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Proposition

The zero-order electron distribution function 1;0, solution to the
Boltzmann equation at order €72, i.e., 9. 2(£°) = 9.2, that
satisfies the scalar constraints is a Maxwell-Boltzmann distribution

function at the electron temperature

Numerical Simu
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Proposition

The zero-order family of heavy-particle distribution functions £°

h
solution to the Boltzmann equation at order ¢ 71, i.e., ;' =0,
i € H, that satisfies the scalar constraints is a family of
Maxwell-Boltzmann distribution functions at the heavy-particle

temperature

m \3/2 m
)fO:n,-<2 7'_ ) exp (—27_'C,--C,-> , [ €H.
7w Th h




LB schemes for

Order ¢* — Heavy particles Navier-Sto muliemperatre

plamas

B. Graille

Outline

Proposition

the first-order conservation equations of heavy-particle mass,
momentum, and energy read

Otpi + Ox-(pivh + 77 piV;)) =0, i €H,
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h
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Proposition

the first-order conservation equations of electron mass and energy
read
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Let us first introduce the framework of the scheme.

scopic Model

Space x lives in a Lattice o C R?
Velocities belong to a finite set v = {v;, 0 <j < J} LB scheme vith
The distribution of particles f is denoted by fj(x, t), 0 < j < J e o e
Momenta vector m = (my)o<ks;, is defined by the momenta N
matrix Electrons ant
my = Z Mkjfj Heavy Particles
(A

m The conserved momenta are mass p = mg and directional Numerical Simulations
momenta g, = My, 1 < a < d Conclusion

p:ij %ZZVJ-O"?

(U ) (A )

m The source terms are given by ¢ = (¢x)ogk<y, With ¢, =0
ford+1 < k< J
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The scheme is composed by 4 steps that take into account Pl
successively the different terms of the Boltzmann equation Macroscopic Model

m relaxation towards equilibrium
m first part of the source terms
m free motion

m second part of the source terms

Numerical Simulations

Let us introduce relaxation parameters si, 0 < k < J, with s, =0 el
for 0 < k < d. The momenta mj, after collision satisfy

q

mi = my + se(mi? —my), 0< k<J
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The scheme is composed by 4 steps that take into account Pl
successively the different terms of the Boltzmann equation Macroscopic Model

m relaxation towards equilibrium
m first part of the source terms
m free motion

m second part of the source terms

Numerical Simulations

Let us introduce the parameter a € [0, 1] that ponders the first
and second part of the source terms. The momenta My after this
step are given by

Conclusion

Mg = mg + alAtpg, 0< k< J
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The scheme is composed by 4 steps that take into account Pl

successively the different terms of the Boltzmann equation Macroscopic Model
m relaxation towards equilibrium
m first part of the source terms
m free motion

m second part of the source terms

Numerical Simulations
The free motion step mimics at the discrete level the free el
evolution through characteristics

f(x, t+ At) = fi(x — At t), 0<j<J
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The momenta iy after this step are given by

me = my + (l—a)Atcpk, 0< k< J
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The scheme is composed by 4 steps that take into account Pl
successively the different terms of the Boltzmann equation Macroscopic Model

m relaxation towards equilibrium
m first part of the source terms
m free motion

m second part of the source terms

The global scheme can be reduced to Mzl S

Conclusion

mi(x, t+At) = Z Mijj71 [m,* (x—vjAt, t) + aAtp)(x—vjAt, t)}
0<j,I<J

+ (1—a)Atp(x, t+At)

for0 < k< J
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Macroscopic Model

We investigate the Taylor expansion method proposed previously
by F. Dubois to LB scheme with source term.

The goal is to establish the equivalent partial differential equations
at second-order in the asymptotic limit At goes to O.

Proposition — zeroth-order

The momenta yield to equilibrium state

Numerical Simulations

me = m} + O(At),
m; = m* + O(At),

Conclusion
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Proposition — first-order equations

Mass conservation y
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Numerical Simulations

Momenta conservation for 1 < o < d

Conclusion

0tqa + Z IsE5 = o + O(At)

Expansion of the unconserved momenta
mg = m — —9 +0(At?), d+1< k<
mp=mi® — (L -~ 1At 0+ O(At?), d+1<
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Let us introduce
RS Mj;lvjavf 1<a,<d, 0<k<J
0j<d

Proposition — second-order equations

Mass conservation
d d
Op+ Y 0aGa = o+ (3—a)At(0rpo + > dapa) + O(AL?)
a=1 a=1

Numerical Simulations

Momenta conservation for 1 < a < d

Conclusion

d d
Bt9a + Y. OsFRG = pa + (3-3)At(Brpa + > Nl3050y)
B=1 Byy=1

J d
+At 3 3 As(5—3)080k + O(AL?)
k=d+1p3=1




LB schemes for
multi-temperature
plamas

B. Graille

LB scheme for Electrons and

LB scheme for

H ea Vy Pa rtiCIES Electrons and

Heavy Particles




- LB schemes for
LB scheme for Electrons and Heavy Particles mlitamperaur

B. Graille

Framework for two species (electrons—heavy particles) Pl
m Space x lives in a Lattice o C R
m Velocities belong to a finite set v = {v;, 0 < j < J}

m The distribution of electrons f¢ (resp. heavy particles ") is
denoted by £°(x, t) (resp. £(x,t)), 0 <j < J
We define F = (ff, ..., ] f&, ..., ff)

m The momenta m = (p", p,q7,....q0, q5,....q5, E,JE) are
linked with F by the momenta matrix M, such that m = MF
Wlth r 1 1 0 0 T
0 0 1 1 Numerica
% vj 0 0 Conclusion
v v 0 0
M=154¢ . 3 w
0 0 vld v.d
WP/2 B2 ele o i
Livol®/2 ... Iwl®/2  —lwl?/2 ... —lvyl?/2]
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Framework for two species (electrons—heavy particles)
m Space x lives in a Lattice o C R
m Velocities belong to a finite set v = {v;, 0 < j < J}

m The distribution of electrons f¢ (resp. heavy particles ") is
denoted by £°(x, t) (resp. £(x,t)), 0 <j < J
We define F = (ff, ..., ] f&, ..., ff)

m The momenta m = (p", p,q7,....q0, q5,....q5, E,JE) are

linked with F by the momenta matrix M, such that m = MF
m The masses p”, p¢, the heavy particles momenta g7, ..., q/},
and the global energy E are conserved during the collision

m The electron momenta ¢f, ..., q§ relax towards equilibrium

states defined by (g¢)% = q" (p¢/p")?

m The exchanged energy term JE relaxes towards equilibrium
state defined by JE®1 = 0
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Extending the velocities by periodicity v; = v;_ _; for
J+1 < j < 2J+1, the global scheme can be reduced to
2J+1
(x, t+At) = Z M;M; m, x—V;At, t)
J,1=0

where the momenta after collision are defined by
m m; =myfor k€ {0,1,2,...,d+1,2d+2}
m mp = my+ s (my} — my) for k € {d+2,...,2d+1,2d+3}
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Let us introduce
mvi=qu/p" 1<a<d
w02 = 3 (A 3 v as(F)) 1<a<d
5=1

0G<J

Proposition — heavy particles mass conservation

Macroscopic Eq

d . ,
Otph + Z ang = O(At2) Formal Expansi
a=1

Numerical Simulations

Conclusion

Proposition — electron mass conservation

o
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0ep® + 3 Dalp®vh) = At 35 (%—%)8093 +0(At?)
a=1 a=1
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Proposition — heavy particles momentum conservation

d d
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Let us introduce
m H=E+p'+p°
st =L Xy VPR

0<j<J
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Conclusion

Proposition — global energy conservation

d d
O:E + 37 0p(Hvj) = —At 37 95Q5 + O(At?)
B=1 B=1 i
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m D1Q3 scheme with 2 species (h for ions and e for electrons)

m Momenta matrix

11 1 00 0 <— heavy particle mass is conserved LB scheme fc
00 0 11 1 <— electron mass is conserved Electrons and
M = —-10 1 00 0 <— heavy particle momentum is conserved Heavy Particles
=, 00 0 =10 1 (g =g +5,(q"0/p" — %)
1/2 0 1/2 1/2 0 1/2 <— global energy is conserved
1/2 0 1/2 —-1/2 0 —-1/2 «— (8E)* = 6E 4 sg(0 — SE)

Numerical Simulations

m The distribution of charge induces internal electric force Conclusion
acting on each species
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m Weak relaxation for temperatures R e
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m Weak relaxation for temperatures R e
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lacroscopic Model

m A more accurate calculus of the viscous stress tensor for
heavy particles. In particular, it seems to have a good
agreement with the model for symmetric mesh

LB scheme fol
Electrons |
Heavy Particles

m Numerical simulations for three species (neutral, ions and
electron)

m Add a chemistry term in the model because plasmas are Numerical Simulations
strongly reactive gas mixtures Conelusion
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