peeu” 4+ pe) — m—E— 0,
e
O (pesu) + 0y (peiu® 4pg) — Pz% E=0
leads to the expression of E ( [5])
pequ:—piqiE:ci&Epe—ceaIpi (3.8)
Mme m;

and
O(pu) + 0z (pu? +pe +p;) =0.

Hence replacing E by the expression (3.8) into (3.7), we get that U = (p, pu,&,&;) is a
solution of system (2.12). The relation (3.8) corresponds to a genaralized Ohm'’s law.
THEOREM 3.1. Suppose that there exist microscopic entropies for the kinetic model
(5.5) related to the entropy m. Let U be a solution of the Euler bitemperature model
(2.12) obtained by passing to the limit in (3.5). Then one has the entropy inequality

Dn(U) +0,QU) < — —2=

= kpTT, (Ti~To)*

We define such a solution U as an admissible solution.

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 the
discretisation of system (2.12) by using the discrete BGK model developed in section
3. We denote Ax and At the space and time steps and we mesh the real line by cells
Ck=[rx_1,0x 1] with g 1 —2x 1 =Ax. 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.
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4.1. Preliminary Let us consider a transport equation
O f +v0,f=0 (4.1)
where v €R and f(z,t,v) € R. We look for an approximation of f(-,¢,v) under the form
N
Z fE(-,t,v) where each fX(-,t,v) has Cx as support and its restriction to Cg is in
K=1

P*. Let {<I>]K,j:07...,k} be a basis of polynomial functions defined on Ck. For the
numerical simulations given in Section 5, we used Lagrange polynomials as a local basis

of P¥ on Ckx and below we denote ... ,xf the related Lagrange points. Outside Ck,
K =0.
J

On Ck the approximate variational form of equation (4.1) is

; Ouf 5 (z,t,0)0K (x)dx —v | f5(x,t,0)(®F) (x)dx

+'UfAK+%(I>iK(xK+%)_UfoécI)iK(foé):Ov i=0,....k.

We have to choose a flux vaJr% :h(f(x;(+l)7f(xj<+l),v). We can set the following
2 2

Ao A A Ao
h = -
(f,9:v) v<A2_A1f A2_/\1g>+/\2_)\1

where A\ <0< \s.

(9-1) (4.2)

Another choice is the upwind flux: denoting v =max(v,0), v~ =max(—v,0)
h(fagvv) :UJrf 7’079' (43)

Now we write f&(x,t,v) as

FE(8,0) D5 (). (4.4)

k
X @t =3
§=0
We obtain
k A
Z Kouff(t,v) —UZSKfKt’U +UfK+1<I> (xKJr%)—va_%(IJlK(JUK_%):O
where we have defined two matrices M¥ and SX:
K K FK K K (5 K\
M :/ OF 0 d, S :/ O (97) da.
CK CK

This is an ordinary differential system which solution is denoted f = (fK )i<k<n with
:(f({(7...7f,f<):
MK 5 (t,0) + SEEE (t,0) = F(f,t,v), 1<K<N. (4.5)

We denote f"*1(x,v)=Z(At,v) f*(z,v) the obtained numerical scheme.
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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 generalized
slope limiters [23]. We first define the interface fluxes as

J?K_m(fK_fK(xK+%),JFK_J?K—1’fTK+1_fK) (4.6)
PR (£ = ey ) T = TP ) (47)

U+

Nl=

K
+
3%

Nl=

where f& is the average of fX on Ok and where m is the minmod function limiter

s-min; |a;| if s=sign(a;)=sign(asz)=sign(as
m(al,ag,ag)—{o i1l otherwise< ) o2 o)

Then the generalized slope limiter technique consists in replacing f* on each cell Ok
with AIlj; defined by

fK ifu;(i%:fK(xK 1) and UK+1—fK(1'K+%)a
AHh(fK) =< FEH1_ K K fE-1
fK—l—(x—xK)m( ‘57 Az/2 ' Az/2

) otherwise.

4.2. A DG scheme for the bitemperature Euler system In this section we

approximate the initial value problem for system (2.12). An initial data U(-,0)=Uy
N

being given, we first define ° = Z U0 by setting, for K=1,...,N:
K=1

7 ZUK%K with U =Uy(xf), j=0,....k.

Suppose that for n >0, we have U™ (x Z ZZ/{K "<I>K . For a=e,i, we define

K=13j=0
Uz = (pl pou” E3)  with  ply=p"cq. (4.8)

Then U (x ZZUK”@K with
K=13j=0

Kn K,n Kn Kn
Unj (cap] N o)

Our numerical scheme is based on system (3.5) where the two-velocity discrete BGK
model described in Example 2, subsection 3.1.2 is used for both ions and electrons.

Step 1: projection onto equilibrium
In this step, we define f7 for a=e,? as

N k
fil@,) =Y "> MUK (z), £=1,2 (4.9)

K=1;=0

that is, on each cell Ck, the Lagrange interpolate of M, (U (x),§) on Ck.
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REMARK 4.1. Define U(x,t)= [, P(&)(f(x,t,£))d¢. By linearity if

K=135=0
then
N &
Ul )= 3 S UKL @) with U (1)= / P& (7 (1.6))de.
K=1j=0 X
In particular, the compatibility conditions (3.2) imply that UL (x fX E)(fi(x,&))dE.

Step 2: transport by DG method. For a € {e,i} and £ € {1,2} we solve the transport
equations

atfa+a(£)arfa:07 te[tnatn-‘rl]a
fa(xvtn) :fg(x)

We choose the same a(€) for ions and electrons by using the subcharacteristic condition.
Here f, takes values in R® and the procedure described in the Preliminary section is
applied to all its components and for each £ € {1,2}, hence 6 times. We still use the
notation Z(At,&) for the solution:

6= 2(ALE) £1(0)
and we denote

nt3 _ At
a C=Z7" 4.

Here a (k+1)-SSP-Runge-Kutta method is used for the time integration. According to
remark 4.1 we then define

2+%<x>=/XP<§>< e = 3 S TR ek (o

K=135=0
with
Kn+i Kn+tl
vl = [ Pouly e (4.10)
b's
For the first component of f, we have by (3.4)
A2p" —p"u” —A1p" +p"u"
wi(l)=ca—F—, fo1(@)=ca—F——
a,l( ) C )\Q—Al a,l( ) C, A2—)\1

Solving the related transport equations preserve this property: f;ﬁl =Cq fn+2 where

1 41
f1n+ ? is the solution with data f[} ; /c,. Consequently for a € {e,i} pat? =cqpnts where

pn-l-%_ +2+ ”+2
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Step 3: force and source terms. For a=e¢,q

nt3 n+l o nt+3 nt+2 nt3
fa+4=fa+2—At:l—E PN L AtB (£ 1), Ba

[e%

and
U§+1:/ P(O(FATH(€)de = (ot prtuntl Enth),
X

‘We obtain

1
Urt =Ua T - At BN U 4 ST TR,

Moy

This expression is not implemented in the code. It is an intermediate result which is

3 1
taken into account in Step 4. In particular ffj?* Zijz, SO
+l
Pt =pa E=cap™t, pt T =pp Pt (4.11)

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

Ge n+1 qi n+1
—pe t—p; =0,
Me m;
de n+1 n+1 9 n+1 n+1
—pe Ue  +—p; u; =0
e m;
Hence u ™ =u2*t1. We set u" ! =™ =u2t!. As g.=—¢ and ¢; = Ze, we get as in

the continuous case pt' =c.p"t1,  pItt =c;p" !, which is consistent with (4.11). We
have analogously to (3.7)

1_ n+i .
pZ+ = Pa 2’ a=¢e,1,
1 1
T =po iyt —l—At&E”HpZH,
Mme
ntl, ntl_ n+3 nts 4 n+1 ntl
piutT=py Tuy P AL ETT (4.12)
(3
n+i q
EMTN =& A= B M At (T =T,
Me
1 .
e =& L AT pr gLyt Ay (TP T,
m; }
The equations on mass and momentum give p"*! and u"**:
P 413
witntt _ pbd nth et b (4.13)
prTTu =pPe “Ue “+p; “u

We then compute E"*! as in the continuous case ( [5]):

+l +l
Cepn+1u7L+1 :pz 2’LLZ ) +At%E”+lpn+lce
e

)

1 1 i
cipnHluntl :p?+2u?+2 +AtiE"+1p"+1ci,

m;
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hence

i 1 1 1 1
AtqiEn+1pZ+1 — —At&En+lp?+1 — _Cipz+2 u2+2 +Cep74l+ 2 u’fb"'z (414)

7 (3
€ K2

and

1 14l 14l
e+t (=t B e ) 4 At - T
ntl_ ents +1 ntg nty ntg ntyg +1_ 1 (4.15)
EMtl=g""2 pyn (cme Tue Z—cepy Py 2)+AtVei(Te” —T7).

7

As

Tn+1 — 52""1 _ l(un+1)2 (Va_l)ma

“ patt 2 kg
system (4.15) can be solved explicitly at each Lagrange point. Finally we obtain
U™ (z), an approximation of U (x,t,11).

REMARK 4.2. Formula (4.14) corresponds to an approzimation of the genaralized Ohm’s
Law.

REMARK 4.3. Note that the definition of UTT is consistent with (4.8).

We summarize the time step: U™ being known by its values at each Lagrange point of
each cell, we compute the following quantities at the same Lagrange points:
1. U and U} by (4.8)

[\V]

. f2and fI* by (4.9)

. . n+l n—ﬂ—l
3. DG algorithm to obtain f. ' * and f; ' *

Lo = [ P s and o i = [ P© 15 ©as for ae e
X X

n+i 71»+:l nt3
5. pn+1: E Do z’pn—i-lun—&-l: E Dor zua 2

6. & and &; by (4.15)

4.3. Focus on the time discretization The scheme described in subsection 4.2
can be viewed as a fractional step method which computes the approximate solution
UMY at time t,11 as a function of U}

UL =Ea (U™). (4.16)

This method is only first order in time, even if each step is high order, basically be-
cause 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 ex-
plicit RK1 Euler scheme applied to the semi-discretized system obtained by performing
the DG spacial discretization of system (2.5):

Oy =G(Uy,).
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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 N, steps explicit Runge Kutta
schemes. The approximate solution ¢{;’ being known, we set

., Vi1 =Eai(Vi), .
w=Uy;, Vi=h, (NoYy (N,) i=1,...,N,, (4.17)
‘/iJrl:dil Uy, +d¢2 Yit1,
and
Ut =V 1. (4.18)

The scheme is defined by a N, x 2 matrix D) = (d%\m) Here we set:

DW=(0,1), D® = (? 1), D =
22

Wikl O
LIRS =

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) [24]. For the third-order N,.=3, we
consider the Shu-Osher RK3-SSP scheme [23], 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:

1

At
= — <
CFL Ax'v‘ —2k+1

(4.19)

where k is the degree of the polynomial [18].

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 (2.8) and next to the bitemperature
Euler system (2.5).

5.1. Compressible Euler system

5.1.1. Euler isentropic In this subsection we test the the efficiency of the high
order in time of the method and we show the convergence in space of the scheme for
Euler equations (2.8) by considering the case of isentropic flow i.e when y=3 and p=p”,
with the initial conditions

00 140.5sin(7x)
Ug | = 0
Do Pg

where the domain is Q=[—1,1], the final time 7'=0.1 and we take CFL=0.1. We
plot in Figure 5.1 the numerical order of convergence of the method. The considered
error is the L?-norm. We observe that we get k+1 order when we choose for a P*-DG
discretisation the space with a time discretisation of order k+1. We also give in table
5.1 the numerical rate of convergence. We have measured the L?-error

EN = ||Uh(T7) _ae(T7')H’
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k N EN Order ay
5 0.0902 -
0 10 0.0485 0.8983
20 0.0247 0.9735
40 0.0125 0.9826
80 0.0063 0.9885
5 0.1214 -
1 10 0.0193 2.6533
20 0.0042 2.2056
40 0.0010 2.0377
80 | 2.5414.10~% 2.0034
5 0.0286 -
5 10 0.0059 2.2883
20 | 7.1844.107% 3.0267
40 | 1.1757.107% 2.6114
80 | 1.7051.10° 2.7856

TABLE 5.1.  Error and numerical rate of convergence of u for Euler equations for k=0,1,2. N
denotes the number of elements.

where 4. is the numerical solution which has been computed using a very fine grid and
the approximation rate of convergence

(1 2N N
ay = (log2) (logE logFE )

=+ = Order 1
——p'.DG
= - = Order 2
—=—pl-DG
—e—p2.DG
= +=0Order 3

log 4 0(Erreurz)
w
T

0.6 0.8 1 1.2 14 1.6 1.8 2
log,;(N)

F1c. 5.1. Convergence of u for Euler equations
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We next show in Figure 5.2 the impact of the high order Runge-Kutta method associated
to the high order DG-space discretization. As expected we obtain the optimal order
two in space when we use the P1-DG space discretization associated to a second-order
Runge-Kutta (RK2) method as opposed to the Euler method for the time discretization.

05 -
—e—p'_.RK2
At ——P'-Euler
~ — — Order2
15¢F
-2+
5
5 -25r
Iy
=)
2 3r
o
S
35
4+
-45 -
_5 L L L L L 1 L L L I
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

log,,(N)

FiG. 5.2. Convergence of u of Euler equations for P1-DG space discretization with RK2 (red)
and Euler (blue) time discretization.

5.1.2. Shu-Osher test case We consider the test case [29] applied to the com-

pressible Euler system for y=1.4. The initial conditions of the Shu-Osher test are given
by

00 3.857143 00 1+0.2sin(5x)
uo | = | 2.6929369 | if xe [—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 5.3 is obtained with the P2-DG method
with 5000 points. We compare in Figure 5.3 the results obtained with P°, P! and P?
method for 512 points with the reference solution. We observe that the oscillations are
well captured by the P? 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 consider the test case proposed by Collela and Woodward [16]
devoted to the compressible Euler system for y=1.4. We consider the initial conditions
Po = 1, Ug = 0, Po= 1031[0,()'1[ + 10721[0.1)()'9[ + 1021[0‘9,1] . The density and the energy
are displayed in Figure 5.4 for 1000 points in space. As observed in Figure 5.4, the P?
reconstruction is able to catch correctly the second pick.
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Density, Shu-Osher test
T T

—— P0-DG
—P1-DG
——P2-DG
— — Ref

25 -

Fic. 5.3. Density for the Shu-Osher test case.

Density, blast waves test, N = 1000 1200 Energy, blast waves test, N = 1000

— —DG-PO — —DG-PO
— —DG-P1

— —DG-P2
— Ref

1000 -

Fi1G. 5.4. Density (left) and Energy (right) for the blast waves.

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

5.2. Bitemperature Euler system Next the numerical method is applied to
the bitemperature Euler system (2.12). In subsection 5.2.1, we perform a convergence
study for the DG kinetic scheme for the P! and the P2 reconstruction. In the next test
cases, the DG kinetic scheme for the P? 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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5.2.1. Analytical test case We look for a smooth analytical solution of system
(2.12). We assume that p and u are constant, so that the system reduces to

0.(ZT.+T;)=0,
atTe""uaxTe:Be(T’i_Te)v (51)
0y Ty +u0, Ts = B (Te — T;)

with

< 1
ﬂa: Ve’L”"Z)(Z(ZO; )7 Oée{e,l}
«

We choose initial temperatures T, (z,0) =T, o(z), T;(z,0) =T; o(z) such that
02:(ZTe0+Ti0)=0. (5.2)

It is easy to compute the solution (T¢,T;) of the last two equations: denoting 51 + 52 =0,
— De—l .
="z +vi— 1:

-1
A

To(z+ut,t) :% (76 (Teo(z) — Tho(x))e P + (vi — 1) Tho(z) + L2 _1Tz,o(x)> (5.3)

VA

1 _ e—1
Ti (IE +Ut,t) = ; (("}/Z — 1)(Tz,0 (l’) — Te70 (I’))e pt -+ (’YZ — 1)TE70($) —+ %TLQ (I‘))
Then one can observe that if 4. #+; the first equation of (5.1) cannot be satisfied unless
0yTe,0=0,T;0=0. Therefore we set v, =-;. In that case, if (5.2) is satisfied then we
have a solution of the bitemperature Euler system.

We choose v,; =1, T=0.1, 2=[0,1] and CFL=0.1. We plot in Figure 5.5 the conver-
gence of the method for the bitemperature Euler system (2.12). In contrast to compress-
ible Euler system, the numerical simulation show a convergence of order £ when using
a P*-DG for the space discretisation and with a (k+1)-RK time approximation. We
also give in table 5.2 the numerical rate of convergence. For the electronic temperature,
we have measured the L2-error

Ef =||Te(T,) = To(T,)l,

where T}, is the exact solution given in (5.3) and the approximation rate of convergence
is computed as

1
a§V= (log2> (1ogEfeN—logEtIX).

5.2.2. Double shock In this test case, we consider the following physical pa-
rameters:

kp=1.3807x 10" J.Kil, me=9,1094 x 10731 kg, m;=1.6726x 10~27 ke,
) 7

e=—¢.=¢;=1.6022x10"" C, Y=g, n=rg.

We consider a double shock for v.; =0 which is a Riemann problem

pr=1, u,=10° T.;=2310", T;;=2.310°
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—o=—p2.DG
= -=Q0rder2 ||
—e—p'-DG
=+ =0Order 1

log, O(LZ—Erreur)

log,,(N)

Fic. 5.5. Convergence of electronic temperature for the bitemperature Fuler system

k N EN Order ay

5 0.0924 -

1 10 0.0265 1.8023

20 0.0186 0.5061

40 0.0104 0.8380

80 0.0053 0.9663

160 0.0028 0.9414

320 0.0014 0.9698
5 0.0099 -

9 10 0.0030 1.7203

20 0.0023 0.3681

40 | 8.3520e* 1.4621

80 | 1.089¢~* 2.9380

160 | 2.3431e™° 2.2176

320 | 4.323¢7C 2.4281

TABLE 5.2.  Error and numerical rate of convergence of electronic temperature for the bitemper-
ature Euler system for k=1,2. N denotes the number of elements.

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

The results for electronic and ionic temperatures are displayed in Figures 5.6 and 5.7
at time t=4.0910"7 s for 10000 points in space. They are obtained with the Suliciu
method, the finite volume kinetic method constructed in [5] and the DG method with a
P2 reconstruction developed in this paper. The three methods show analogous results.
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5.2.3. Double rarefaction wave
Using similar physical parameters as in subsection 5.2.2 we consider here a rarefac-
tion wave for v.; =0 which is a Rieman problem

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

We take 7. =5/3 and ; =7/5. This test case is a rarefaction wave computed at time
t=4.0910"" s for 10000 points in space. In this test case, an analytical solution can be
computed. The results displayed in Figure 5.8 and in Figure 5.9 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:

kp=1.0, m.=10"3 m;=10, Z=1.0, ye=7v=5/3 (5.4)
In that case, the left and the right states of the Riemann problem are the following

pL:1001, uL:10, 1—'(57[/:17 Ti,R:17
pr=3.640330609, wur=2.749750250, T, r=3, 1T;r=17.5060240977.

The results displayed in Figure 5.10 and in Figure 5.11 are computed for 10000 points
in space and at time t=0.005s.

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

pL:]-v 'LLL:O, Te,Lzla T"L,R:lv
pr=0.125, up=0, T.p=2, T,r=3

Figures 5.13 and 5.12 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 any 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 has been investigated on both
conservative Euler equations and 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.
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—— FV Kinetic scheme
--- DG Kinetic scheme
2,6e+07 Suliciu scheme
2,5e+07 — —
2,4e+07 — _
2,3e+07 ——————I
2,2e+07 ‘ ‘ ‘ ‘
0 0,2 0,4 0,6 038 1

F1G. 5.6. 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 - : —— FV Kinetic scheme
: — DG Kinetic scheme
Suliciu scheme
2,8e+06 - .
2,6e+06 - _
- e |
2,4e+06 — |
2,2e+06 ‘ ‘ ‘ ‘
0 0,2 04 0,6 038 1

FIG. 5.7. 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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2,3e+07

2,2e+07

2,1e+07

— FV Kinetic scheme
—— DG Kinetic scheme
Suliciu scheme

-+~ Exact solution

2e+07

0 0,2

08 1

21

F1c. 5.8. 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 for 10000 points

n space

2,7e+06 T
r — FV Kinetic scheme
—— DG Kinetic scheme
2,6e+06 — Suliciu scheme
| --- Exact Solution
2,5e+06 — N
2,4e+06 — N
2,3e+06
2,2e+06 — 1
2,1e+06 ‘ ‘ : ‘
0 0,2 0,4 0,6 08 1

F1c. 5.9. Ionic temperature for the double rarefaction computed with the DG kinetic scheme, the

finite volume kinetic scheme, the Suliciu scheme and the exact solution for 10000 points in space
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20 T
| — DG kinetic scheme
—— FV Kinetic scheme
<<<<< Suliciu scheme
15— —
10— —
5 — —
()= | | | | —
0 0,2 0,4 0,6 038 1

F1c. 5.10. Ionic temperature for the stationary shock computed with the DG kinetic scheme, the
finite volume kinetic scheme, the Suliciu scheme for 10000 points in space

— DG kinetic scheme
10 --- FV Kinetic scheme
<<<<< Suliciu scheme
8 — —
6 - —
4 _
2 — —
0 \ \ \ \
0 0,2 0,4 0,6 08 1

Fic. 5.11. Electronic temperature for the stationary choc computed with the DG kinetic scheme,
the finite volume kinetic scheme, the Suliciu scheme for 10000 points in space
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— DG Kinetic scheme

FV Kinetic scheme

23

F1c. 5.12. 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.

-—-- Suliciu scheme
3
2 —
1 ¥ —
0 \ \ \ \
0 0,2 0,4 0,6 0,8 1

DG Kinetic scheme
FV Kinetic scheme

Fic. 5.13. Ionic temperature for sod test case computed with the DG kinetic scheme, the finite
volume kinetic scheme, the Suliciu scheme computed with 10000 points



24

A Discontinuous Galerkin method for the bitemperature Euler model

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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