“ks
@V ,,,,,,,,,
Interest of the multi-scale
characterization of a heterogeneous
material for the prediction of its

thermal radiative behaviour

B. Rousseau?*,

H. Gomart, D. De Sousa Meneses, P. Echegut  Cemht!
J.-F. Thovert LGB

g:emht? (ex CRMHT) Conditions Extrémes et Matériaux : Haute Température et Irradiation
1D, avenue de la Recherche Scientifique, 45071, Orléans, Cedex 02

SFT- Poitiers- February 6t" 2009



http://www.cnrs.fr/�
mailto:benoit.rousseau@cnrs-orleans.fr�
mailto:benoit.rousseau@cnrs-orleans.fr�
mailto:benoit.rousseau@cnrs-orleans.fr�

ks

Cemhti RADIATIVE HEAT TRANSFER IN COMPLEX INDUSTRIAL DEVICES _¢,.

,‘t‘;‘

500 K 1000 K 1500 K 2000 K 2500 K

M 88 SNECMA

S. Gauthier, Ph. D, CETHIL, 2008

E. Chalopin, Ph. D, EM2C, 2008
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FE°"  POROUS MEDIUM : RELEVANT LENGTH SCALE? . )
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Thermal Radiative
Properties

n__B

Microstructure + Chemistry
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Cemhtf DIRECT RADIATIVE PROPERTIES

polytechnique

R.(c,6,T)

=
o

0.8

Normalized Spectral Irradiance

0.0

1000 10000
Wave number (cm'™)

SFT- Poitiers- February 6t" 2009

Kirchhoff ‘s law:

Energy balance
® Al0,0,T)=1-R(6,0,T)-T(0,6,T)

Local Thermodynamic Equilibrium

® E(6,0,T)=A(c,0,T)

L(c,60,T)
L°(o,T)

E(c,0,T)=

3
Co
CzO'

e’ -1

o L0, T)= Planck’s law
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Cemhj EXPERIMENTAL SET UP

polytechnique

Bruker IFS 113 INTERFEROMETERS
+

Bruker IFS 88

*REFLECTANCE
*TRANSMITTANCE

e 4-1200 K

H ¢ 10 - 40 000 cm-?
Ve (1 000 - 0.25 um)
. o4
IR SOURCES Y
> V| @D
DETECTORS
1 - *EMITTANCE
CO, LASER (500 W) o ek

| | N\ ¢ 10 - 14 500 cm'!

BLACK BODY (1000 - 0.7 pm)

¢ 300 K
® 400 a 5500 cm-
(254 1.8 um)

SFT- Poitiers- February 6t" 2009
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gfemitt MODEL POROUS MEDIUM : SILICA GLASS WITH BUBBLES

Wavelength (um
2015 10 5 4 gth (4 ?,,
10 T 1 | 1 —— —Shingg 1 1
\ ' N
@ v
O Y
S 08t "\
E v\
) \V,* '
L0 06} , SiO, V3 |
— \“‘
© \ ,
- \oy L
8 0.4} T=1300 K o\ I ;
(@X Thickness = 1 mm \‘\-'\ ., |
0 \ S
= 02f / S, Lo
VNN ' ! *
é P= 0% DESFEER
@) NN o2
Z 0 =

'500 1000 1500 2000 2500 3000 3500 4000 4500
Wave number (cm™)
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IR heaters
» Ceramic tile
« Praseodymium nickelate (Pr,NiO,,s)

* roughness
 nearly black body behavior

SFT- Poitiers- February 6t" 2009

3 Cemhti BLACK BODY COATING -
10 ngvelength ()
1.0
IR heater >

=

8 0.8

&

2 o6

©

5

20 pm & 04 |
T . |——Ceramictile
Rousseau et al., Appl. Phys. Lett., 79 (2001), 3633. % 02k Rough Coating Pr%N| -

> ——single crystal Pr,NiO,, T=1000 K

0.0k

1000 2000 3000 4000 5000
Wave number (cm*)
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OBJECTIVE

Infared emission spectroscopy

o

Thermal Radiative e 300 - 2500 K
Properties e 10-40000cmt

(1 000 - 0.25 um)

Texture | + Chemistry

SFT- Poitiers- February 6t" 2009
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A SEMI TRANSPARENT COMPOUND

SILICA GLASS WITH BUBBLES
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‘. polytechnique
Chemical Analysis

-fused silica based on grain quartz grains of
high purity (99.99 %)
-amount of metallic impurities ~ 100 ppm

Textural Analysis

Magn Det WD 1 2pm
8000x GSE 9.7 0.3 Torr Fused Silica with bubbles

AccV  SpotMagn Det WD F—— 20um
ﬁ, 20.0kV 47 809x GSE 96 0.3 Torr Fused Silica with bubbles

n@

N )
O / ~ ( ‘. s A P
. s P e
! AccV Spot Magn Det WD ———— 500um
300kv 50 b2x GSE 96 06 Torr Verre de silice & bulles
- — { Vs

(@] g CLIS .\

J - "(;_‘

SFT- Poitiers- February 6t" 2009
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IMAGE ANALYSING OF 3D DATA (P = 12.9 %) >z

polytechnique

ESEM - ESPEO

M. Di Michiel, Rev. Sci. Instrum. 76, 0432702 (2005)

CCD camera Image analyzing

Optical

e i SYStem 14000
- Specimen Seintilla ‘ ‘ T
X ray source \ h
Aot Fafi shL::ter g — I hl’eS Old _

B Beam *—7“ ‘ :
150 slides

Si02_plane_01.jpg

8000 |- 3 |

6000 - 1

4000 - 1

2000 - -

Sio2_plane_075.jpg

az0

Si02(1501

Si02_plane_150.jpg

1
100 200 300 400 500 600

SFT- Poitiers- February 6th 2009 Coll. J.-F. Thovert LCD Poitiers
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“MATERIAL PARAMETERS” - RAY TRACING?

polytechnique

1.0¢
0.9}
? 0.8}
3 06[
& 05}
D 04l
N L
= 0.3}
€ 0.2}
S 01
0.0
Mean n
0.08 ;

umber of gaps equal to g per bubble

25 <A <2pum (400 < o < 5000 cm?)
y = 27(r) .1 “*Geometrical optics
+No diffraction '
20 40 60 80
Radii (um) T\ —@==
-5
i

0.06¢

0.04 ¢

0.02¢

-20

i) 1
T 1z 3 ¢35 6 1 & n

Siegel & Howell, 1992

+*No interferences

s Multiple scattering

1

Multiple reflection

-10

SFT- Poitiers- February 6t" 2009

B. Rousseau et al., Applied Optics (2007)
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Cemhj NUMERICAL EXPERIMENT

llllll

chnique

E(0,6,T)=1-R(0,6,T)-T(0,6,T)

o+ Forward

Backward m

Large number of rays : 10°-10°
®Simulation in a realistic reconstructed volume \
@Large spectral domain [1-25 pm] \
@®Large set of statistic data

»path length in the solid phase (transparent, semitransparent, opaque)

»path length in the void phase

»number of intercepted interfaces

»position and incident angle of a photon (at the beginning of its travel)

»position and exhaust angle of a photon (at the end of its travel)

SFT- Poitiers- February 6t" 2009
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EQ@DE ABSORPTION/SCATTERING PROCESS

s*Refraction index gradient : scattering

" \‘ ‘ MCRT procedure (0< & <1)

: E<p : reflexion
v\: &>p : refraction
_ Fresnel’s law

Nsio,
cosi n1 o, T
cos r o, T n2
cosi (o T)
cosr 0' T n2

Snell-Descartes ‘s law

2 2

cosr a T nl o, T
. cosi (0‘
cost(o,T)/  My(oT)
cosi ™t A, (

Nsio, SiNi =sinT
**Chemin optique : absorption

A . ‘ MCRT procedure Z |, <0.01
Nsio, :

\

Beer-Lambert ‘s law
| 5. s )
Alr | = |Oe—|| Ki Key role:

ISi02

Optical function (n, k , K)

SFT- Poitiers- February 6t" 2009


http://www.cnrs.fr/�

nnnnnnnnnnnnnnnnn

OPTICAL FUNCTIONS OF SIo, 2

~ ~ 3.5 B
n=va 30| T=300K
n(O',T)Zn(G,T)-l-ik(O',T) x . - --T=856K
K(o,T)=4rok(c,T) 250§ T=1305K
QZ) 20 A -----T=1818K
s/ .
N
8((0,T)z€w+ZCVj(a);a)oj,7/Gj,ij) 1.0
j De Sousa Meneses et al., INCS, 351, (2005) 05 [
(1 plo,Ta—e e ) 0.0t
E(o,T)= 1- plw -I-)e—K(a),T)d <
’ £10000 K = 45 cm*
= =2130cm®*
Wavelength (um) £ 10003 ° M 1=300K
. : S 100 ----T=856K
@ : = L T=1305K
% SO, § 10 —---T=1818K
£ 162 pm 2 .
g _ toaok | -%_ 5=2130 cm*
I --- T=85%K g 01
g ——-- T=1305K § N
-1 T TEI8I8K 771000 2000 3000 4000 5000
-1
g ] Wave number (cm™)
3
L & s
4000 5000 o‘?}\ & K
N ) <)
Wave number (cm™) ,&&4 §§° \Q_é"
SFT- Poitiers- February 6% 2009 Vv S &
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Fo CHEMISTRY+MICROSTUCTURE ? -

10mm  (x 10)

10
0.8
0.6
£ —
— o 0.4
v 0.2
«
0.0 e SN
1000 2000 3000 4000 5000
Wave number (cm™)
Wave length (um)
20 10
108 photons 10 > . 2
F-'E 10000 8 E— Experiment
S 1000 S os = MCRT
£ 100 s 7 Thickness =1 mm
S 10 5 T=1300K
H‘é’ 1 < 06
¢ ol 5
O 00 9]
c 1E3 —— SiO, without OH n 04
S 1E4 2 B
2 1E6 S o2
g 1E_7 . 1 . 1 . 1 . 1 .
1000 2000 3000 4000 5000 00 .

Wave number (cm™) 1000 2000 3000 4000 5000
SFT- Poitiers- February 6th 2009 B. Rousseau et al. COLSUA, 300, pp. 162-168 (2007) Wave number (cm'™)
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Peggﬁ DESIGN OF POROUS GLASSES & -

ESEM - ESPEO

10° - ,
E Tomography
IR (%) v V=156 10" mm®
139 ~ J ; e V. =187 10% mm®
v 107': * V,=21810" mm?| |
107 V i m V=243 10" mm®
A Vv =28010" mm®
75- (2 I ]
43 . @ .
11- 102k |
144 F
-4
1 .
%o 1 2 3 4 5 6

p=10%

SFT- Poitiers- February 6t" 2009
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polytechnique

ESEM - ESPEO

Wave number (cm'*)

SFT- Poitiers-

February 6t 2009

Reflectance

Transmittance

Cemht; NUMERICAL RESULTS
T =1 300K,
1.0
B *|* —_ * * —
8: L**h=10*10*1 mm, S = Stomography
B R 2
e ST
8 06 s 15%
8 o5l v 20%
D oaf . ¢ 5%
& 0.3- \f g eeERe———1
02p /.f“"”"
0.1 -\g > seed! w"j)
1000 2000 3000 4000 5000
Wave number (cm™*)
1.0
09f
ogf  —=—5%
o)) —e—10%
% O.7¢ —4—15% o ———
£ 06 —v—20% %mxi“
£ 05} 25% //
é 0.4 /
03[ /f
02 /‘
01l Yy
0 PRI WA PPN . M 1 1 1
1000 2000 3000 4000 5000

- —=- 0581 p=10%
0.40
0.35
0.30
0.25
0.20 :
0.15}
0.0}
005} ¥
0.00L L Sep® ) I L )
1000 2000 3000 4000 5000
Wave number (cm™)
10
08 I~ = Ll 1
[ /:’oo:' ::::: e — :
0.6 - ./AAAAAAAvaVVV Al
/. ;/v,vvvvv
04} ‘
| Pt
./
0.2F /4
| 4
00 L J_}/z/ . 1 1 1
1000 2000 3000 4000 5000

Wave number (cmt)
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Cemhtf INFLUENCE OF THE VOLUMETRIC £
ClLIDCACE sl
SUMNIMACLC
3000 T Ll 1 1 7'5 \—IT\ T 1 1 1
] E 250 4
u - .\././l\./.\.\. . 47.0 \L_)/ i |
T \—> . 6.5 £ o0l .
2800 - \ 1> Q O Q00000000000 0 O H —
. " ' O - O oo gpo O O O g r
— RN 46.0 uq=) 15L ©) —~
E —— e L 2 13
= " u 155 3 O o Méthode semi-inverse (Baillis - CETHIL){ =
T 2600} E 2 10, o Simulation MCLR 1~
415.0 = i
14.5 8 i )
I\ . U) K
2400 = L L : L : 4.0 oL . L
2.0 25 3.0 35 4.0 2.0 2.5 3.0 35 4.0
Wavelength (um) Wavelength (um)
— 35_ 50,
5 0 "c 45}
= S 40
[ . .
D 25 e 35[ o  Simulation MCLR
2 I K<) I
g g o
o L -
2 15 S 20'_“@""@""@""@""_@-
Tt o Simulation MCRT 2 15}
® 10 =S/4 o -
S L 10}
U) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 8 5 .-_
20 40 60 80 100 120 140 160 180 w ol 1 1

Volumic surface (cm™)
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Porosité

20

25
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UHIVERSITE 0 OFLEANS

vl polytechnique

ESEM - ESPEO

AN OPAQUE MEDIUM

ROUGH COATING OF Pr,NiO,,s

SFT- Poitiers- February 6t" 2009
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OPTICAL FUNCTIONS OF Pr,NiO,,s

polytechnique

Normal spectral reflectivivty

/ 2

_ 2
p(G,T)Z Ireflected (G7T): T(G;T)_l‘ \[‘9(0—11—}_1‘
e T) A7)+ |V, T)+]
E(G,T):H EOj,T_O-Z‘I'i}/LOj,TO- B Q%I,T_O-Z-I'i?/pl,TG
ba j Q%om ~0” +i7T0j,TU O'(U—i?o,r)

B. Rousseau et al. PRB 2005

Complexe refractive index

SFT- Poitiers- February 6t" 2009

1.0

T

T=1000 K

0.8
0.6 |\
0.4

0.2

0 1000 2000 3000 4000 _ 5000
Wave number (cm™)

—n(c,T)
—k(c,T) 1

d>2pum
Opaque material

1000 2000 3000 '14000 5000
Wave number (cm™)

1

1
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‘;ﬁ_ HOW CAN WE EXTRACT THE GEOMETRIC SURFACE? ...

ESEM - ESPEO

X-RAY p-TOMOGRAPHY Resolution ~0.7 um

Rough coating
Pr,NiO,

Alumino-silicate tile

’ : x '.qé- P '-"«-‘..'i' g
AccyY Spot Det WD F————— 100 m
200kV 50 BSE 10.0 0.2 Torr

I ~ e

-

HEIGHT CARD ON
A REGULAR GRID
[280x250]

SFT- Poitiers- February 6t" 2009
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ﬂpeggt? STRATEGY OF SIMULATION?

Statistical parameters

(Zoy)zicruyy O =) ﬂt\ hop s
e ey Y

Light Matter Interaction
Tang et Buckius, IJHMT, 1997

Rz(u) =

v —er————————r———————y; 300K
[ Eledrou:f;if:li.c Theory (Drms =5.5 p.m
T=28.4 um
_ 500 K
- . ] i SRS
\E : Opms = 9.7 UM
3 I ESR= 02 5050 Apﬁﬁgﬂfogﬁgon T= 87 U—m
01 900 K
: o Oyms =9- 6 pM
T=8.3 um
Specular Approximation
Region
0.01
0.01 0.1 1 10

cosf.w. /A Geometrical optics

SFT- Poitiers- February 6t" 2009
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MODELLING : ROUGH SURFACE

polytechnique

To reproduce an experiment where

N —~

7 N E=1-R

Large number (10°) of rays issued from
an infrared parallel beam are thrown onto
the numeric surface

3D image of the
coating s' ¥~

T =900 k L0

0.9
0.8
0.7
0.6
0.5
0.4}
0.3} —o— Ray Tracing + Tomography
02l Single crystal
021 - —— Rough Coating Pr,NiO,
OO -' 1 L | L 1 . 1 L |
1000 2000 3000 4000 5000
Wavenumber (cm™*)

LOCAL SC,

Reflected Intel
=» Fresnel ‘s

p(O', T,6

Normal spectral emissivity

SFT- Poitiers- February 6t" 2009
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3 Cemhij RAY TRACING VALIDITY : LITERATURE COMPARISON g

—

2D-surface with V-groove cavities:

An analytic model
(Sacadura, IJHMT, 1972 & Maruyama et al., SEMSC, 2004)

3D-random rough surface (gaussian):

Literature-ray tracing data
(Bergstrom et al., JAP, 2008)

~x,—»  30°<6<45

1,0
0,20 T T T T T
.é‘ —— Analytic [ Ray tracing
> —— Analytic [ Ray tracing ] 2 0,8
O —Analytic [ Ray tracing 2
(D) Os15_ . 7] %
= Maruyamaet al. This work E
9 @ 06
© &
43 0,10 . g
b} Q 04
O n
i IS
© 0,05 . =
% % 0.2 — Bergstrom et al.
p s O Thiswork
%0010 20 30 40 50 60 70 80 90 L e
’ 0,0 0,2 04 0,6 0,8 1,0 1,2 1.4 1,6 18 2,(
Angle 8(degrees) GIYR
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ECGQQ.W EFFECT OF THE INTERNAL MICROSTRUCTURE

polytechnique

AccV  Spot Magn  Det WD F———— 10pm
200kY 40 2000x BSE 100 ]

SFT- Poitiers- February 6t" 2009

pore : 50 -200 nm Apore<< Ainfrared (2-20 pm)

\— _/

Epoly(O'T) Zeii (0.T) + pore(aT) Zui (0T) _
(1_ p)geﬁ (O-’T)+ ypoly( poly(a T) Eeff (O-T)) pgeff (O-T)+ ypore( pore(O-T) Eeff (O-T)) °

Effective Medium Approximation

D.E. Apnes, optical properties of thin films, Thin Solid Films 89 (1982) 249

30000 prrr
—_n= =
—o=ee | G
——p=060 ] 520000
—p=0.70 | O
P 1 % 15000
8
5 10000}
©
£ 5000

L 0
1000 2000 3000
100({Na\2/(e)(r)1?1m g‘gro(%m_f;ooo 5000 Wave number (cm™)

p =70% d> 11 pm (opaque)

4000 500C
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CGQ,DET HYBRID MODEL : RAY TRACING+EMA

1.00

b — ——O—O—O——-O—O—O—O—O—O———O—O—O

o R

c 085k

9 osof

€ o075l

o Y

L o70F

9 o65f —0— R_ay Tracing + Tomography

[e 0.601 Single crystal

E % Rough Coating Pr_NiO

% 0.55 | 2 N ars
0.50 LL

1000 2000 3000 4000 5000
Wavenumber (cm™)

ESTIMATION OF THE POROSITY OF A
COLLECTION OF GRAINS?

These Hector Gomart, Université d’'Orléans, 2008

SFT- Poitiers- February 6t" 2009

nique


http://www.cnrs.fr/�

polytechnique

ks
ﬂ@emz_b,!‘f STRATEGY OF PREDICTION
MATERIAL

ELABORATION

Heterogeneous material
micro & nano porous

Glass-Ceramic-Foam

v

Numerical experiment

Bi-directional Reflectance and Transmittance
Experimental characterization

Infrared emittance spectroscopy
300-3000 K, 0.8-1000 pm

3D image of the porous material
Photon transport at the local scale

Thermal Radiative Properties
> Direct: E,R, T <
Equivalent: 5, ®, P(ﬂ’ U’) ‘

MULTIPHYSIC COMPUTING CODE

SFT- Poitiers- February 6t" 2009 E N ERGY
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A MORE COMPLEX SAMPLE :MULLITE FOAM
WORK PERFORMED WITH EM2C & CETHIL Q-

600 um 40 um 1 ? pore size classes
r\ Hg porosimetry

o
W
T

o
-
I

Mullite f
(porosity
for catalytic c«

Differential Intrusion (ml/g)
[e)
N

\
T TN TN T | NN AP o N P [ N N R -
0 I I T

1000 100 10 1 ‘ 0,1 0,01
‘ Diameter (um)

L

SFT- Poitiers- February 6t" 2009
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SOFC CATHODE

R = -
ANy

>

SFT- Poitiers- February 6t" 2009

e A

LaisNi

Normal Spectral Emissivity

2h —1000°C

T=

——3 La, NiO,, layers
—2 La, NiO, ; layers
—1 La, NiO, . layer

900 K

1000

2000 3000 4000
Wave number (cm™)

5000
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HEAT TRANSFER IN SOFC? h

Thermo-mechanical failures in the
ceramics used in the design of SOFC

I

Local temperature gradient at the interface of each
component

— I

Prediction of the temperature field in the cell
(ceramics+interconnects)

Interconnect
Cathode Current Collector |-~
Electrolyte
Current Collector Anode 1059 Fuel Channel Afode
Anode  Electrolyte i i 2 flll;: ‘m*)ﬁe
o & 2 (5um
Cathode =it
- Cathode
L/C“rrem Collector (75 pm)
Air channel
Fuel channel Interconnect Current Collector = I.-_"i. .
LN g
Murthy et al., J. Power Sources 2006 K.J. Daum et al. , J. Power Sources (2006) Damm et al., Transaction of the ASME, 2005
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