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panorama of applications

accurate prediction of coupled heat transfer at high temperatures

heterogeneous materials offer a wide spectrum of thermo-mechanical and
chemical properties

@ design materials with optimum desired properties

improve durability at extreme conditions

going down the length scale for a deeper insight: micro-scales
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Texture

I

@ 3D arrangement of scatterers in a host medium

@ distribution of size, shape and orientation

@ fine tune textural parameters

@ tailor smart materials with optimal properties

Absorptance normale

¥

® couple 6, Pm = 0,637
® couple s, Pm=0529
® couple 4, Pm= 0400
® couple 3, Pm=0,269
® couple 2, Pm=0,114
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(a) Cross section of coating (b) top surface of coating

TBC in gas turbine! micro-structures in a thermal barrier coating?

» today
geometric optics

o challenging experiments
o regular shapes

» attempts to reduce the gap of approximation
made in terms of geometry

ID. R. Clarke, M. Oechsner, and N. P. Padture, “Thermal-barrier coatings for more efficient gas-turbine
engines,” MRS Bulletin, vol. 37, no. 10, 891-898, 2012. por: 10.1557/mrs.2012.232.
I

", 2G. Yang and C. Zhao, “Infrared radiative properties of eb-pvd thermal barrier coatings,” /niernational
“Journal of Heat and Mass Transfer, 2016.
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(8- V)(z,s)+ pl(xz,s) = crs?{I(ar:7 s")®(s,s")ds’
+I£Ib(.’13)

os — scattering coefficient
B8 — extinction coefficient
®(s, s') — scattering phase function

nd
By

o complex refractive index, n = n + ik

zln— 1] <1 _

x| — 1| > 1 | geometric optics

o size parameter, x =

(@] (@)

o0 o
© (@)

(@] [ (@]

heterogeneous medium

n, geometry
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(s-V)I(x,s) + fI(x,s) = cr‘s?{I(ar:7 s")®(s,s")ds’

+r1p (:13)
gs — effective scattering coefficient
B — effective extinction coefficient
T ! . . .
(s, s') — effective scattering phase function homogenized medium
o size parameter, z = =2 n, geometry

o complex refractive index, n = n + ik -
zln— 1] <1 _

x| — 1| > 1 | geometric optics
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Mathematical model
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V x H(z,w) = J(z,w) + iwepe, E(x, w)
V x E(z,w) =

—iwpoprH(z, w)
V- -D(z,w) = po
V- -B(z,w) =0

D(z,w) = ¢(w)E(z,w)
B(z,w) = p(w)H(z, w)
J(x,w) =o(w)(E(z,w) + En(xz,w))

) magnetic field intensity
) electric field intensity

J(xz,w) current density
D(x,w) | electric displacement vector
B(z,w) magnetic flux density

ﬁ% e P volume charge density

N

‘ SCATTERED

INCIDENT /

€ = €0€r permittivity of medium
W= poptr | permeability of medium
o electrical conductivity



V x H(z,w) = J(x,w) + iwepe, E(x, w) ‘

V x E(z,w) = —iwpop-H(z, w) \
V- -D(xz,w) = py \

V.B(@w) =0 ———
D(m,w) = E(UJ)E(QZ, (U) [ SCATTERED

B(z,w) = p(w)H(z,w)
J(z,w) = 0(wW)(E(z, w) + En(@, w)) ‘ a

A\

"/

» vector wave equations

V x iV x B(x,w) — kje, E(x,w) = 0

’f‘

where for non-magnetic media,

!

wr =1, € =€ +i€
ﬁ%” e = n2 _ k2, el = 2nk, ko = w o€ I-_r:NE
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Poynting vector, S Incident energy, Sinc

1 o
S = %%[E X H*] Sine = %lEJinJ2k

R - real part n =/ characteristic impedance
- complex conjugate k: direction of incident wave
» with the solution of Maxwell’'s equations, Exc,

Wee = %%%[Esc X H:C] -hdz Wext = %/%[Einc X H:c + Es X H;c] -ndx
Te

Te
W _ W _
Cec = 7||SI::||a Os = zi:csmiNv,i Cext = ||S.::t|| , B= ; Cexn,iNuv,i
I'e - surface enclosing the scatterer(s) with unit normal i
N,,i - number density of scatterer i, [m ]
S I-_r:Nié



Poynting vector, S Incident energy, Sinc

1 .
S = JR[E x H'] Sie = 5, [Bc|

R - real part n= \/g : characteristic impedance
* - complex conjugate k: direction of incident wave
» with the solution of Maxwell’s equations, Esc,
asymmetry parameter, g

J cos0Ss - nde
Te
IENE

Te

g:

1
Ssc = §§R[ESC x Hg,|

cos @ = 1 - k is directional cosine between unit normal vector nn and incident plane
wave direction k
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Numerical model




edge degrees of freedom

@ ensure tangential continuity n x E of the field vector E
@ avoid spurious solutions, as with nodal elements

for a finite element T € 7~

/(V x E) - fiedx = /E.f'd:t:
T aT

T - triangulation of the domain €2 truncated by I'
. - unit normal vector of T
7 - unit tangent vector to edge 0T

vector functional space? for Maxwell’s equation

H(eur, Q) = {E € L*()" |V x E € L*(Q)"}, n=2,3

UMR 6607

ﬁ%i “wo,,  3A. Bossavit, “A rationale for ‘edge-elements’ in 3-d fields computations,” /EEE Transactions on MagneﬁcsL



V X V X Eg — kgeBg = 0, in Q\ Qs U
VXVXE—keE=V XV X En — kjenEing, in Qe U
E = E¢ + Einc
with first-order absorbing boundary condition for Exc,

ﬁ% nXxV XEg+ikonxnxEe=0, onT

i

en - permittivitty of the host medium
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find Esc € H(curl, Q) such that,

/ [(Vx V") (VX Eg) — kieV" - Eg] dz — iko /(n X V') (n X Eg) de
Q r

. = kg / (Esc - Eh) v Einc dm, VV € ?‘[o(CUH7 Q) -
ﬁqi = QUQse L - N
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(u,V)12(q) = /v* -udx u,v eC,
Q

Mdof
Esc: ZOéi‘I’i, V:\Pj,VjI l—>ndof
=1
Ngof - NUMber of degrees of freedom

[C+ M + BJ[Es| = [L]
[Clij = (VX ¥;,V x Wi)q M]ij = —k§(¥;,e¥))a
[Blij = —iko(n x ¥;,n x ¥;)r  [L]; = k3(¥;, (€sc — €n)Einc) iU,
demands linear algebra expertise

@ ill-conditioned
@ edge elements, huge number of unknowns
ﬁ°’ . @ iterative methods

§
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an absorbing layer

@ prevent artificial reflections*
@ not a boundary condition, can be augmented with ABC

- 4J.-P. Berenger, “A perfectly matched layer for the absorption of electromagnetic waves,” Journal of L Ng
Computational Physics, 1994.



07— [%(-’B) 0 ] 7

vr ()
N =~y (z)yr(x)
Ve e Q", n=2

Opmi - thickness of Qpmi

e’ = Ne
uP =My

Yr(x) =1 +io.(z)
{sr(sin ﬁjﬂ‘ﬂl)o‘, if |£ — xo| —ra >0

2oomi
0, if £ —xo] —rqa <0

rq - distance from center @ to Qpm

Ve e Q" n=2,3 T-
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¥ () 0 0
M=| 0 (@ 0
0 0 1

Yr (@)
N = yr(x)yr (@) (),
Ve € Q", n=3

Opmi - thickness of Qpmi

Yr(x) =1 +io.(z)
{sr(sin ﬁjﬂ‘ﬂl)o‘, if |£ — xo| —ra >0

2oomi
0, if £ —xo] —rqa <0
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Numerical experiments
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finite element package FreeFem++4
mesh generation gmsh3

solution strategy

- iterative

iterative solver packages | PETSc®, hpddm?

domain truncation ABC, PML
Einc [0,0,"07]

4F. Hecht, “New development in freefem++,” J. Numer. Math., vol. 20, no. 3-4, 2012.
5C. Geuzaine and J.-F. Remacle, “Gmsh: A 3-d finite element mesh generator with built-in pre- and
post-processing facilities,” /nternational Journal for Numerical Methods in Engineering, 2009.
6S. Balay, W. D. Gropp, L. C. Mclnnes, et al., “Efficient management of parallelism in object oriented
numerical software libraries,” in Modern Software Tools in Scientific Computing. Birkhauser Press, 1997.
g 7P. Jolivet, F. Hecht, F. Nataf, et al., “Scalable domain decomposition preconditioners for heterogeneous T_
ﬁgi “«cor, lliptic problems,” in Proceedings of the International Conference on High Performance Computing, -
~ Networking, Storage and Analysis, ACM, 2013.
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parameters
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o & o= &
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scattering efficiency, =
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ﬁ%oai 8M. D. Lima, S. Fang, X. Leprd, et al., “Biscrolling nanotube sheets and functional guests into yarns,”
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parameters

n silica
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» number of processes?: 400

n
A
d

tetrahedra

challenges

@ accuracy comes at a cost
@ ill-conditioned, not robust

@ needs preconditioning

1.34548 + 0.00407i

Figure: R(Esc) € H(curl,Q)atz =0

mie
2.095089
2.042769
0.052320
0.791642

~ 9CCIPL - Le centre de calcul intensif des Pays de la Loire
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» number of processes?: 400

n 1.34548 + 0.00407i
A 5um z
diameter of pore 5um :
porosity, ¢ 60 — 90 % )
tetrahedra ~ 20 million g

application in nanofabrication'©

1.3e400

I

Figure: R(Esc) € H(cur,Q)atz =0,z =0,y = 0for ¢ =60 %

ﬁ% 9CCIPL - Le centre de calcul intensif des Pays de la Loire T: §
*er__ 10| Brigo, J. E. M. Schmidt, A. Gandin, et al., “3d nanofabrication of sioc ceramic structures,” Advanced L— NE
Science,
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» number of processes®: 400

n 1.34548 4 0.004071
A 5um
diameter of pore 5um
porosity, ¢ 60 — 90 %
tetrahedra = 20 million

¢ =60% ¢=90%

Figure: R(Esc) € H(curl,Q)atz =0,z =0,y = 0for ¢ = 60 %

[szo

0.6

~ 9CCIPL - Le centre de calcul intensif des Pays de la Loire



» number of processes?: 400

n 1.34548 4 0.00407i
A 5um
diameter of pore 5um
porosity, ¢ 60 — 90 %
tetrahedra ~2 20 million
¢ =60% ¢ =90%
sca —e— exn —e— gerens
250 - 05 . . . . 0.625 . . . .
062 | . i
2005 f _oeis f f
£ 06| 1
£ 15e-05 | 1 g 0.605 | 1
g T i —
S ote-0f — 0595 [ ,
oo ]
L \ B
Se—06 - — 0.585 | | 7
058 |- e < ]
0 . . . 0575 . . . .
50 60 70 80 90 100 50 60 70 80 90 100
porosity ¢, % porosity ¢, %
ﬁ%’ Cscy Cexn VS @ gvs ¢
“Accon.

9CCIPL - Le centre de calcul intensif des Pays de la Loire



Conclusion
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summary

@ finite element tool developed, validated in 2D and 3D

@ iterative solving based on domain-decomposition

@ influence of morphology on infinite cylinders studied briefly
@ single kelvin cell has been studied for ¢: 60 — 90 %

challenges

@ expensive 3D computations
@ ill-conditioning, dense linear system: edge elements

o efficient mesh truncation

preconditioning

@ optimized Schwarz methods with a coarse space!©
@ strive for a robust solving strategy

ﬁ%i “c, 1OM. Bonazzoli, V. Dolean, |. Graham, et al., “A two-level domain-decomposition preconditioner for the
time-harmonic maxwell’s equations,” Hal archives, 2018.
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summary

o finite element tool developed, validated in 2D and 3D

@ iterative solving based on domain-decomposition

@ influence of morphology on infinite cylinders studied briefly
@ single kelvin cell has been studied for ¢: 60 — 90 %

challenges

@ expensive 3D computations
@ ill-conditioning, dense linear system: edge elements
@ efficient mesh truncation

towards better understanding of radiative behaviour

@ explore closely independent-dependent scattering regimes
@ identify the limit of geometric optics approximation: material design

UMR 6607
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(a) SEM image (um) (b) X-ray tomography image (mm)

Figure: closely packed fibers of carbon felt

prospective heterogeneous medium

@ in (b) - number of voxels: 400 x 400 x 400, voxel edge length: 1.65 um
@ insulation of high temperature furnace!©

ﬂ%’ @ linear system resulting from (b) will be difficult to handle

- 10¢o-thesis: Atin Kumar



(a) SEM image (um) (b) X-ray tomography image (mm)

Figure: closely packed fibers of carbon felt

more accurate input to the radiative transfer equation

@ strive for efficient treatment of individual fibers, as in (a)
ﬁ% @ homogenize the heterogeneous medium L:N

Accop,
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