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Physical context

Cold plasmas applications in the industry:
» Deicing
> Airflow control
» Components cleaning

Plasma actuators :
» generate a plasma discharge around the wing
» prevent flow separation
» enhancing lift
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Physical context

Cold plasma parameters (glow discharge) :
P atmospheric pressure discharges
» partially ionized gas : ionization degree . = 107% to 10~
P several species : neutral particles, electrons and ions

» low temperature : 1eV for electrons and room temperature for
heavy species

» Debye length ~ 107®m

Multiscale problem : velocities between particles are very different
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Drift diffusion system

Equations for electrons (or ions) :
815[) + VX =S5
Otpw +Vy-Tw+E-T =Sy
1
M= ——[Eup+ V«(Dp)]
Pn
p density, py energy density, E electric field, © mobility, D
diffusion, S ionization source term, p, neutral particles

» if the temperature depends only on E/p, = only mass
equation (local field approximation)

Goal : Use Lattice Boltzmann method to solve DD
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Summary

» A little reminder of lattice Boltzmann method
» Kinetic model for plasmas

» Derivation of a LB scheme

» Numerical results

» Conclusion and prospects
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Lattice Boltzmann method

The classical form of a LB scheme is
fi(t + At,x + X\jAt) = fi(t,x) + w(M;(t, x) — fi(t, x))

» f; . function of a of spatial points x € R™ (forming a
Cartesian grid) and time t

» {\i}i=o,..n : discrete set of velocities such that x + A\;At
belongs to the spatial

P> w is a parameter depending on At and other parameters
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Lattice Boltzmann method

The classical form of a LB scheme is
f—i(t + At7X + )\iAt) = fi(t7X) + w(Mi(t7X) - ﬁ(t,X))
» discrete moments of f are computed by

D fi Y fidie

» M; is a function defined with the moments of f

» the scheme consists in a relaxation step and a streaming step
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Lattice Boltzmann method

7 fo

N 7

N
KK%&
%%

—
Collision

f07f17f2 '7f8)

\T/

o o

/l\

Advection ,

" “BORDEAUX



Lattice Boltzmann method

Lattice Boltzmann equation

1
Oufi + vidxfi = ~(M; — £)
can be rewritten in the characteristics variable £ = (t + /, x + A;/)

> LBE is integrated between / =0 and | = At :
fi(t + At,x + viAt) — fi(t, x)

> relaxation term is approximated with rectangle method or
with trapezoidal rule :

At At
—(M; - f; At, A —(M; — f)(t,
2T( )t + At x + A t)+2T( )(t, x)
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Lattice Boltzmann method

The scheme is then
f(t+Atx+v,At)_f(tx)+—[( — fi)(t + At, x + \jAt)
+ (Mj — £;)(t, x)]

A change of variable is performed to obtain an explicit scheme

gi(t3) = i(t, ) — 5o (M; — F)(2.%)

Finally we obtain
gi(t+ At,x + viAt) = gi(t, x) + w(M; — gi)(t, x)

with w = — At _ universite
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Lattice Boltzmann method

A classical approach in LBM is to use Hermite polynomials :

1 N2
W(A)=:(2W)%eXPC—7;)

L A A@A— ...

In this case the lattice velocities \; are Gauss-Hermite points and
M; is expressed in terms of Hermite polynomials

M; = W()\,')p[]. + ulj + ]

with

p=> _fi, u=>_fiXi/p, , -
i i universite
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Lattice Boltzmann method

We want to solve drift diffusion equations, several questions arise :
» Which collision operator to solve DD 7?7
» Which lattice is adapted to this problem ?
» What kind of boundary conditions ?

Idea : construct a lattice Boltzmann scheme from a kinetic model
giving drift diffusion system at hydrodynamic limit
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Kinetic model

» Starting from previous work ! : scaling parameter ¢ = 1/g—:

» Considering electrons f., neutral particles f, and ions f;

» Coupled scaled dimensionless system :

1 1

Opfe+ ~(v - Vxfet Fe - Vife) = 5 Q(fe. i, fo)
1

Ocfi + v - Vxfi + Fi - Vi = 5 Qi (fe, i, fo)

1
Otfp +v - Vifya+ Fp - Vi fy = ?Qﬁ(fey f;'a fn)

» Collisions considered : ellastic inter/intra-species collisions,
inellastic ionization-recombination collisions UﬂiVETSité
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Kinetic model

Simplifications : f; , = isotropic Maxwellians, simplified Qjon, Qee

Electrons distribution function f satisfies
1 1 1
8tf+g(v-vxf—E‘va) = ?an(f)—FgQee(f)+an(f)'i‘Qion(f)-i-O(E)

> Q% 4 £2Q2, : expansion of Boltzmann operator
> Qe : BGK operator

» Qon : simplified ionization operator

This equation gives at hydrodynamic limit drift diffusion model
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Kinetic model

Hilbert expansion of f

f=fh+eh+e2h+0O()

v

0 .. . . .
Qg,, collisions will cause fy to be isotropic

> Qee = fy is also maxwellian

> f; will give the form of the flux in DD equation :
f ——#[v Vifo— E-V,fo] + A
1= 21/en(V)pn x10 vIi0 1

where f; € Ker(Q2,)

Q2, : relaxation term on electronic temperature

vy

Qion : source term taking into account ionization processe
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Fluid equations

By integrating the kinetic equation against 1 and v2/2 we obtain :
8tp + VX = S
O(BpT)+Vu-Tw+E-T =Sy

1
r= —;[Eup + Vx(Dp)]

3
2pn

Tw=—s—[EpwpT + Vx(DwpT)]

Two possibilities depending on the cross section chosen :
» Hard spheres : Docﬁ,uocﬁ_l

» Maxwellian molecules : D o T, ppox 1 Um'versité
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Derivation of a LB scheme

We start with a D1@3 lattice v = +1,0, —1. lonization collisions
are omitted. We define :

Zf,-:p,zfivizpwzfivizzg

Collision operators are projected onto the 3 first polynomials of
Hermit basis

Q(F)(V) ~ ~2npmpu(v)

V2
an(f)(v) ~ _4m9naen (€ — Tap) w(v) <32 B :1’>>

F(F)(v) = —w(v)E <p; o <;>§ - ;)>

Q) = w(w) -+ puw + 3o (T = 1)~ 1Y YGRS Rux



Derivation of a LB scheme

We consider the lattice Boltzmann equation with these operators :

i 1 1
0cfi + L0 = QA + Q(A)() + TF(A)(M) + - Que()(1)

As previously, by taking the Hilbert expansion of f we can obtain
equations on the moments of f :
fi=f0+efl + 0O (?)
p=p"+ep' +0()
pu = (pu)® +e(pu)t + O (?)
pT = (pT) +e(pT)' + O (?)
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Derivation of a LB scheme

The system obtained is

Oep° + Ox(pu)t =0

0e(pT)° + Ox(pu)t + éE(pu)1 = —g\/%pnaen((pT)O — Tap®)
with

Ep° Ox(pT)°

1
u)yt = —
(,0 ) 20enpPn 20enpn

» this is not consistent with the DD system
P the quadrature is probably not accurate enough

P in order to have the right equation it would be mandatory to
have at least 5 Gauss points (for example D1Q5)

. . . universiteé
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LB scheme for advection diffusion problem

» We focus on density equation
» D and p are assumed to be constant and equal

» No ionization processes
1D Drift diffusion equation

atp - 8X(ax(Dp) + EMP) =0

This time we choose to use D1Q22 scheme
» two LB schemes proposed for convection-diffusion problems
» results of L2 and L> stability
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LB scheme for advection diffusion problem

Scheme
We use the change of variable with the trapezoidal rule

50+Amx+£Aﬂ:gﬁx)+AdQU)+EUDUJ)

Two velocities : v; = (—1)"8% = (—l)i, i=1,2

Here g = pu
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LB scheme for advection diffusion problem

Lattice Boltzmann equation :
Ouf; + L0 = QUE) + F(£)

Again, by using the Hilbert expansion of f in € we can show that
the fluid limit of the LBE is

Otp — Ox(0x(Dp) + Epp) = 0
with

Oen
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LB scheme for advection diffusion problem

Link with finite differences schemes
For At = eAx LB scheme is equivalent to

1
PJ'-’H = §(Pf+1 +pj1)
1 Ax
+ 5 <1 - Z(z + Uen)) (g1 — qj1)
A
(E v — E1pf 1)
1 1 Ax
+1_ +1_n+1
qf = W(E(pj‘,—l = pj1) — by j" PJ'-'
1 TenAX
+2(1— e )(qj 1+ a41)
_ Ax n universite
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LB scheme for advection diffusion problem

» Finite difference schemes allows us to compute equivalent
equations®

> We want a diffusive scaling At ~ Ax? to recover diffusion

» One possible choice is ¢ = "e”zﬁ, this gives :

Orp = (C@fp + COx(Ep)) + O(Ax)

with € = (L—L)

Oen 0'3,7

» then oe, can be used to fit the value of D =  that is wanted

P in this case there is a condition : gg, > 2
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1D Problem : numerical results

Stability tests

Oep — aX(Daxp + E,up) =0

Where E = —0x¢

Stationary problem with Dirichlet boundary conditions, assuming :

Doxp+ Epp =0

We test near approximated solution

p(x) = 1+ ¢(x)/T

o(x) = 5 T (exp(ax) — exp(—ax)) Um'versité
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1D Problem : numerical results

» Domain : x € [0,1]
» Tests for Ax € [0.1,5.107%]
» Parameters : A = 0.5, ¢ x Ax, At = eAx
» Initial condition :
p(t=0,x) =1+ ¢(x)/ T + Bsin(2mx)
ot = 0,x) = O T (exp(ax) — exp(—ax))
exp(a) — exp(—a)
fi(t = 0,x) = p(0,x)/2

» Boundary conditions :

[P universite
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Numerical Results
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Numerical Results

Error depending on dx
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Conclusion

Work in progress

» using two D1Q2 schemes to recover diffusion coefficient that
could be different from mobility coefficient

P ionization process was added
Prospects
» physical test case in 2D

» L[> or L2 stability results ?

Thank you for your attention
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