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Background : New needs for full fields methods…

Particule Image Velocimetry(PIV)

Underground Landmines Detection
from Thermal Imaging

Spectacular Recent Progress

in field measurements…

…Velocity, concentration, déformations, stress, temperature, density…

Vibrations Brake disks
Dr. Ettemeyer GmbH & Co, Germany
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Background…

…From microscopic scale…

Mars Global Surveyor Thermal Emission Spectrometer
Thermal inertia mapping of Mars ground

…to astrophysic scale !

Temperature mapping of a micro heater
From photoreflectance imaging

50 µµµµm
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That is the « Full field methods » revolution...

1. One sensor scanning

2. From a very high number of spatially distributed sensors

Atomic force Microscopy, SThM, photoreflectance imaging, old fashion IR…

Focal Plane Array camera, PIV, Tomography X…

Images are recorded from either :

Challenge : how to process this intensive flux of data ?

Ex. : IR Camera  256 x 256 pixels 140 Hz 8 bits 8.75 MB/s

...Background…
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Heat transfer parameters estimation

Direct model

Measurements

Calibration

Experiment
Method

Estimation

Heating perturbation
Nature & Location of Measurements
Sample geometry

Indirect measurement

…or proportional

Temperature

Heat flux
local

Thermophysical properties

Interface parameters

Characteristic frequency…

thermal conductivity….

Thermal contact resistance…

Indirect magnitudes
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Our specific problem.....

Thermal Surface Measurements

Thermal Excitation

Thin medium

Thick medium

Behind a wall
Velocity
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1. Introduction to infrared thermography

2. The Thermal Quadrupole Formalism

3. Field Estimation for Local Mapping

4. Macroscopic characterization from averaging

5. Conclusion

Macroscopic and local thermal characterization 

from infrared images processing :

Analytical modeling and field estimation
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Thermal Radiation

Infrared thermography : usually 1 – 15 µµµµm

10-5
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0,1
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107

0,01 0,1 1 10

Luminance corps noir

Luminance spectrale (soleil)
Luminance spectrale (lampe)
Luminance spectrale (température fusion -aluminium)
Luminance spectrale (ambiant)
Luminance spectrale (azote liquide)

longueur d'onde en micromètre

T=5530°C

T=2530K

T=930 K

T=25°C

T= -196 °C

1. Introduction to infrared thermography

Energy

Sensitivity 
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Calibration : Black body

After calibration, the optical properties 

are necessary in order to measure 

the surface temperature of the sample :

Emissivity

)(

)(

T
noirsCorp

E

T
objet

E
=ε

Signal
camera

Black Body
Temperature °C

50 100 150

V50

V100

V150
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Infrared measurement : typical situation

0

10
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30

40

50

60

1 10

Variation CN-température

Energie corps noir -50°C
Energie corps noir -100°C
Energie corps noir -150°C

longueur d'onde en micromètre

8 µm 13 µm
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Sensor :  InSb, InGaAs, QWIP, microbolometric…

Focal plane Array: 640x512 pixels or 320x256 
pixels

Typical : 150 – 400 Hz !!! 

thermal sensibility : 20 mK InSb, < 35 mK QWIP

Spectral Sens. : 1 - 5 µm or 3 - 5 µm (InSb), 8,2 -
9,2 µm (QWIP)

Integration time: about 10 µs 

Pitch : 30 µs 
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Methane - Air

Combustion

CO2 spectral emissivity
Flame instability

3-5 µm 

« Spectre » de transmission IR du verre

transparent

opaque

Glass bottle process

Bottle Cooling  / Surface Temperature

8 - 12 µm 
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Microwave heating

Art restoration

Vascular

Microcomponent
analysis

Skin & Fever
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Aircraft signatureMultispectral imagery

Electrical control

Security control
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1. Introduction to infrared thermography

2. The Thermal Quadrupole Formalism

3. Field Estimation for Local Mapping

4. Macroscopic characterization from averaging

5. Conclusion

Macroscopic and local thermal characterization 

from infrared images processing :

Analytical modeling and field estimation
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Many Thermal Engineering problems
do not require the

knowledge of temperature and heat flux
in the whole domain

Heat transfer parameters measurement

Looking for
analytical relationships between

temperature and heat flux
at some given locations

Motivation

2. The Thermal Quadrupole Formalism
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Pseudo-random heating

Convective coefficients mapping

0 10 20 30 40 50 60 70 80
0

5

10

ré
po

ns
e

0 10 20 30 40 50 60 70 80
0

2

4

time

flu
x

Thermal characterization
of cyclist casque

hFlux

C

hT)t(
dt
dT

C −= ϕ

Characteristic frequencies are estimated :
C
h
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Carslaw & Jaeger 1959

A. Degiovanni et al. LEMTA, Nancy, France1988

J.C. Batsale et al. 1994

Laplace space, quadrupole network

2000 Thermal Quadrupole BookD. Maillet et al.

D. Maillet, S. André, J.C. Batsale, A. Degiovanni, C. Moyne
Thermal quadrupoles : Solving the heat equation through integral transforms
Wiley, London, 2000

2D, 3D…Integral transforms

A. Degiovanni
Conduction dans un «mur » multicouche avec sources : extension de la notion de quadripôle,
Int.J.Heat.Mass.Transfer. Vol 3, 553 - 557, 1988

2. The Thermal Quadrupole Formalism



20

a
s

K =

0 t=0T(z)=
z

T
t
T

a
1

2

2
for with  

∂
∂

∂
∂ =

Laplace Transform

0
dz

d
2

2
=θθ

a
s

- 

Thermal Quadrupole Formalism

)Kzsinh(G)Kzcosh(G)s,z( 21 +=θ

dz
d

kS)s,z(
θφ −=

( ))Kzcosh(G)Kzsinh(GkSK)s,z( 21 +−=φ

Substitute the input/output boundary conditions :

…in order to eliminate the coefficients

2211 ;Tand;T ΦΦ

21 GandG



21

 
)Kecosh(D)Kesinh(kKSC

kKS
)Kesinh(

B)Kecosh(A
�
�

�

�

�
�

�

�

==

==

C D

A B

θe

Φe Φs

θs

Thermal Quadrupole Formalism

Intrinsic
linear relationship

between
input / output variables

�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�

(s)

(s)
 

DC

BA
=

(s)

(s)

s

s

e

e
Φ
θ

Φ
θ

�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�

(s)

(s)
 

DC

BA
=

(s)

(s)

s

s

e

e
ϕ
θ

ϕ
θ  

)Kecosh(D)Kesinh(kKC
kK

)Kesinh(
B)Kecosh(A

�
�

�

�

�
�

�

�

==

==

OR

thermal conductivity
thermal diffusivity

Thickness



22

Thermal Quadrupole Formalism
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Thermal Quadrupole Formalism
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Multilayer System
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Semi-infinite medium
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Interface conditions

Thermal contact resistance
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Internal heat sources and initial temperature imbalance
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Cylindrical coordinate system
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Multilayer example : super insulating materials characterization
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V

Extension for thermal charaterization of liquids in Couette flow

Transfer of technology :

« Capthermic » start-up

Thermal
conductivity

Viscosity

Compressible
material
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Implementation of the method

Quadripôle 1
Quadripôle 2

Quadripôle 3
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as a function

of the input heat flux 

Direct computation with N points

(Numerical methods => N2)
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1. Introduction to infrared thermography

2. The Thermal Quadrupole Formalism

3. Field Estimation for Local Mapping

4. Macroscopic characterization from averaging

5. Conclusion

Macroscopic and local thermal characterization 

from infrared images processing :

Analytical modeling and field estimation
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Hypothesis :
- zero mean and additive errors
- ββββ constant and unknown before the estimation and Xij known without
error
- constant variance (σσσσ known) and uncorrelated errors

Linear least squares
Maximum likelyhood Estimator

^ ^

^ ^

T = X ββββ

^β̂βββ = (Xt X)-1 Xt Y
cov(eββββ) = (Xt X)-1 σ 2

Estimator

Estimation error

tS ( X ) .( X )= − −Y � Y �
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Example : Non-Stationary Signal -Estimation of one parameter
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Estimation of several parameters

(  f and g assumed to be orthogonal )
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system

excitation

measurements

+
-

Predictive
model

q(t)

y(t)

e(t)

)t(ŷ

Linear estimation : minimization of the prediction error e(t)

OLS Estimation

The regression matrix is
filled with measurements
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)t(ŷ k

Sampled system

n successive measurements
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Linear estimation : minimization of the prediction error e(t)

The cost = biased estimador

( ) )(E)(E)ˆ(E n
t
n

1
n

t
n EHHH��

−
+=

Bias is zero if :

)(E n
t
nHH non singular e(t) is a white noise

or

The input q(t) is independant of e(t)
and H(t) does not depend of y(t)

&
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Thermal diffusivity mapping from spatial random heating
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Thermal diffusivity mapping from spatial random heating

0 10 20 30 40 50 60 70 80 90 100
0.5

1

1.5

2

2.5

3
x 10

-4

X 

ESTMATED DIFFUSIVITY FROM EXPR [6] 

Homogeneous plate with local heating

Correct estimation
in the

perturbated region

Important bias
in the

unperturbated region

Periodic heating Periodic bias in the
unperturbated points

( )
( )�

� −
=

=

=

+

n

0i

2t

n

0i

t�ttt

i

iii

ˆ

ˆˆ*.ˆ
ˆ

T�

TTT�
A



44

Initial
randomly distributed

temperature field

Sample

Thermal diffusivity mapping from spatial random heating
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Final
temperature field

Estimated
thermal diffusivity

field

Thermal diffusivity mapping from spatial random heating
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Thermal diffusivity mapping from spatial random heating

IR Camera

Photothermal heat pulse
semitransparent film 

Semiinfinite
cracked sample

Thick Sample
(semi-infinite)

x,y zT( x, y,z,t ) T ( x, y,t ).T ( z,t )=

x,yT ( x, y,t ) T( x, y,z 0,t ). t= =

Separability

New Observable variable

( ) ( )11 1
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Velocity and diffusion mapping for a moving solid

2 2 2

x y 2 2 2
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V V a
t x y x y z

� 
∂ ∂ ∂ ∂ ∂ ∂+ + = ⋅ + +� �� �∂ ∂ ∂ ∂ ∂ ∂� �
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2 2
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V V a

t x y x y
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∂ ∂ ∂ � �∂ ∂� �

Total Least Square Estimation
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� �

�
X -1 0

Y

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

2 2

i i i2 2

T
x y

T T T T T
x,y x, y,t x, y,t x, y,t x, y,t

x y tx y

x, y V x, y V x, y a x, y 1


 � �
� � �

� 
∂ ∂ ∂ ∂ ∂� � �= − +� �� � �� �� ∂ ∂ ∂∂ ∂� �	 � �
� � �� �
�
� � �=� � ��

� � ��

�
� � �



49

 

x(t) 

__ OLS 
__ TLS 
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Total Least Square Estimation

( ) ( ) ( ){ }2x, y , x, y x, y min=

( ) 2x, y 1=With the constraint

( ) ( ) ( ) ( ) ( )( ){ }2 2x, y , x, y x, y x, y 1 x, y minλ+ − =

Lagrange multipiers

( ) ( ) ( )Tx, y x, y x, y=
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Total Least Square Estimation

( )minV x, y ( )min x, yλ

( ) ( ) ( ) ( )x, y x, y x, y x, yλ=Minimum for

Eigenvector associated with the minimum eigenvalue

N N 1 p 0.. .. 0λ λ λ λ−≥ ≥ > ≈ ≈ ≈BUT

Threshold ?

Noise subspace dimension ?

- spanned by the eigenvectors of the “close to zero” eigenvalues -
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Velocity and diffusion mapping for a moving solid

Infrared sequence showing a moving and diffusing pattern

Diffusivity and velocity mapping from previous image sequence sampled at 25 Hz
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Processing of temperature fields in  microfluidic chips

 

Inlet of fluids 

Outlet 

PDMS resin  
Thickness: 1.10-2 m 
Diameter: 75.10-3 m 
 

Microchannels 

Glass plate  
Thickness: 500.10-6 m 
Diameter: 75.10-3 m 

Electrical resistor 
Thickness: 40.10-9 m 
Width: 2.10-3 m 
Length: 5.10-2 m 
 

Acid 

Base 

Infrared camera 

InSb sensor 
(1.5-5.2 µm) 

PDMS 

Glass Microchannel 

Objective 
Push syringe 

Electrical 
resistor 
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Without flow

With flow
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( )
( ) ( ) ( )��

�
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j,i
0
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TTTTPe

0T

∆φ∆δ

φ∆

Temperature difference between initial and perturbed field

( ) ( ) ( ) j,ij,ij,ij,ij,ij,ij,i PeTTTPeTT 000 δδ −−=− �

( )
( )j,i

0
j,ij,i

j,i T

TT
Pe

δ
∆ −

=

Artificial source term

Ficticious temperature field :
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Confidence 

zone

Peclet field Pei,j   estimation

( )
( )j,i

0
j,ij,i

j,i T

TT
Pe

δ
∆ −

= ( ) 2
j,i

2
j,i T40Pevar −= δσ
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Application to a chemical reaction characterization

Temperature field Tc, at Q = 1000 µlh Chemical source term at Q = 1000 µlh
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-Reactive Droplets

Acid injection (HCl) Base injection (NaOH)

Oil Injection

Quasi instantaneous mixing
1 droplet = 1 microreactor

Intensification of the experiments!
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-Granular or dispersed media

Lead grains of 1mm of diameter (reduction of the
ratio volume/contact surface)

Applications to thermomechanics
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1. Introduction to infrared thermography

2. The Thermal Quadrupole Formalism

3. Field Estimation for Local Mapping

4. Macroscopic characterization from averaging

5. Conclusion

Macroscopic and local thermal characterization 

from infrared images processing :

Analytical modeling and field estimation
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Macroscopic characterization from averaging

 

Inlet of chemical products 

Outlet 

PDMS resin (1 cm) 

Microchannel 

Glasses substrate (100 µm) 

Microchannel
Glass cover

PDMS Resin

Infrared
Imaging System

x

y Microchannel

Heating resistive film

e1

e2
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Macroscopic characterization from averaging
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Macroscopic characterization from averaging

>< 1θ

Ζ

G1e1 G2e2

>< 2θ1Λ

*φ

2Λ

( )2 2
i i i i i i

2 2
i i i

T T g y,t T v T1
k a t a yx y

∂ ∂ ∂ ∂
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+ + = +

2 *
2 2 2 2 2 2k e G eβ θ φ< >= +

*
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2 *
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Two Temperature Model :
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Macroscopic characterization from averaging
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Macroscopic characterization from averaging
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Macroscopic characterization from averaging
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Conclusion and perspectives

Biodiagnostic : Stress Thermal Signature Analysis

Microwire thermal conductivity

Time and space correlation analysis

SVD analysis

GITT
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A new ill-posed problem…

Chile = Pisco sour

Brasil = Caipirinhia

Francia = Kir royal !

Argentina = ???


