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Laboratoire de Thermique et Energie de Nantes 
DU : Cathy Castelain 

 
8 (+1) C CNRS, 17 EC UN,  4 EC ICAM, 5 IT CNRS- 4 BIATSS UN, 2 IE Cellule CAPACITES LTeN 

23 doctorants – 2 ATER/post-doctorants 
 

Transferts dans les fluides et systèmes 
énergétiques (L. Luo) 

 
• Transferts chaleur & masse dans les écoulements 
complexes 
• Transferts chaleur & masse dans les fluides complexes 
• Conception et optimisation des systèmes et procédés 
énergétiques 

Transferts thermiques dans les matériaux 
et aux interfaces (S. Le Corre) 

 
• Transferts aux interfaces et dans les micro-systèmes  
• Transferts thermiques dans la mise en forme des 
polymères et composites 

1er	octobre	
	2017	

Professeurs	invités	

Mai	2018	Fév.	2018	
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Caractérisa6on	de	la	dépendance	thermo-spectro-
direc,onnelle	des	propriétés	radia,ves	:		

spectroscopie	IR/Vis		
(réflexion,	transmission,	émission→	900	K)	

D.	Hakoume,	AO,	2014,	J.	Mollicone,	TSF,	2015	
V.	Le	Louet,	IJHMT,	2017		

Modélisa6on	mul,-échelle		
des	propriétés	radia,ves	:		

DFT,	DM	classique,	Lorentz-Drude,		
Monte	Carlo,	Imagerie	3D	

	nm	→	m	
B.	Rousseau,	AIP,	2016,	B.	Rousseau,	AS,	2016	

S.	Guévelou,	IJHMT,	2016,	S.	Guévelou,	JQSRT,	2017	

Résolu6on	numérique	3D	de	
l’Equa,on	du	Transfert	Radia,f	:				
es,ma,on	de	propriétés	(TO),	
op,misa,on	énergé,que	

D.	Le	Hardy,	JQSRT,	2016,	D.	Le	Hardy,	JCP,	2017	
D.	Le	Hardy,	JQSRT,	2017	

Contrôle	mul6-échelle	du	transport	de	l’énergie	
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How	to	determine	the	temperature	fields	in	a	part	or	a	component	exposed	to	
thermal	radia,on?	

	
	

Need	to	achieve	an	energy	balance	between	the	energy	provided	by	(the)	source	
(s)	hea,ng	(s)	and	the	illuminated	system	

	
	

Resolving	most	ojen	the	Radia,ve	Transfer	Equa,on	(RTE)	
in	(fluids	and	solids)	semi-transparent	media	

Low-calorific gas combustion 
Some	thermal	radia6ve	issues…	
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Commercial glasses Sapphire 

200 µm 
100 µm 

Turbine blade 

ZrO2 +  
8% (weight) Y2O3 

NiAlPt 

Cristalline superalloy based 
on Ni 

NiCoCrAlY 

Superalloy based on Ni 

Combustion chamber 

EB-PVD Projection plasma 

Low-calorific gas combustion 
Material	characteris6cs		
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Low-calorific gas combustion 
How	can	we	solve	a	thermal	issue	?		

( ) ( ) ( )( )sqsTk.s
t
Tc condp ʹ́−∇∇=
∂

∂ !ρ

Tseng	et	al.,	High	Temp.-High	Pres.,	
2013,	42,	pp.	387-403	

conduc,ve	flux	
radia,ve	flux	

( ) ( ) ( )∫ ∫∫
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44

1

SiC	foam	heated	
by	a	CO2	laser	
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Low-calorific gas combustion 
Boundary	condi6ons	for	RTE	solving		

𝐼↓𝜈 (𝑠↓𝑝 , Ω )= 𝑒↓𝜈 𝐼↓𝑏𝜈 (𝑇(𝑠↓𝑝 ))+∫Ω ↑′ . 𝑛 <0↑▒𝜌↓𝜈↑′′ (𝑠↓𝑝 , Ω ↑′ , Ω )
𝐼↓𝜈 (𝑠↓𝑝 , Ω ↑′ )|Ω ↑′ . 𝑛 |𝑑Ω↑′  		

𝑒↓𝜈 ≡ 𝑒↓𝜈 (Ω ,𝑇(𝑠↓𝑝 ))= 𝐼↓𝜈 (Ω ,𝑇(𝑠↓𝑝 ))∕𝐼↓𝑏𝜈 (𝑇(𝑠↓𝑝 )) 	

𝜌↓𝜈↑′′ (𝑠↓𝑝 , Ω ↑′ , Ω )= 𝐼↓𝜈↑𝑅 (𝑠↓𝑝 , Ω )∕𝐼↓𝜈 (𝑠↓𝑝 , Ω ) Ω ↑′ . 𝑛  𝑑Ω↑′ 	

𝜌↓𝜈↑𝐷 (𝑠↓𝑝 , Ω ↑′ )=∫2𝜋↑▒𝜌↓𝜈↑′′ (𝑠↓𝑝 , Ω ↑′ , Ω )Ω . 𝑛 𝑑Ω .		

𝜌↓𝜈↑𝐷 (𝑠↓𝑝 , Ω ↑′ )	

𝜌↓𝜈↑𝑆 (𝑠↓𝑝 , Ω )	
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𝑒↓𝜈 (Ω ,𝑇(𝑠↓𝑝 ))=1−𝜌↓𝜈↑𝐷 (Ω , 𝑇(𝑠↓𝑝 ))− 𝑡↓𝜈↑𝐷 (

Ω ,𝑇(𝑠↓𝑝 ))		

Low-calorific gas combustion 
Kirchhoff	law	and	thermal	balance	on	1D	slab	

Heterogeneous	material	

Homogeneous	material	 𝑒↓𝜈 (Ω ,𝑇(𝑠↓𝑝 ))=1−𝜌↓𝜈↑𝑆 (Ω , 𝑇(𝑠↓𝑝 ))− 𝑡↓𝜈↑𝑆 (

Ω ,𝑇(𝑠↓𝑝 ))		
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Homogeneous	1D	slab,	op6cally	polished	with	parallel	faces	
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Op,cally	thick	media	
	opacity	

Op,cally	thin	media	
	transparency	

Low-calorific gas combustion 
Kirchhoff	law	and	thermal	balance	on	1D	slab	
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Low-calorific gas combustion 

Homogeneous	1D	slab,	op6cally	polished	with	parallel	faces	
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De	Sousa	Meneses	et	al.,	JNCS,	351,	(2005)	

No IR absorption 
mechnisms Multiphonon 

Lattice vibration  

Low-calorific gas combustion 

Homogeneous	1D	slab,	op6cally	polished	with	parallel	faces	
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Low-calorific gas combustion 

Homogeneous	1D	slab,	op6cally	polished	with	parallel	faces	
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SiO2_plane_075.jpg 

SiO2_plane_150.jpg 

ESRF ID15 A 

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

SiO2_plane_01.jpg 

( )[ ]xµI
I ρ/exp

0
−=

( ) uZµ nphtrippairincohcohpe .σσσσσσρ +++++≈

A	model	case	:	silica	glass	with	closed	porosity	
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Geometrical	Op6cs	Approxima6on		
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v Geometrical optics  

v No diffraction 

v No interferences 

   

v Multiple scattering 

v Mul,ple	reflec,on	

Siegel & Howell, 1992 

25 < λ < 2 µm   (400 < σ < 5000 cm-1) 
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D
Nt ν

D
Nνρ

z
yx

Upper 
hemisphere 

Lower 
hemisphere 

Monte Carlo Ray Tracing code C++ 
 
    Computing time: 105 rayons→ ∼40 s/ wavelength ( standard deviation, 0.01)  
    Mean free path scattering/absorption  
    Scattering phase function  
    Scattering geometry	

	Radia6ve	proper6es	computa6on	:	MCRT		

𝑒↓𝑁𝜈 (Ω ,𝑇(𝑠↓𝑝 ))=1−𝜌↓𝑁𝜈↑𝐷 (Ω , 𝑇(𝑠↓𝑝 ))− 𝑡↓𝑁𝜈↑𝐷 (

Ω ,𝑇(𝑠↓𝑝 ))		
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MCRT process(0< ξ <1) 

 ξ<ρ : reflexion 
 ξ>ρ : refraction 

 

v Refraction index gradient: scattering 

Snell-Descartes law 

Fresnel law 

iKil
i eII −= 0

v Optical path : absorption 

Beer-Lambert law 

lSiO2 

lAir 

 
MCRT process 

  

01.0<∑
i

iI

2
~
SiOn

2
~
SiOn

Key roles:  

Optical function (n, k) 

	Absorp6on/scaXering	behavior	



SFT-ACCORT	mee,ng	–	Paris	–	Wednesday,	November	22,	2017	
18	

105 rays (× 10) 10 mm 
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Rousseau et al., AO,(2007) 
Rousseau et  al., JQSRT  (2006) 
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	Valida6on	:	emiXance	computa6on		
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	 	Agreement	between	Mie	ScaXering	Theory	and	MCRT?		
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Silicon	carbide	open-cell	foams	:	how	can	we	
connect	their	TRP	to	their	textural	features	?		

Position [∞2Theta] (Copper (Cu))
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Ø Chemical	composi6on→α-SiC	

Ø 2D	textural	feature	

* 
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Raman	(IMN	Nantes,		France,	J.-Y.	Mevellec)	XRD	(PROMES	Odeillo,	Eric	Bèche)	

Thermal	energy	
transport	

𝜎↓𝑟𝑚𝑠 	 𝜏	∼20	µm	∼3	µm	
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	Textural	characteriza6on		
(iMorph	so^ware	:	hXp://www.imorph.fr/)	

X-Ray	µ-tomography	

3D	reconstruc,on	.		
Spa,al	resolu,on		:	24µm/voxel	 Mean	connec,vity	of	9,7	

Pore	size	distribu,on	

Pore-pore	distance	distribu,on	

Porosity=	70%	

Volumetric	surface	=	2800	m2/m3	

2𝑟 (µ𝑚)	

𝑔 (µ𝑚)	
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Monte	Carlo	Ray-Tracing		
code	:	iMorphRad	(C++)	

Incident	beam	

Macroscopic	scale	:	∼10000	µm	

Local	scale	:	∼100	µm	

Rousseau	et	al.,	JCPS,	2012	
Guevelou	et	al.,	IJHMT	2016	

2
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−
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eff

eff
,n ~

~

ν

ν

ν
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ρ

genMat	:	a	predic6ve	tool	for	compu6ng	
emiXances	from	3D	images	

𝑡↓𝑁𝜈↑𝐷 	

𝜌↓𝑁𝜈↑𝐷 	

T	=	300	K	
(p	=	70	%,	dnom	=	1,29	mm)	

𝜖↓𝜈𝑁 	
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genMat	:	a	predic6ve	tool	for	compu6ng	
emiXances	from	3D	images	
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Integral	formula6on	for	MCRT?		
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iMorphRad	:	a	predic6ve	tool	for	compu6ng	
TRP	from	3D	images	

RDFI	method		
Tancrez	et	al.,	IJHMT,	2004,	47,	373–383	

Simula,on	
volume	

Sample		
volume	

Guévelou	et	al.,	JPM,	2015,	18,	1031-1045	

νκ a =	9.2	cm-1	 =	10.8	cm-1	
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How	can	we	go	one	step	
further	now	?		

TRP	up	to	T	=	1300	K	and	
not	only	at	T	=	300	K	!		

Infrared	emission	spectroscopy	
(SiC	single	crystals	up	to	1300	K)	

Numerical	foam	generator	:	emissivity→	
texture		(300	K)	≅	texture	(1300	K	)		



SFT-ACCORT	mee,ng	–	Paris	–	Wednesday,	November	22,	2017	 27	

Numerical	foam	generator	(genMat,	C++)	→	p,	dnom,…	

Specific	algorithm	

segmenta,on		 squeleusa,on			

fast-marching	algorithm		

grain	seed	

p	=	0.95	 p	=	0.90	 p	=	0.85	

p	=	0.70	

p	=	0.55	

p	=	0.40	p	=	0.45	p	=	0.50	

p	=	0.60	

p	=	0.75	p	=	0.80	

p	=	0.65	

38	PPI	

Guévelou	et	al.	,	JPM	2015	;	Guévelou	et	al.,	IHTC,	Kyoto	2015	
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Thorough	sta6s6cal	study	of	ray	paths	with	
iMorphRad	for	600	virtual	open	cell	foams	

96	virtual	open-
cell	foams	

( )T,e ω

( ) ( ) ( )p.TTe ,strut,foam 8011 −−= νν ρ
Vfoam	>REVemissivity	

Op6cally	thick	struts	
op6cally	smooth	struts	
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Guévelou	et	al.,	JQSRT,	2017,	189,	p.	329-338	
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Extrac6on	of	the	dielectric	func6on	with	an	improved	
Lorentz-Drude	model	for	an	heavily	doped	SiC	
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Mul6-length	scale	methods	for	compu6ng	the	
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Low-calorific gas combustion 
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pore : 50 -200 nm 

D.E. Apnes, optical properties of thin films, Thin Solid Films 89 (1982) 249 
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RDFI	METHOD	→	ex6nc6on	coefficient,	
albedo,	scaXering	phase	func6on		
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Radia6ve	conduc6vity	:	op6cally	thick	media	
Rosseland	approxima6on		
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Future	works…	

Ø To	design	foam	with	pore	size	gradient	:	effect	on	the	REV	?	→	3D	
prin,ng?			

Ø To	characterize	the	thermal	behavior	(conduc,on/radia,on)	of	SiC	open-cell	
foams	above	T	=	1300	K	in	rela,on	with	degrada,on	mechanisms	(corrosion,	
mechanical	failures,…)		

Ø To	play,	by	numerical	modelling,	on	the	surface	proper,es	of	the	struts	(roughness,	
selec,ve/protec,ve	coa,ngs)	at	high	temperature	

Ø To	compute	thermal	conduc,vi,es	with	FEM	(Freefem++)			

Ø Applica,ons	with	thermal	insulators,	heat	exchangers,	radiant	gas	
burners,…	
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Low-calorific gas combustion 
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GDR	ACCORT	:	French	research	network	from	CNRS	
Radia6ve	heat	transfer	in	semi-transparent	materials		

22	

High	temperature	spectral		
emissivity	measurements	2500	K		 

. 
 
 
 

 

hkp://www.gdr-accort.cnrs.fr/		
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ETR	2017	“Ecole	théma6que	transferts	
radia6fs	en	milieux	semi-transparents”		

Piriac-sur-Mer,	France,	May	13-19	2017	
hkp://www.etr2017.cnrs.fr/	
Responsible	:	Benoit	Rousseau	
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Low-calorific gas combustion 

Isotac6c	PolyPropylene	(iPP)*	:	a	mul6	scale	medium	for	
scaXering	and	absorbing	thermal	radia6ons	



SFT-ACCORT	mee,ng	–	Paris	–	Wednesday,	November	22,	2017	 48	

0 2000 4000 6000 8000 10000
0.0

0.2

0.4

0.6

0.8

1.0
90%

80%

95%

N
or

m
al

 s
pe

ct
ra

l e
m

is
si

vi
ty

Wave number (cm-1)

bulk

T	=	1235	K	

B.	Rousseau	et	al.	,	AIP	Advances	2016	6	065226	

+	17,5	%	

Macropore	
effect	

0 5000 10000 15000 20000
0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

 s
pe

ct
ra

l e
m

is
si

vi
ty

Wavenumber (cm-1)

+	305	%	

Macropore	
effect	

Is	there	an	addi6onal	phenomenon	than	that	
associated	with	texture?	



SFT-ACCORT	mee,ng	–	Paris	–	Wednesday,	November	22,	2017	 49	

nm	

µm	

mm	

cm	

α-SiC	foam	

εε ʹ́+ʹ=+ ikin

2

1
~
~~
n
nm =

it

it

ipara

rpara
para m

mr
Θ+Θ

Θ−Θ
=

Ε

Ε
=

cos~cos
cos~cos~

,

,

ti

ti

iperp

rperp
perp m

mr
Θ+Θ

Θ−Θ
=

Ε

Ε
=

cos~cos
cos~cos~

,

,

[ ]22

12
~~

2
1

paraperp rr +=→ρ

	
complex	refra6ve	

indexes	

µm	

mm	

Need	to	develop	a	mul6-length	scale		
approach	for	modelling	TRPs	
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BRDF/BTDF→	700	K	


