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Radiative transfer

Temperature (eV)
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. . . Gonzalez, 2006
Many physical situations [ Oza s ]

o Laser-matter interactions
o Astrophysics: HII region,
@ Atmospheric physics

[Tremblin et al., prep]
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Radiative transfer in atmospheric physics
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[Tremblin et al., prep] : opacity jump interface

Hélene BLOCH (helene.bloch@cea.fr) 21st June 2021 3/24



(1 M; model
(2) A geometric multigrid solver
(3 Conclusion
Ry RY
PR T
s S T 4h
7, ik

Héléene BLOCH (helene.bloch@cea.fr) 21st June 2021 4/24



(1 M; model

[ T——
1
iy —~ o T h
o, it

Héléene BLOCH (helene.bloch@cea.fr) 21st June 2021 5/24



]

Moment method

o Grey radiative transfer equation without scattering *

(%& +n- V) I(x,t,n) = oB(x,t) — ol(x, t,n)

![Mihalas and Mihalas, 1984]
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Moment method

o Grey radiative transfer equation without scattering *

C_at +n- V) I(x,t,n) = oB(x,t) — ol(x, t,n)

@ First moments of the specific intensity:
o E, radiative energy
o F, radiative flux
o P, radiative pressure

@ Two moments model:
HE, +V-F, =co(aTs—E)
hF, +c2V-P, = —coF,
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Moment method
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@ Admissible states: E, > 0 and % <1

![Mihalas and Mihalas, 1984]
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Closure relation

™

M; model closure relation 2

P, = DE,
where D is the Eddington tensor
1-— 3y —1
Do L=Xxp, 3

I
2 + 2

@ Free-streaming regime:
X(E,,F,)=1,D=n®n :

o Diffusive limit: :
x(EFr)=3 D=1I

?[Dubroca and Feugeas, 1999]
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Numerical scheme

o Implicit
[IF-Il
cE,

@ Preserves the admissible states £, > 0 and <1

@ Source terms
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A geometric multigrid solver

(2) A geometric multigrid solver
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A geometric multigrid solver

Implicit solver

Speed of light
c=3x10°kms™!

Speed of sound
v=10kms™!

e =3x 10%

Implicit scheme with

time step
At =3 x 10*2

Héléene BLOCH (helene.bloch@cea.fr) 21st June 2021 10/24



A geometric multigrid solver U

Newton method

o Compute the Jacobian
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A geometric multigrid solver m

Newton method

o Compute the Jacobian

@ Solve linear system

[IFIl
cE,

@ Does not preserve the admissible states E, > 0 and <1
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A geometric multigrid solver m

Jacobi method

Ertt (1 + c%) =E"

At At
+ 2h (CEiTll - Fi'z:_ll) + 2h (‘-‘Ein—Jrl1 + Fin—+11)
Fin+1 (1 + C%) =F/
At At
+ SO (P = PR + St (RS + PP

[Pichard, 2016]
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A geometric multigrid solver m

Jacobi method

Ein+1,k+1 <1+ C%) — Er

At 1k w16\ , At +1,k +1,k
t 55 (CEirzl—l - Fia ) T o (CEin—l + Al )

Fin+17k+1 (1 + C%) =F

CAt [ _ni1k +1,k\ |, CAt nr1k +1,k
+7< i1~ cPlT )JFW(FH + P )

[Pichard, 2016]
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Beam test
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A geometric multigrid solver @

Beam test

R — Explicit, CFL = 0.45
; 081 = Newton, CFL = 0.2
5 — Jacobi, CFL = 2000
2
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A geometric multigrid solver E ;
>

Beam test

g — Explicit, CFL — 0.45
; 081 = Newton, CFL = 0.2
s = Jacobi, CFL = 2000
2
S 0.6
>
o0
% 0.4 |
[0
Z 02+
(9]
3 | |
1 05 0 0.5 1
x (cm)

Jacobi three times faster than explicit solver
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A geometric multigrid solver

Convergence

Vi = (Ei7 FI)

Solve A (v) =f

Residual: ||f — A (v)]]
1071 ¢

1072 ¢

1073 ¢

Normalized residual

1074 ¢

105 1 1 ‘
0.5 1 15
Number of iterations .14
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Geometric multigrid (GMG) &

[Briggs et al., 2000]
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Geometric multigrid (GMG)
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Full Approximation Scheme (FAS) &

@ Pre-smoother: relax a few times A" (vh) = fh,

[Briggs et al., 2000]
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Full Approximation Scheme (FAS) &

@ Pre-smoother: relax a few times A" (vh) = fh,
o Restrict the residual: r2h = R%h (fh — Ah (vh)) and v2h = R%h (vh).
@ Solve A%h (u2h) = r2h 4 A?h (v2”).
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Full Approximation Scheme (FAS)

Pre-smoother: relax a few times A" (vh) = fh,

Solve A=2h (uzh) — y2h 4 p2h (vzh).
Correct the solution: v/ « v + Pé’h (u2h — v2h).

[Briggs et al., 2000]
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Full Approximation Scheme (FAS)

Pre-smoother: relax a few times A" (vh) = fh,

Solve A=2h (uzh) — y2h 4 p2h (vzh).
Correct the solution: v/ « v + Pé’h (u2h — v2h).

Post-smoother: relax a few times A" (vh) = fh

[Briggs et al., 2000]
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A geometric multigrid solver U

Admissible states

E, >0 and “F'” <1
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A geometric multigrid solver @

Admissible states

E >0and [l <1

Pre-smoother: relax a few times A" (v/) = 7.
Restrict the residual: r2" = R27 (7 — A" (V7)) and v?" = R2" (v/).
Solve A%h (w2h) = ¢21 1 A%h (y2h).
Correct the solution: v «— v/ + P (u?h — v2h).

Post-smoother: relax a few times A" (vh) = fh,
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A geometric multigrid solver

Pseudo-time equation

Instead of solving

A2h <u2h> — y2h 4 g2h (v2h) ’

[Kifonidis and Miiller, 2012]
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A geometric multigrid solver m

Pseudo-time equation

Instead of solving
A2h (u2h) — y2h 4 g2h (v2h)

solve
du?” h h h h h
= A (u2 ) = r?h 4 A2 (v2 )

[Kifonidis and Miiller, 2012]
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A geometric multigrid solver m

Pseudo-time equation

Instead of solving
A2h <u2h) — 2h | g2h (v2h)

solve
du?” 2h ( 2h 2h 2h (.2h
e + A (u )zr + A (v ),
-
as N
u2h_(u2h)m

- _p2h o g2h (V2h)
-
(U2h) m+-1 . fé/h

e (()) 0

[Kifonidis and Miiller, 2012]
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A geometric multigrid solver m

Pseudo-time equation

Instead of solving
A2h <u2h) — p2h o g2h (v2h)

solve

as

<u2h>m+l AR (<u2h>m+1> T

[Kifonidis and Miiller, 2012]
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A geometric multigrid solver @

Beam test

e 1 — Explicit, CFL = 0.45
; 08l = Newton, CFL = 0.2
s = Jacobi, CFL = 2000
-Q —
£ 06l GMG, CFL = 2000
>
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A geometric multigrid solver m

Convergence

— 1 grid (Jacobi)
107t —_— 2 grids

—_— 3 grids
1072 ¢ — 4 grids

1073 ¢

Normalized residual

1074 ¢

105 1 : 1 1 1
200 400 600 800 1,0001,200

Number of V-cycles
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A geometric multigrid solver m

Computational time

150 ¢

100 |

Computational time (s)

1 2 3 4
Number of grids

Héléene BLOCH (helene.bloch@cea.fr) 21st June 2021 22/24



Conclusion

(3) Conclusion

[ T——
1
iy —~ o T h
o, it

Héléene BLOCH (helene.bloch@cea.fr) 21st June 2021 23 /24



Conclusion

Conclusion and perspectives &

@ Conclusion

o Implicit scheme with Jacobi method
o Geometric multigrid
@ Perspectives

o Source terms

o Coupling to hydrodynamics for physical applications

y extent [m]
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Prolongation operator @

v,?;},J2h if i is even and jh is even,
1
2h 2h coch h
5 (Vizh,j2h + Vi2h+1J2h> if i" is odd and j" is even,
h 2h _ 1 2h 2h .c -h - .h -
(732,, (v ))thh =33 (Vithzh + Vizh 126 if i” is even and j” is odd,

1
2h 2h 2h 2h
2 (Vi2h7j2h + Vit12h joh + Vi2h j2hyq + Vi2h+1’j2h+1>

if i?" is odd and j?" is odd.

[Strang, 2006]
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Conclusion m

Restriction operator

1 1 1
2h h _ h h h

Ly I Iy
+§th1+zlh’l+8vh’jh+1

1 h 1 h 1 h
+ 16vl”+1d” 1t 8V,h+ 16 Vihi1jht1:

[Strang, 2006]
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