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International Thermonuclear Experimental Reactor

Goals of ITER

o Prove that energy can be produced by
nuclear fusion, with a rate Q = 10

(JET=0,65).
o Get a plasma confined during a long period
of 1000 s (Toresupra : 400 s). http ://www.itercad.org
- About dust in ITER
euterium Helium
e*\ & Production of many non confined neutrons, and
6/ disruption of the confinement of the plasma
= Abrasion of the wall

‘.?.‘ \\~ Energy

Tritium Neutron

= Appearance of a large amount of dust specks

http :/ /www.iter.org o Composition : C, Be, W

o Diameter : between 10 nm and 10 pm.
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Introduction

Loss of Vacuum Accidents (LOVA)

o Accidental arrival of air in the vacuum inside the torus.
o Safety risk related to the dispersion of the dust specks.

o Crucial period for the study of the evolution of the dust specks : a few
milliseconds after the LOVA ( Takase!).

1K. Takase, Three-dimensional numerical simulations of dust mobilization and air ingress
charactericstics in a fusion reactor during a lova event, Fusion Engineering and Design, 2001.
25 Novembre 2000 3740



Modeling issues

o Fluid/fluid (multiphase) models : J.R Garcia-Cascales, J. Mulas-Pérez, and
H. Paillére?.
o Fluid/kinetic models (coupling Euler/Vlasov or NS/Vlasov by a drag force

term) : code KIVA®, Takase, ...

Stokes drag force : D
g Flv,r) = —2(ug — v).

o Rarefied sprays models
Fixed gas + linear Boltzmann for the particles (Ferrari, Pareschi®).

Eulerian description of a Vlasov equation for the evolution of the particles
(A Frezzotti, S. @stmo, and T. Ytrehus ).

2Extension of some numerical schemes to the analysis of gas and particle mixtures.
International Journal for Numerical Methods in Fluids, 56, 845-875, 2008.

bp) ORourke and AA Amsden. The TAB method for numerical calculation of spray droplet
breakup, In International fuels and lubricants meeting and exposition, 2, 1987.

€E. Ferrari and L. Pareschi, Modelling and numerical methods for the diffusion of impurities
in a gas. International Journal for Numerical Methods in Fluids, 1-16, 2006.

9Kinetic theory study of steady evaporation from a spherical condensed phase containing inert

solid particles. Physics of Fluids, 9, 211, 1997.
—SOna Ppartities. IVSies of LI P s 2T a/a0




Introduction

Objectives

o Construction and study of a fully kinetic model for the description of the
rarefied spray (few collisions).

o Numerical simulation of a "small size" (a few cm3) of the F34 consortium
experiments [results not yet available], mimicking the beginning of a LOVA.

Detection
|
(k) Probing
zone
L2 R
A Dusts  f(r,m)
To(h) %Mmr
ul s I
) 30 T o
Light source N . Tolumd(chd \

Beam stop 7 Mirror

Principle of light extinction measurements ?

2Dust control in tokamak environment, S. Rosanvallon, C. Grisolia and Al

., Fusion
Engineering and Design 83, 1701-1705, 2008.
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Outline

O Fully kinetic modeling
o Assumptions
o Boltzmann-Boltzmann modeling
o Construction of a Vlasov-Boltzmann model

O Mathematical Results
o Existence of solutions to the (space homogeneous) Boltzmann-Boltzmann
system
o Study of the convergence towards the Vlasov-Boltzmann system

© Numerical Simulations
o Numerical Simulation of the Boltzmann-Boltzmann system
@ Simulation of the Vlasov-Boltzmann system
o Application to the simulation of a LOVA

@ Perspectives
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O Fully kinetic modeling
o Assumptions
o Boltzmann-Boltzmann modeling
o Construction of a Vlasov-Boltzmann model
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Gssumprions
Assumptions and Notations

o Spheres with radiuses in r € [Fmin, Fmax]-

o Macroscopic when compared to molecules :
0~107"m «r~10""m.

o Rate of the number density of dust specks and the number density of

molecules : .
a® =1 «1(~1079).
n;
my —12
v mins "'max| = 1(~ 10 .
r € [Fminy rmax),  €(r) () < 1( )
We denote

Em = &(rmin)-

25 Novembre 2009 8/ a0



VAN S Boltzmann-Boltzmann modeling

Construction of a Boltzmann-Boltzmann model

Number densities

fi(t,v,x,r) : Number density of dust specks.
f(t, v, x) : Number density of molecules.

Boltzmann-Boltzmann coupling

of;
67;- + V- va;l = Rl(f;la f2)7
BB of; )
(BB) an +v-Vifh = Q(h, ) + Ru(fi, f),

xeQ, veR3 teR*

+ initial and boundary conditions

25 Novembre 2009 0 /a0



Modeling of collisions

o Collisions between molecules : binary, elastic, VHS
o Collisions between dust specks : neglected (v1; ~ 1073s71).
o Collisions between dust specks and molecules :

First possibility : Elastic (Hard spheres)

— operators R; (fi, ;) and R5(f1,f2).

Second possibility : Diffuse reflexion at the surface of the dust specks
— operators R{(f1,£) and R§ (f,, ).

\

\ molecule

Consequences :

Surface of the dust

77777 - Kinetic energy not conserved,

at the temperature T’
I \
v,

Non planar, non microreversible collisions.
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Boltzmann-Boltzmann modeling
Operators RY(f, ) and R(f, )

03
Rf(fl7f2)(t7x7 Vlar): 6 / / / [n~(V1—V2)] [n'W]]l{n~(v1—vz)>0}]l{n~w20}
T Jr3 Jr3 Js2
x (r+ 9)2 [fl(t,x7 vi, r)f(t, x, v3) exp (—Bz(vl — V2)2)

— f(t, x, v, r)f(t, x, v2) exp (—BQ(V{ — vzl)z)] dndwdvs,

Rs (R, £)(t, X, va) 2 / / /3 L[ (= vl [ Wl g —v2)z0) L {nw>0)
R §

rmlll

X (r+ o[t x, vi, 1)fa(t, x, v3) exp (=B (va — v2)?)

— f(t, x, v1, r)f2(t, x, v2) exp (—ﬂz(v{ — vzl)z)} dndwdv, dr,

. o moa
W 2ha T L (4 e()ve — e(r)w)
vi = ————(vi+e(r)va—e(r)w),
1+e(r)
vy = #(vl—l—s(r)vz—kw).
1+e(r)

11 / 40
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VAN S Boltzmann-Boltzmann modeling

We consider three typical frequencies :
o molecules-molecules : 95
o dust specks-molecules (from the point of view of dust specks) : v
o molecules-dust specks (from the point of view of molecules) : ;.
We notice that

o 0\?
Vo1 ~ ¢ V12 et Vgp ~ | — V12.
r

1 *ﬂv—w—v
S T -

— Small change of velocity, analogous to grazing collisions! ?

?R. Alexandre, C. Villani, On the Landau Approximation in Plasma Physics, Annales de
I'Institut Henri Poincare/Analyse non lineaire, vol. 21, n. 1, (2004), pp. 61-95.
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VAN LGS Construction of a Vlasov-Boltzmann model

Non-dimensionalization

o Radiuses of the same order of magnitude : ryin ~ fmax ;
o Temperatures of the same magnitude : Tg ~ Tg, ~ T°.

Two possibilities
Starting from the thermal velocities of the dust specks and the molecules (as

in Degond-Lucquin in plasma theory ¢)

8kTe 8kTe
Vi =<V >= | —F—— et Vy =< Vo >= ;
wmy(Fmin) My
Vi = emVy.
Starting from the same velocity
Ve =Vy =Ve.

2P. Degond, B. Lucquin, The asymptotics of collision operators for two species of particule of
disparate masses. M3AS, 6, n° 3, 405-410, 1996.

25 Novembre 2009 13/ a0




Construction of a Vlasov-Boltzmann model
Non-dimensionalization (sequel)

E:i, r = r7 )_(217 Vlzi, |V/2:£,
0 i Lo % Vi
F = — A = (V10)3rmin (T oS v (V20)3
f]_(t,X, Vlvr): Tfl(tvxa Var)7 f2(t7X7 VQ): ny fg(t,X, VZ)'

For ¢ € C2(R3?), we have (at least formally)

[ Rtk B)onetodon = [ TENER0.7)- Te(0)h(0)d0 +0 (1),

Therefore (also formally)

Ru(hh) = ~divs, (T(B)A) +0(1).

25 Novembre 2009 14 / 40



VAN LGS Construction of a Vlasov-Boltzmann model

Vlasov-Boltzmann coupling

After re-dimensionalization, we get

ofy

— + vy - fol + diV‘,1 (T(fz)fl) =0
(VB) g;
57 T v Vih = Q(h.h) + Ro(fi, ).

o with the non-dimensionalization (VP =EmVS):

TI(6)(E %, 1) = 7e(r) 12 / B(t, %, v») [|v2|+

3ﬂ:| V2dV27

o with the non-dimensionalization (VP =V3):

TI(hH)(t, x,vi,r) = me(r / f(t, x, v2) |:|V2 vi| + \/g] (va — v1) dvs.

25 Novembre 2009 15 / 40



Construction of a Vlasov-Boltzmann model
Vlasov-Boltzmann coupling

Fa(t,x,v,r) = my(r) T(HL)(t,x,v).

o No empirical coefficients.
o Model of drag force with slip flow correction (Cunningham?®) used in ° :

6mrv,v

1+ 2 [1.257 + 0.4 exp (—0.2752)]

F(v,r)=

V, & gas viscosity,
A mean free path of the gas.

20n the velocity of steady fall of spherical particles through fluid medium. In Proceedings of
the Royal Society of London. Series A, 3567-365. The Royal Society, 1910.

bC M. Benson, D.A. Levin, J. Zhong, S.F. Gimelshein, and A. Montaser. Kinetic model for
simulation of aerosol droplets in high-temperature environments. Journal of Thermophysics and
Heat Transfer, 18, n° 1, 122-134, 2004.
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Outline

O Mathematical Results
o Existence of solutions to the (space homogeneous) Boltzmann-Boltzmann
system
o Study of the convergence towards the Vlasov-Boltzmann system
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eI O Boltzmann-Boltzmann system

We consider the spatially homogeneous system

Ot
5 = R ).
(BBh) of,
5t = Re(f ) + QR ),
t
with
Ri(fi, &)(t,v1,r) :/ / [t vi, r)fa(t,v3) — fult, va, r)F (¢, v2)]
R3 J§2
x (r + 0)%|(v1 — v2) - w|dwdva,
Rz (i, £2)(t, v2) :/ / / " [A(t,vi, Nf(t, v3) — fi(t, vi, r)fa(t, v2)]
R3 Js2 "min
x (r+0)*|(vi — v2) - w|drdwdvy,
where ,
vi=wvi+ <(r) [w- (va — v1)]w,

1+4¢e(r)
;= 2 (va — v1)|w
Vo = szm[w (v2 1)]|w,

25 Novembre 2009 18 / 40



eI O Boltzmann-Boltzmann system

Q(f, H)(t,v) = / / {i"z(t7 v)h(t, v,i) — f(t, v)f(t, v*)} Cerr|v — vi|" dodvs,
JR3 Js2

v+v*+|v—v*|a ;o vEve v — v

with v/ = 3 3 , Ve = — - TU, Cerr > 0, v €]0,1].
@ Masses
p(fl)(t,r):/ fi(t,v,r)dv and u(f)( / f2(t, v)
R3
o Energy

3
E(fi, £2)(t) —Em/ f(t, v)|v| dv—i—/ / (t,v, r)|v| <rr ) drdv,
w3 e min

where em = &(rmin)-

o Entropy

H(h, H)(t) == /Rs [fz(t, v)In (A(t, v))+/'m" fi(t, v, r)In (At v,r))dr} dv.

"min

25 Novembre 2009 19/ 40



e v U o e NS (i Boltzmann-Boltzmann system

Assumptions : fiin >0, fin>0,
/ ((Fin)(P)dr + (1(Fain) + E(Frims Foin) < 00,
/ / (f,in] In f1in| (v, r)dr + f2 in| In f2 in|(v)) dv < o0.
R3 Jrmin

Then, there exists (f1, f2) weak solution of (BBj)) such that
fi >0 et > > 0,
(fi, f2) € Lip ([0, T],L* (R* X [fmin, rmax])) x Lip ([0, T],L* (R?)),

sup /""a" w(f)(t, r)dr + p(f2)(t) + E(f, f2)(t)| < oo,

t20 | Jrmin
Vvt >0, H(f,R)(t) < H(f,n, f2,in)-
If moreover for s > 1

/ / (14 [VPY* [Fin(vs £) + Foin(v)] drdv < +o0,
R3

then vt > 07 E(fla f2)(t) = E(fl,in, f2,in)-
25 Novembre 2009
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N L L B oltzmann-Boltzmann system
(same spirit as in Arkeryd®)

@ We introduce the approximated system

Of" _ Ri(f", ")
ot 143 [[I|f|drdv + % [0 dv’ 1)
o _ R, E)+ Q"R f')

ot 14 [ |f|dv+ L [If] drdv’

with initial conditions £7(0,-) = fiin L5 cm + e /2 fori=1,2.

@ The solution (", ") satisfies the conservation of mass and energy, and the decay
of entropy

o Weak compactness : we extract a subsequence (f{", f5" )nen such that for all v < 2
f —~f dans L]0, t] X R X [Fmin, fmax], |v|" dtdvdr) weak,
fy —~f dans L'([0,t] x R?,|v|"dtdv) weak.
o (f1,f2) is Lipschitz-continuous w.r.t. time and weak solution of (BB}).

o Weak convergence of (f,"(t,-, ), f'(t,-))nen+ and proof of decay of the entropy.

@ Povzner’s inequality and conservation of the energy.

2 L. Arkeryd, On the Boltzmann Equation, i and ii. Arch. Rat. Mech. Anal, 45, 1-34, 1972.
25 Novembre 2009 21/ 40



Study of the convergence towards the Vlasov-Boltzmann system
Return to the non dimensional system

The system (BB},) becomes :
of C = 5 x
67—; - 5R1(f1»f2)7
(BBh, adim) oF
57 = CR(h.B)+Q(h.F),
t
where o 2/3
C::a<n> , and n= 3m; .
47 \ep 47 pe3
1 1
c~1, e —~—1=p—00
Em
We define ¢ = a®
==

25 Novembre 2009 25/ ad



Mathematical Results Study of the convergence towards the Vlasov-Boltzmann system

of, .
L )
t
(BBh,p)
af27p _ R2P(f £ Q3(f: £
ot = ¢ (17P7 27P)+ (2,p7 2,[3);

with initial conditions :
ﬂ,p(oa ) = fl,ina f2,p(07 ) = f2,in7

where Q?, R{"P, R3" are non-dimensional operators.

R B)ar) = [ [ (A )() ~ il )]
R3 S2
(2 —5¢ ) ‘——vz dodvs,
where
2
P 3 %3 1 %1
Vip = m{(vlr —|—;)—; vz—; 0‘:|,
2
P 1 3 V2 3 11
“e = e () e

25 Novembre 2009 23/ a0



Mathematical Results Study of the convergence towards the Vlasov-Boltzmann system

Limit of the non-dimensional system

Assumptions : Assumptions of Proposition (1) and

ro
/ (/ frin(v,r)dr+ 67;n(v)) (14 |v|]*) dv < co.
r3 \J1
Then forall T >0
(flyP, f27P) - (fl, f2) dans Loo([07 T]' Ml(R3 X [17 fo]) X LI(R3)) Weak*:
with (f,f) € L>([0, T]; M*(R? x [1, r]) x L*(R?))
weak solution of the system

6f1 27 ¢
8t

%ﬁz =c {/ / fiin(va,r)r drdvl} L(%) + Q%(f, ),
t r3 J1

L(B)(E V) :/ [ (£, v — 2w - V)w) — f(E, V)] |v - ] dw.
2
s 25 Novembre 2000 24 ) a0

/ |V2|V2f2(t Vz)de V.fa —0

where




Mathematical Results Study of the convergence towards the Vlasov-Boltzmann system

Estimates of moments

sup sup / (14 |v] + |v|?) fap(t, v) dv < +o0,
pEN* tefo, 7] Jr3

ro 2
sup sup / / <1 + v+ M) fip(t, v, r)drdv < 4o0.
R3 J1 P

pEN* t€[0,T)

25 Novembre 2009
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Study of the convergence towards the Vlasov-Boltzmann system
Estimates of moments (sequel)

o Povzner-like inequality * ® : for s > 1, one has

C
o[ a7 = Tl el < S (el

C s
+f [a* 7 ve | + |vel

, C , _
2s 1|V1”+pi: le‘2s 2|V2|2+‘V2‘2s 2|V1|2].

@ We deduce that

/ / ( fup(t,v,r) + f2p(t, v)) (1 + |vP) drdv < 4o0.
te(o, T] pEN* R3

2L. Desvillettes. Some applications of the method of moments for the homogeneous
Boltzmann and Kac equations. Archive for Rational Mechanics and Analysis, 123, n° 4,
387-404, 1993.

bB . Wennberg. Entropy dissipation and moment production for the Boltzmann equation.
Journal of Statistical Physics, 86, n° 5, 10563-1066, 1997.
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Mathematical Results Study of the convergence towards the Vlasov-Boltzmann system

Remark about the convergence of the sequences

o Weak compactness of (f2,p)pen~ : We can extract from (f2,p)pen~ a
subsequence which converges weakly in L*([0, t] x R3).

o Entropy inequality :
ro
1/ / fp(t v, r)In (hp(t, v, r)) drdv + / fap(t,v)In (fap(t,v)) dv
P Jr3 J1 .
ro
Sl// f1,in(v,r)ln(f1,in(v,r))drdv—l—/ f2,in(v) In (2,in(v)) dv, (2)
P Jr3 J1 3

= No uniform equiintegrability of (f; p)pen= : convergence only in the sense of
measures.

o But f; is solution of

87f1 27 c
ot ré Jg

[va| vafa(t, v2)dva - V, fp = 0.
3

= propagation of regularity of fi in.

@ Uniqueness : The wole sequences converge.
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Outline

© Numerical Simulations
o Numerical Simulation of the Boltzmann-Boltzmann system
@ Simulation of the Vlasov-Boltzmann system
o Application to the simulation of a LOVA
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Numerical Simulations Numerical Simulation of the Boltzmann-Boltzmann system

Simulation of the Boltzmann/Boltzmann system (BB)

o Modification of a DSMC code developed at the CEA-Saclay for gas mixtures.
o Particle method, with Monte-Carlo simulation for the collision operators.
o Assumptions : all particles have the same radius rp.

Splitting at each time step between the transport part

%—i—v-vxﬁzo fori =1,2,
ot

and the collision part

0 _ oy -

a = Ri (f]_,fg), fori = 172,

of

E - Q(f27 f2) )

25 Novembre 2009 20/ 40



Numerical Simulation of the Boltzmann-Boltzmann system
Particle approximation

Fori=1,2,

f;’,in(xv v Zw §(X 1 m) ( Vilfin)

@ Ny, N> : number of numerical dust specks and numerical molecules.

o wi,wy : representativity of numerical dust specks and numerical molecules.
Since n; < ny, one has wi # ws.

The densities are approximated by

fi(t,x,v) = ) wid(x —xt(£))8(v — v(2)).

25 Novembre 2009 30/ 40



Numerical Simulations Numerical Simulation of the Boltzmann-Boltzmann system

Modification of the positions x{(t) and x5(t) along the characteristics. J

@ wy # wp = Nanbu's method.
. w . .
o Selection of Ny, Ni. 72 Atr(r, + Q)Z |v1’f£\max pairs of collision.
(o}

lvf — vl

rel
1 2 |max

o Each pair collides with probability pkj

o In case of collision :

The post-collisional relative velocity v; is computed according to the diffuse
reflexion mechanism.
The velocity of a numerical dust speck is given by

€
1+e¢

k(.n j (N 1 k(,.n
Vl(t+1): Vé(t)_’_li—’—gvl(t)_l—’—gvr

25 Novembre 2009 31/ 40



Numerical Simulation of the Boltzmann-Boltzmann system
Thermalization of a spatially homogeneous system

mj

T4t = Siane(®) [ [ 6 (v —ug (e, v)) vl

0 m=10"m3 n=5-10"m3 r,=2-10"" m.
o Initial kinetic temperatures To = 400 K, Tause = 100 K.
o Surface temperature of the dust specks : T,r = 300 K.

— T, pour N,=1-10*
-,

3

T, pour N,=5- 10

Temperature cinétique (en K)

L L L L L L L
0 002 004 006  0.08 012 014 016  0.18 0.2

01
Temps (en's)
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Numerical Simulations Numerical Simulation of the Boltzmann-Boltzmann system

Number of collision pairs

Let Ng;),,(T) be the number of numerical collisions of type (i,j) done during the
time 7 in the cell c. Then

s 2

Neon(r) | Nac e oy g Nean(™) | Mo 1 (Ga) > 1
N2L (1) Nac mc N2 (7)  Noc 2v2 \ 0

r,  =10"%m,

o  =2,085-10""m, N12,(7) ~ 310",

ne =10%m=3

1c - ) o1 5

npe = 1021 m—3. NcoII(T) ~3-10°,

T =10"3s o 5

Np. =103 NEZy () ~ 4 - 10°.

Npe =103

25 Novembre 2009 33740



WO RSO E U Simulation of the Vlasov-Boltzmann system

Solving Vlasov equation by a PIC method

o One has
(t,x,v) Zwlé x — xK(£))0(v — vE(1)),

with v/ solution of
M et
di 2\l Xy, V).

o Explicit Euler scheme :

an+1 an+AtTZZ(an)

_|_7

n k,ny w2 n k,n j,n k,n
TRV = mert (vf —V )Uvg -~V

i)

Vlk’" and V2"’j are the approximations of v{(t") and vé-(t").
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WO RSO E U Simulation of the Vlasov-Boltzmann system

Conditions on the time step

Numerical values for r, = 1077 m, n{ =10 m™3, ng =10 m™3, Ax =5-10""* m.

|

Resolution of

l

Condition on At

of

E+V1'vxf1:0 AtSAX/VlN].O_aS

0h _ 6

Sr v Vi =0 At < Ax/7a ~ 1078 s
ofy 11
ale(fl,fz) (Nanbu) Atgl/u12~6~10 S

ot .
87: + divy, (AT(f)) =0

At <2/(mriensin) ~107's

% = Q(f, f2) (Bird) At <1/vpp ~2-107%s
0f o
E=R2(f1,f2) (Nanbu) At <1/vp1 ~6-107"s
25 Novembre 2009
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WO RSO E U Simulation of the Vlasov-Boltzmann system

Numerical Comparison of (BBy) and (VBy)

rp = 5.107° m, . \\,
m = 10%m3 ——
no = 102 m3,
T = 500 K "
r, = 2-107%m, Model \ CPU ‘
np = 5-108% m~3, System B/B 11410
np = 10 m73 System V/B with T¢(f) and na, =1 | 589
T = 107's System V/B with T¢(£,) and na, = 10 92
N, = 10 System V/B with T¢(£) and na, = 100 43
N, = 10*
25 Novembre 2009 36 / 440




WO R RSO EL I Application to the simulation of a LOVA

Arrival of air in a cube with absorption on one side
o Box of 1 cm3.
o Dust speck of W, r, =0,5-10"7 m, n; = 10'®> m 3.

o Boundary conditions : absorption on the upper side, diffuse reflexion on the
other sides.

o Gravity turned on.
o Arrival of air (u = (300,0,0) m-s~!), density n, = 10>* m~3.
@ 64 processeurs, computation time : 24h.

o Model B/B : 45 ms of simulation.

o Model V/B : 247 ms of simulation.

25 Novembre 2009 37 /40



WO R RSO EL I Application to the simulation of a LOVA

Air entering in a closed cylinder
o Dimensions : L =10 cm, ripy = 2,5 cm, reee =5 cm.
o Dust specks (W) of radius r, = 0,510~ m, and density n; = 10'®* m~3.
o Air (N,) entering with density ny = 2,45-10% m~3.

@ 480 processors, simulation time : 24h.

x o
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Outline

@ Perspectives
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Perspectives

Integration in the code of a module for the forces felt by the dust specks when
they are at the wall.

o Bigger boxes of simulation.

o Transition with fluid models (P. Degond, G. Dimarco, L. Mieussens ¢).

20ptimum Kinetic-fluid Coupling Techniques with Smooth Transitions, Preprint.

o Spatial inhomogeneity.
o Mathematical study of the operators R{(f;,f) and R{(f,£)?

Possible improvements of the model : conservation of the energy thanks to the
evolution of the surface temperature.

25 Novembre 2000 20 / 40
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