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y Team in our laboratory IRDL (21 permanent research professors — 2
ngineers — 15 phd students and 2 post doc)

/ The assemblies

in Lorient : Welding, additive manufacturing, sintering...
in Brest: Welding, Bonding...

3 axis: Modelisation, characterisation and instrumentation.

- Multiphysic model (knowledge model for the heat input) and reduced model (for the
calculation of mechanical effects: residual stresses and distortions)

- characterisation: definition of the parameters for the simulation

- instrumentation of the experimental characterisation and in situ experiments : thermocouples,
infrared cameraq, speed camera, multispectral pyrometer...

Philippe Le Masson / Thomas Pierre — IRDL — UBS.
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Context:

Estimation of the thermophysical characteristics at high temperature

Thermal measurements between 1000°C and 3000°C...

High specd video CO; Laser Pyrometer

numerical camer

/ Sample
\\ / P
\ Y,
@ | Nozzle

Levitation gas

FIGURE 1. Aerodynamic Levitation Set-Up with Aluminum Nozzle.

Philippe Le Masson / Thomas Pierre — IRDL — UBS.
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New approach for the bayesian method : the direct problem with
the sensor fransfer function

Direct
problem

QO
[ Assumptions ] Calibration: models )
of sensor
+ )
Experimental Model: Equations of state and Theoretical output sensor transfer
design LA observation = f (parameters) < function
—
4
Experiment Measured signal Inverse
data Algorithm \

Estimated

s e Parameters
Noi Definition of the
estimated parameters

e
O

Inverse
(experimental)
problem




Thermal Radiation

J.-F. Sacaduraq, Initiation aux fransferts thermiques, Ed.
Tec&Doc, Paris, 2000.

*/ F. P.Incroperaq, D. P. DeWitt, Fundamentals of heat and

mass transfer, Fifth Ed., Wiley, New-York, 2002.

R. Siegel, J.R. Howell, Thermal radiation heat transfer,

Editions Taylor and Francis, New York (1992).

« Y.S. Touloukian, Thermal radiative properties, Plenum, New

P

Fundamentals of
Heat and Mass Transfer

THERMAL RADIATION
HEAT TRANSFER

RADIATIVE N
HE..L"ﬂ' TRAMNSFER

York (1970).
N. Ozisik, Radiative transfer, Wiley and sons, New-York, 1973.
M.F. Modest, Radiative heat fransfer, Academic Press, Ney-

York, 2003. Thermal Measurements

RRERT STEEL - v WOWEL

IS THERMALS | « H.R.B. Orlande, O. Fudym, D. Maillet, R. M. Cotta, Thermal
TE'c“i}a’E?‘éEEs — measurements and inverse techniques, CRC Press, Taylor &
1 Francis Group, Boca Raton, 2011.
« D. Pagjani, La thermographie du batiment, Ed. Eyrolles, Paris, 2010.
e « G. Gaussorgues, La thermographie infrarouge, Tec&Doc, Paris,
BE e 2000.

... et les techniques de I'ingénieur.



1. Thermal Radiation




1. Thermal Radiation

Principle : heat flux measurement for the evaluation of the temperature.

* Propagation of the electromagnetic waves.

* no contact solid-solid between sensor and the surface.

* In first approximation, radiative heat transfer only.

* the intermediate medium may be transparent or participatory (semi-transparent).

V-E=0

V-H=0
Maxwell E and H electric and magnetic
equations: T yxH = ga_E+ oF. field vectors

ot ¢ electrical permittivity
H U . magnetic permeability
VXE =—pu— o :specific conductivity
e t

The propagation of radiation as electromagnetic waves is analyzed from the
study of plane waves.



1. Thermal Radiation

Propagation in a dielectric medium:

« isotropic medium, homogeneous.

« plane wave: the electric and magnetic fields are perpendicular to the
direction of propagation 0z. - 4

. constant parameters in the plane rO1. Electric field

[ 3/01=0 3/9r=0

— E_ =0 H.=0

G =0

/ s
2 2 2 2
S 1 0F et JFE _19E Magnetic field
97> ¢’ o dz> o
: 2
with ¢? :L :C—g C, : celerity in the vaccum. k, =2_L_ ONENA
HE n A G
n : refractive index
E, = a,exp{i[ (ot —komz)+7, |} ®: pulsation
solutions : A wavelenght
E, =a, exp{i[ (ar—k,mz)+7, |} k : wave number

y. phase shift



1. Thermal Radiation

Propagation in a conductive medium :
« same items than before.

0/dl=0 9/dr=0
EZ:O HZ_—_O

IE, gazE, . GaEl - J°E, - J’E, HmaEr
o “ar TH 37 or or
E =a expy|ilot—kmz) |+ 7,
solutions : o {[ ( " )] l}
E =a exp{[i(a)t—komz)]+ 7r}
with m=n—in' m : complex refractory index for a conductive medium.
et c=0=__20
|m| n?in?

n and n’ are not constants for a same material, they depend on the
wavelenght, on the temperature.



1. Thermal Radiation

Energy transmitted by electromagnetic waves :
» if no energy, no detection possible!
given by the vector of Poynting S.

S=ExH

E S=ExH
[ = =
z

B

Fig. 1-3. The electric and magnetic field vectors and the direction of the corresponding
Poynting vector.

N. Ozisik, Radiative transfer and interactions with conduction and convection, Wiley, New-York, 1973.



1. Thermal Radiation
For a plane wave, E, and H, being zero, the Poynting vector becomes :
S = lz [ElHr i ErHl]
Unit vector in Oz direction.

Since the magnetic fields H; and H, are proportional to the electric fields E,
and E, respectively, it happens that:

In the dielectric medium In the conductive medium
S=k——[E+E’] S=k——[E+E’]
Coll Coll

The instantaneous value of the energy associated with a radiation traveling
through a dielectric medium is :

S|= ﬁL[EZEl* + ErEr] * : conjuguated complex
Coll



1. Thermal Radiation

Radiation consists of a rapid succession of a multitude of waves of
amplitudes and phases subject to continuous variations (several millions of
times per second).

Consequently, during a sufficient measurement period, it is finally an
average energy of the radiation that is perceived .

S=—| EE +EE |=—(1,+1))
Coll Cold

ere |, and I, are the intensity components relative to the vibrations of the
electric field along the directions Ol and Or, respectively.

Radiation, in the sense of Planck's law, is a natural or depolarized radiation,
that is to say, random and chaotic in nature. It is therefore not technically
possible to distinguish independently the two components [, and |
(amplitudes and phase shifts).

In this case, only | = I, + | is sufficient to characterize the depolarized
radiation.



1. Thermal Radiation

It is | which is measurable, intensity or monochromatic luminance (L):

I (r Q t) =[ oL, }
1 Ui dA cos Qdédl/dt limdA,d @,dv ,dt—0

Beware, here E is an energy!

It is the energy quantity between vand v+ dv,
confined in a solid angle dQ around a
propagation direction Q coming from a
surface” element dA during a time interval
between tand t + df.

0 Being the angle between the normal n and
the direction Q.

Or more familiarly: £, (r,Q.r)= do, The frequency is substituted
AT dAcos OdQAAdt L an aoariso for the wavelength.



1. Thermal Radiation

For a température T, a surface emits an infinity of waves of different
wavelengths A in all directions of space. These wavelengths are distributed
over a spectral range as a function of temperature.

04 Visible LES

Ultraviaolet Infrarouge

Ondes radic

electromagnetic X

SpeCTrU m 10um 0,1 um 1 um 10 prm 100 pum 0,1 cm 1em

Zpum 15 pm

Bande spedrale classique en thermographie infrarouge

Bande spectrale en thermaographie -

Radiative transfers concern only the [0.1 um - 100 um] range of thermal
radiation covering the ultraviolet (UV), visible and infrared (IR) ranges.

The International Commission on lllumination says (1):
uv

* [0,250 um - 0,280 um] : UV - type C Visible

* [0,280 um =0,315 um] : UV - type B * [0,380 um - 0,439 um] : purple (maximum 0,412 um)

e [0,315 um - 0,380 um] : UV - type A * [0,4392 um - 0,498 um] : blue (maximum 0,470 um)

IR * [0,498 um - 0,568 um] : green (maximum 0,515 um)

e [0,760um — 25um] : Infrared * [0,568 um - 0,592 ym] : yellow (maximum 0,577 um)
* [0,592 um - 0,631 um] : orange (maximum 0,600 um)
* [0,631 um —0,760 um] :red (maximum 0,673 um)

I. A. Chiron de la Casiniere, Le rayonnement solaire dans I'atmosphere terrestre, Publibook, 2003.



1. Thermal Radiation

The radiative emission depends on the temperature, which is the control of the level of
excitation of the material: the more the particles are stired, excited, the higher the
temperature.

But how are these movements connected with the emission of waves?

The particles can be represented on several energy levels as a function of their
excitation state Qn; the ground state is the quiescent state QO.

Q &
Q,1 -
AQ-= hv hv
— A\VAVAV:
Q; 1 O

In an excited state Q,, the particle will rejoin a lower energy state Q1 by
releasing an energy quantity AQ = hv(photon).

vis the frequence and h = 6,62 x 10-34 J s is the universal constant of Planck. v =%



1. Thermal Radiation

A photon is therefore a quantum of energy hv. More the wavelenght is low,
more the photon is energetic.

This emission is a random phenomenon very well explained by statistical
physics!. But the temperature T does not appear explicitly.

Nevertheless this quantum of energy can be approached as a packet of
waves moving undulating.

Max Planck in 1905 succeeded in linking energy and temperature by means
stafistical physics'.

2hc* A0
L,(T) ="

L : spectral luminance (W m=2um'sr!). The index « 0 » of L represents the
black body. It shows the temperature, but also the wavelength. k is the
universal Boltzmann constant.

' G. Bruhat, Cours de physique générale, thermodynamique, Masson, Paris, 1926.



1. Thermal Radiation

Three photometric quantities:

Luminance 5 a 2% 2
[Direc’rionol quantity Py, (6,0,4) = L(6,9)cos6d"xd QCM]
) <

/

K d’®, (4)= I LcosOd’Ld Ad*Q Iradiance (isofropic emission)
) . : . A Hemisperical quantity.
Emittance (isotropic emission) _ 5
emisperical quantity. d°®,,,(A)=xLd"LdA d’®,  (A)=E(AT)d*ZdA
A @, () =M (AT)aTA ~ g
ﬁ. dsq)e’mis (9’ ¢,ﬂ)
’ i d 3q)émis (/1)
4 d*Y.cosd s
d2Q = ? a'zZ /

/dis’ronce between
transmitter and
receiver




1. Thermal Radiation *

Two fraces for two temperatures: human body and surface of the sun that
pass through a maximum.

8

10 E¥ T T
g A NONO T - T=300K
/Lml —=2070, I‘UI — T=5580K ]
10’ \\ b —— Maximum d'émission | |
11\ /
1\ '\ /
0l N\ / -
L | \\ / ]
\\ N / * For the sun, 4, = 0.5 um.
- 5 N\ - =
5 10 L 1 * For the human body 4, = 10
A3 /.
€ 1 Mm.
o 10° \\ / - .
'E \\ /I TN &
= ‘(\ T Useful spectrum between 0.54,,
© 3 ~—
g 10 S — : um and 54 um : 95% of the
© N T 3 N
£ N 3 energy emission.
S 2
=10 S :  For the sun: UV-IR.
i N 1 For the human body: IR.
0 \ .
E "' - \\“ -----------
100 ; ,"/ \\ 3
10"
2 4 6 8 10 12 14 16 18 20

Longueur d'onde, ym



- 2. Radiatives Properties




2. Radiative properties

The amount of energy emitted by a surface is a function of these radiative
properties

In general, for a certain wavelength (A) and from a certain direction ('), the
conservation of energy predicts that on 100% of a heat flux reaching a
surface, there are:

- an absorbed portion,

- a reflected portion and

- a portion transmitted.

o/bsorbed
@GP, 7, =1 o ’rr(‘?nsmi’r’red
Inc%en’r flux roE
—> —

T/

/2

reflected



2. Radiative properties

The radiative properties can be independent of the direction, the surfaces
are lambertian:

o,=¢| | +p,+7,=1

They can also be independent of the wavelength, the surfaces are gray:

a(r,f)) = 8(1‘,@) a(r,fl)+p(r,f))+r(r,f)) =1

rchhoff has demonstrated that the emission properties of a surface are the
same as those of absorption:

2 (n0) =, (00)

The particular case is that of the black body which absorbs the radiation
received whatever the wavelength and the incident direction. But the black
body does not exist, it only approaches (€= 0.999).

a=€=1




2. Radiative properties: Dependency on roughness

E

Roughness reveals cavities that serve as
small "black bodies" that tfrap radiation,
which is partially absorbed by matter.

INnCi n’rr\od'o’r'on
f x e |
& surface

rugueux

e

lisse
£=0,02 0.03 E
10 -
8
0,04
6-
0.05 . maétaux
i 0.05
0.08
e=0.101_...
24 c-niia}ﬂﬂlﬂfﬁﬂ
— £=020 . )
. diélectriques
1 =) T L] | § 3 f Io'g" ve‘{t—e } L] = 'l
107 2" 4 6 B 4 2 4 6 8 4p

Parameétre de rugosité (iLm)

£ dmissivité du matériau lisse.

P. Hervée, Influence de I'état de surface sur le rayonnement thermique des matéeriaux solides, these, 1977.



2. Radiative properties: Dependency on roughness

ACIER INOXYDABLE 304 L

0 20 'c
a- » L4 rﬂli.
g' e v O Foli, peu oxydd, 500 *C
+ Poli, oxydé (aspect jaume), 500 *C
0,6 i O Poli, oxyds (aspect blew), 600 °C
. ¥ Dépali 80, 300 °C
A Bruc de fraisage (3F), 500 °C
o5t Y ow , 4 erobillage Gm), 500 °C
v Sablage £in (SP), 500 °C
N & v '“,.r— age
v h J
Ot p— &
o
a
a3~ ¥ . .
3 !, v & & a i
s
- Y
0,2 % i 3 i i
= - - E a g o v v -
L ') E
0 1= ks a
. -
- 5 "l
n [ 1 i i i L il i i § 3 [ I I |
2 o & [ ] o 12 14

J.-F. Sacadura, Les méthodes de mesure des propriétés radiatives, colloque SFT, ISITEM Nantes, 1990.



2. Radiative properties: spectral dependency

I T I I |
=©— Nickel (0°)
=8~ Or (0°)
osl ». =8~ Tungstene (0°)
: ", == Titane (0°)
wmene Aluminium (20°)
Cuivre (0°%)
0.7F | .
06 .
o5t .
)
=
8
UEJ 0.4} .
0.3 7
0.2 .
0.1 .
0 | I I | |
0 0.5 1 1.5 2 2.5 3

Longueur d'onde (um)

1 Y.S. Touloukian, Thermal radiative
properties, Plenum, New York, 1970.

*



2. Radiative properties: spectral dependency

Speciral
integration

oo

[az

dtal properties

Spectral properties

£ = d3q)émis (Z’T) o. = d3q)a (ﬂ) ,0 - dS(Dr (2’) T, = d3q)t (ﬂ')
. AT A A
; d3q)2mis (Z’T) d3q)re§u (ﬂ) dS(I)FEgu (ﬂ’) d3q)re§u (ﬂ')
Spectral Spectral Spectral Spectral
| emissivity ] \ absorptivity reflectivity TansmlﬁlVlTY}
|

In front of the emission
of a black body at the
same temperature.

[a,d®,(2)dA  [a,E(A,T)dA
0 0

Ratio between the analysed flux (&, p or 7) and the
recepted incident flux.

If the illumination comes
from the sun then :

E(AT)=M"(AT,)

a = =

[m°(a.1)dA [@o,(1)dr  [E(AT)dA

0 0 0
Same results for the .([pﬂE(/I’T)d/I 4
total reflectivity and  |P == =
the total fransmittivity [E(2.1)d2

[©.E(A.T)dA
0

fes]

[E(A.T)dA

0




2. Radiative properties: spectral dependency

Example of the total emissivity (camera LW [7 um — 13 um]) « apparent » :

Mf’rollic adhesif tested with a spectroradiometer IR : A
: . : — . [em°(A,T)dA
3 B P " L HY . o, Réflectivité p_(2r—0) 4
0.9 _ ifL 0% 0N T [— Emissivité z,(2r>Q) || €= A
: Vil 1§t ad VS A 0
E; (] .*- R T % H 5 K4 s v IM (ﬂ«,T)dﬂ
0.8 i | 0 ¥ i 4
0.7 : -
! N
| Y e,M°(A.T)A
£ f > M°(A,T)AA
g =1
8 |

o
'S

apparent emissivity calculated for the scale :
e [2um —25pum]:0.41

o
w

0.2 N /\ N e [/ um—-13 um]:0.94
\(/l/ \,-/ For the temperature T = 300 K.
0.1F 1
0 1 1

5 10 15 20 25
Longueur d'onde 2, pm



2. Radiative properties: spectral dependency

Example of the total absorptivity and refectivity « apparents » of a material

under a solar radiation :

Li%en tested with a spectroradiometer UV-visible (useful extent of the sun) :

Propriétés radiatives

1

=
™

o
~

o
]

o
3

o
'S

o
w

2
[N

01

09F%

L
>,
e

¢
444444
,,,,,,,,,

Réflectivité p g (2n—>Q)
Absorptivité « A(ZE%Q)

0.4

\\

0.6

0.8

1

|
1.2 1.4
Longueur d'onde 2, ym

16

1.8

24

J.pﬂE(/l,T)d/l
p="
[E(AT)d2
4
N
ZPAMO(;L’R)AA
p: i=1N
> M (AT,)A4
i=1

If the materialis opaque : a@=1-p

apparent absorptivité calculated on the scale:
e [0.24 uym —2.4 um] : 0.44
For a temperature T = 5 800 K.



2. Radiative properties: directional dependency

()degrés — surface with a specular reflection
0 20 40 i

= N
R 842
.iiy\??\‘?‘ /_/__\/____

"'ﬁa} - "' g @ réflexion spéculaire

04

— — — —
b — o —

=
PE—

0 o1 02

-——{idegres —s

4020 0 20 40 60 surface with a isotropic

© Figure III.13 - Emissivité |efiection (diffus, lambertian)
totale directionnelle de

quelques diélectriques (3)
p et métaux (B) et (C) 4d'aprés

1 J.-F.

004 ll‘308 l 012 € {1 } : | /
A 0 . “

réflexion diffuse

adura, Initiation aux transferts thermiques, Tec&Doc, Paris, 1993.



2. Radiative properties: directional dependency

Reflection Properties of the surfaces : function of the bireflection distribution
portion of the reflected flux

dlﬂ(r,ﬁ)
I, (r,fl')cos@'dﬂ'

N

Incident flux

(r,fz,fl') =

dL, (er)
L, (r,ﬁ.')cos@'dﬂ'

Reciprocity relation :

A

f (r,fl',ﬂ)=f/1(r,f2,f2')

Fig. 1-11. Symbols for the definition of reflection distribution function, f(r, Q7 Q).

Very cise quantity, but difficult to quantify and impractical.



2. Radiative properties: directional dependency

Reflection properties of the surfaces : directional-hemespherical reflectivity

[ aL, (r.@)cos a0
o) (r,fz' — 27[) == 20

P, (r. Q' —27)= j £2(r.©.Q")cos 020
2w

Lﬂ(r,ﬁ')cosﬁ'dﬂ'

‘°<9,/> ‘ = IS Reflected radiation
K ol . ,__—— collected over
g! A e a hemisphere
N
/XX

RN\ |
/ \
\
, A\ )

' Ve

LS

Fig. 1-12. Symbols for the definition of directional-hemispherical reflectivity,
p,(r, R — 27).



2. Radiative properties: directional dependency

Reflection properties of the surfaces : directional-hemespherical reflectivity

P, (r,Zz%Q) = I i (r,f),f)')cosﬁ'dﬂ'
2r

—— ——

because : % =
dL, r,Q) ’JJ o e )
/ A

L\r.8) ] £, (r.0.0)L, (.0 )cos a0 X
J / %
A

(r.0.0)= - | .
: (1,Q)cos 6d2 ' Incident radiation
N from all directions
%y in the

hemispherical space

/
i X \
| N2 |

| LSS
PN

Fig. 1-13. Symbols for the definition of hemispherical-directional reflectivity,
py(r, 27 — Q).



2. Radiative properties: directional dependency

Reflection properties of the surfaces : hemespherical reflectivity

Ratio of the reflected flux in the all hemisphere on the flux from this same hemisphere.

j yol (r,f)' — 27£)Ll (r,fl')cosé"dﬂ'

pﬂ, (r) - lezﬂ. A ] ] ]
j ‘Lﬂ(r,Q )cos §'dQ ,
Q'=2rx '
l illumination |
|
Incident flux

If the/incident luminance Lﬂ,(r,fl') is independent of the direction then :

p,(r) =%QV.L”,01 (r,fl' - Zﬂ)cosé"dQ' Q‘_L”COS@'CZQ' =7
pﬂ(r):%giﬂ Q:[Mfl(r,f),f)')cos@dﬁ}cos@'dﬂ'

If the bireflection distribution function is independent of the direction : p,(r)=7zf,(r)




2. Radiative properties: directional dependency

@, (4)
L, (r,Q')cos@'dQ'

Absorption properties of surfaces: directional absorptivity a, (rfz) =

surface balance assumed opaque . i

d’®, (1)=L, (r,Q')cos@'dQ'—pl (r,fl' — ZE)LA (r,f)')cos&'dﬂ'
) |\

\
Y |
Incident flux Reflected flux

)

aﬂ(r,ﬂ')zl—pl(r,Q'AZﬂ')

j aﬂ(r,ﬂ')Lﬂ(r,Q')cosﬁ'dQ'
Q'=2x

ispherical absorptivity @, (r)= X
P pivity 2 (r) [ Li(r.Q")cos6'aQ" «——___ The incident flux comes from all over

ey the hemisphere
J. ,0/1(r,fl'—)27£)Lﬂ(r,f2')cost9'd£2'
@ (r)=1-22=

a,(r)=1-p,(r)

I Ll(r,ﬂ')cosﬁ'dﬂ'

Q=27



2. Radiative properties: directional dependency

Surface emission properties: Directional spectral emissivity

gﬂ(r,g)zm

Kirchhofflaw &, (r.Q)=a,(r.Q)

=R
o>
[l
|
S
=
o>
l
\®)
2

Opaqgue body &, (l’fl) =

L,(r.Q)cos0dQ

mispheri¢ spectral emissivity g, (r)= ‘HJ’-’ I (T) 0 90
S
Q=21 !
L (r,& In the same way:
8/1(l’)=l /10( )cosﬁdQ
T oion L/l (T) &, (l’)=6t’/1 (r)

8ﬂ(r)=% I £, (r,fl)cos@dﬂ & (r)=a,;(r)=1-p,(r)

Q=217




2. Radiative properties: temperature dependence

1.0

———— Silicon carbide - : .

' ! ! 5 | i |

. | o : ] ' i

SIS WAl v S B0 [ etV 00 - st 2 G SRR (R R .

i ! " - ; = I - i -

i e e heavily oxidized

| g - | | ;

e, Aluminum oxide |

L
i g
i g i
: M erg,, i
.....

Total, normal emissivity, €,

300 700 1100 1500 1900 2300 2700 3100

Temperature (K)

Ficure 12.19  Temperature dependence of the total, normal emissivity g, of selected
materials.

1 F.P. Incropera et al., Fundamentals of heat and mass fransfer, John Wiley & Sons, New-York, 2002.



2. Radiative properties: emissivity models

D
rude /1
Physical
T
Hagen-Rubens aoj;
exponential et
temperafure, spectral agi+
inverse g
. 1
Mathematical i _
standardized 1+ a2
n
polynomial Z a; Al



2. Radiative properties

Example of radiative properties: spectral fransmittance of glass'. The greenhouse
effect at the terrestrial level: atmospheric gases are assimilated to glass.

0 -

0e
<
'—
e
£ 06 +
g
&
3
S 04
&
e (R — Borosilicate glass, 0.476 cm thick
g

02 Fused silica glass, 1.27 cm thick

Visible
H region *i
0 1 | 1 1 O] | | L =
0.1 0.2 0.4 0.6 0.8 1 2 3

Wavelength A, um

FIGURE 4-38 Normal overall spectral transmittance of a glass plate (includes surface reflections) at 298 K.
Replotted from [1].

I R. Siegel, J.R. Howel, Thermal radiation heat transfer, Taylor & Francis Inc., 4" Ed., New-York, 2002.



2. Radiative properties

Example of radiative properties: absorptivity of the atmosphere.

2.5 T T T T T T T
Spectralirradiance outside the atmosphere
2 ]
- Overall spectralirradiance on the ground
=
a@
E 151 .
=
I
3
[0
2 | : : : |
£ L Spectral direct irradiance on the ground |
e
[&]
L
0.5F ]
0 ' '
0 500 1000 1500 2000 2500 3000 3500 4000

Longueur d’'onde (nm)



2. Radiative properties

Transmittivité, %

4 B g B E 14 e 48 Ak 2B A
Longueur d'onde, pm

Spectral Transmittivity of Airgel
depending on the thickness.

porosity:> 95%
density: 10 kg - m=3



2. Radiative properties

Typical spectral ranges of camera operation:

[3um - 5 um] and [8 pm - 12 pm].

The absorption spectrum of the atmosphere! explains it: the radiation is absorbed by
the components of the atmosphere H,O, CO,, ozone Oy ... This remarkis all the more
true as the distance increases between the camera and the target areas: volcano

temperatures, thermal wastage imagery by helicopter or safellite ...
s = S5
2ok vBE
§8¢ st
It ;. » :
\l;]iolr:t VISIIBLE :! infra-rouge 1
0,1 04 081 2 5 (10 20 50
oC | i longueur d'onde ym !

niveau

100 1
80 1
60 -
40 4
20 J

Absorption %

02:03 03 | H20 CO2 CQ2 H20/ 03 1CO2 N20O
i -fenétre - ; fenétre ->
optique atfMmosphérique

Work windows possible

I. M. Leroux, La dynamique du temps et
du climat, Dunod, 2004.



== 3 Radiative measurements




3. Radiative Measurements - Principles

Principle : measure a signal Vm or a number of photons proportional to an
energy.

Constraints and problemes:

- Integration on a known spectral band [I1; 12], working range of the detector.
Emissivity often unknown.

- Valid over a range of temperatures: need to calibrate the detector according
to the temperature range. Calibration is done by means of a black body.

4500

T T T
[ Corps noir a 1 000 K
Il Détecteur [3 ym - 5 ym]
4000 - -

3500

A
VAT)=s| d,L,(T)dA
L (1)= ] d,,(7)

7

sensitive
surface of
the detector

s

A

3000

2500
spectral response

2000 of the detector

1500

Luminance spectrique, WAm'2~um

1000

500

2 4 6 8 10 12 14 16 18 20
Longueur d'onde, um



3. Radiative Measurements — Detectors

Examples of spectral responses d, for differents detectors.

u (eV)
a 8 7 ] & 4 3 2 15 109 08 07
PO T R B | | | | [ L[
e | |
- —
5 7 TN
' ’ \
s SbKCs{U} o s i P T P | Si
T o = - i
.-’J' .':‘, \\. .'f ‘l ) Ge\
- I \\ I 1 ‘l
10-1 z i o

//* SbNaKCs(U) Sonakcay) 1\ \ wakcmm \ \
() r i .

3 ' J‘\ i :
/ [: / BN ] \
2 |I la‘ ; :

T 1 !
] ' \ 1
; SbKCs(V) i \ | : \
10_2 | ] 1 L1 1
:I \. A\ - \ Si et Ge : photodiodes et photopiles
1 1
leNaKCs Les autres courbes se rapportent aux couches
1

\ I " i q i photoémissives, désignées par leur composition
T [

] chimique (approximative)

-~ : (V) dépot sur fenétre en verre
5 ]

) |
\_ ] ',, \I}\ AgOCs (U) dépét sur fenétre en quartz fondu
[

(R} couche «sensibilisée au rouges

SbKCs

|

0,15 02 03 0,4 0,5 06 07 08 09 1 15 2
A {umy)

(GaAs) cristal de GaAs avec une couche a affinité
électronique négative

1
I
L]
I
1

Figure 8 - Efficacite quantique n de photodétecteurs en fonction de la longueur d’onde i et de I'énergie u des photons

Luc Audaire, Détecteurs de rayonnements optiques, Tl R6450, 2000,



3. Radiative Measurements = How a basic IR camera works

Example with a thermal camera. This so-called matrix camera (320 x 240 pixels)
performs imaging.
Working range: [7.5 pym - 13 ym].
Input parameters: emissivity € and ambient temperature T,.
» Constant effective emissivity on [4, ; 4,].
e The environment is taken info account.

25 T T T T T T

T T I
[ Corps nair a 350 K
Ml Détecteur [7,5 pm - 13 um] - 350 K

n
o

-
o,
T

-
o
T

Luminance spectrique, W;m‘z‘pm‘1 s

vV (T)= sjj: d,L,(T)dA

[5,]
T

L(N)=e5(n)+(-&)5@)]

5 10 15 20 25 30 35 40 45 50
Longueur d'onde, um

Surface Environment



3. Radiative Measurements - Sensitivity of a IR camera

Sensitivity of a camera / radiometer:

- Detector: sensitivity and spectral range Spectral working area
- Temperature range: calibration curves of the detector
Example: perfect detector (d; =1) ; [3 um -5 um] /
Emittance traces N\ ///
between 300 K and 1000 K 12000 / \//
% / \ 1 000 K
NE 8000 \ /900 V4
= // x// 800K
_:g 6000 / T / -
w //
" / //

Planck's law between 0 and « /M

2000 -

SN
=

YL

10" 10° 10’ 10°
Longueur d'onde, um




3. Radiative Measurements - Sensitivity of a IR camera

Evolution of "areas" as a function of temperature

Variation of temperature
not very visible at low
temperatures.

Tension

Aire, u.a.

250

200

150

50

Improved sensitivity
for higher
temperatures.
+
+
+
+
600 700 800 900

Te

mpérature, K

1000



3. Radiative Measurements — Sensitivity of a IR camera

Example : perfect detector (d; = 1) ; [8 ym — 12 um]

Emittance traces between 300 K and 1000 K

Less signal than for

Work areas of the detector detector [3 pm - 5 um|]
but more interesting
M } sensitivity |
12000 [\ | ; \ ;
10000 | +
- 40 3
<}4§ 8000 2 \
; ira\ !
4000 '“\ ‘\ 2
+
T\
2000 // ///' \\ \ 10
AT D +
[1)0'1 10° Z —== W 10? o-ﬂ'
Longueur d'onde, pm 300 400 500 600 700 800 900 1000

Température, K



3. Radiative Measurements — Sensitivity of a IR camera

Cdalibration of the detector : to know the luminance from a measurement of
voltage Vm.

250 T
=+ Aires
— Loi d'étalonnage
A A=2721.7344V
V i B = 3619.5646
o B C=0.38359 K
— 200
Ce® —1

With the detector s .,

UM — 5 um] g /
g
1
C
ke
2
2 100
50 I/
300 400 500 600 700 800 900 1000

Température, K



3. Radiative Measurements - Sensitivity of a IR camera

Cdalibration of the detector : to know the luminance from a measurement of
voltage Vm.

60 T
=+ Aires
— Loi d'étalonnage
A A=316.4109V
V i B = 1608.589
o B 50 H C=1.4645K
Ce® —1
40

With the detector g
um =12 um]

,u.a

Aire, u
N

30

Tension

m e

00 400 500 600 700 800 900 1000
Température, K




3. Radiative Measurements - Sensitivity of a IR camera

Example : perfect detector (d;=1); [7,5 um - 13 ym] ; no filter.

Emittfance traces between -20 °C and 200 °C.

350

Température, °C



3. Radiative Measurements — Experimental configuration

R—\\‘\-\

Température(vraie)
|

Temperature
de cameéra

emperature calculee

Tempeérature apparente
(sie=1et
courte distance)

Température de fond

Température ambiante

! (= de la cameéra)

Temperature
ambiante
de 'objet

A A A S A A S A A A S A A A S A S S

|
|
|
|
|
|
|
|
|
| : : ¢
| Température d'environnement
|
|
|
|
|
|

e e

D. Pajani, Thermographie, principes et mesure, Technique de I'lngénieur, TI-r2740.



3. Radiative Measurements — Experimental configuration

Objet (& Tp)

Atmosphere
(@aT,)

Camera
II."‘—|_|
b |
VI'I"I
— -
V'E‘

Environnement (a TE]I

\\ D. Pajani, Thermographie, principes et mesure, Technique de I'lngénieur, TI-r2740.



3. Radiative Measurements — Influence of the environment

Aluminium Plate with black paint. SFLIR 5.41.4°C

e Surface temperature 8= 41 °C
* Environment Temperature 6, = 20 °C
e Total emissivity area €= 0.87

{H

40

I T
—— Emittance spectrique
I Emittance totale
[ Emittance émise ||
I Emittance réfléchie

35

What is the error if the environment
is not taken info account?

w
o

B

N
o

=

n
o

Total area =1.93
Emited area=1.75
Refected area=0.18 |

-
w

Emittance spectrique, \l\:‘-m‘2-pm'1

T=38.8°C then 5.4 %. 10

1 1 L 1 1 | |
0 5 10 15 20 25 30 35 40 45 50
Longueur d'onde, pm



3. Radiative Measurements — Influence of the environment

Aluminium plate without black paint.
» Surface temperature = 60 °C

* Environment 6, =20 °C

* Total emissivity area £=0.10

35 T T T T T

] Emittance spectrique
I Emittance totale
[N Emittance réfléchie
[ Emittance émise H

30

What is the error if the environment -_ ¢

N
o
T

T =25.4°C then error 58 %

iy
4]
T

Total area = 1.56 '
Reflected area = 1.30|
Emited area = 0.26

Emittance spectrique, Wm'zpm

The environment has an
important influence on the

-
o
T

measurement, especially if s P N ]
the emissivity of the surface
is low. 0 . : |

0 5 10 15 20 25 30 33 40 45 50

Longueur d'onde, ym



3. Radiative Measurements — Operation of a research type camera

Matrix camera - FLIR Jade Il MW type [3.6 um - 5.1 um]

Detector: InSb
Matrix;: 340 x 240 detectors

Edge of a detector: 30 um—
Three compartment filter wheel:
« empty

e F1:[4.98 um —5.02 um]

e F2:[3.97um—-4.01 um]

14000

I‘:IPIanck‘
. =5um
I =399 um
12000 1
erfect detectord; =1
10000
Sk
= 8000 : i
g 6000
4000
2000 F] (0.39 %
%.6 3.8 4 42 4.4 46 48 5

Longueur d'onde, pm

« 14 bits for the resolution (16 000 DL)
« Integration fime from 3 us to 10 ms

(ps) (°C)

1 900 5-40

whitout 540 20-90
67 90 -200
1 600 100 - 200
F1 305 200 - 490

60 490 -1 000

290 200 - 430
2 57 430 - 800



4. Calibration




4. Calibration

La Chaine d’ étalonnage
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4. Calibration

Fixed points are defined corresponding to equilibrium states of pure bodies. Limited for the moment
at the freezing point of copper at 1084.62 ° C!
And beyond?

Tableau 2 - Points fixes de définition de I'EIT-90

Ne© Temﬁit;ature Temﬁfé?ture Corps Nature de la transition W, (Tgo)
1 3ab -270,15 a-268,15 He A
2 13,8033 -259,3467 e—H, I 0,00119007
3 ~ 17 ~ -256,15 e—H, A
4 -~ 20,3 ~ -252,85 e—H, Vv
5 24,5561 -248,5939 Ne i 0,00844974
6 54,3584 -218,7916 0O, i 0,09171804
i 83,8058 -189,3442 Ar g 0,21585975
8 234,3156 -38,8344 Hg I 0,84414211
9 273,16 0,01 H,0 i 1,00000000
10 302,9146 29,7646 Ga F 1,11813889
11 429,7485 156,5985 In C 1,60980185
12 505,078 231,928 Sn C. 1,89279768
13 692,677 419,527 Zn c 2,56891730
14 933,473 660,323 Al Cc 3,37600860
15 1234,93 961,78 Ag c 4,28642053
16 1337,33 1064,18 Au Cc
17 1357,77 1084,62 Cu c

\' : pression de vapeur ; T : point triple ; C : point de congélation ; F : Fusion ;

e—H, :hydrogéne a la composition d'équilibre des variétés moléculaires ortho et para ;

W;(Tge) : valeur de la fonction de référence du thermomaétre a résistance de platine dans I'EIT-90 (définie dans le paragraphe suivant)|

Mohamed Sadli, L’échelle internationale de température : EIT-90, Techniques de l'ingénieur, r2510



4. Calibration

Research of new fixed points for about 20 years by the national calibration and metrology
laboratories:

Russia
Germany England 1,(‘ France Italy y
@ / £ ISTITUTO e
/5 * i Vo
= ) ) 1\\ ! =_—
National Physical Laboratory L progéis, udpossiana pqrtuger r—'
NJIST  united state e B2 Japan - ke, SouthKorea 8
National Institute of INMETRO % S sy ud
Standards and Technology Instituto Naclonal de Metrologla = K RI S (]
US Depurtment OF Commerce - ik Korea Research Institute of Standards and Science ﬁ
NIMT

Visée pour pyrométrie
Fixed points: eutectic type metal-carbon. A eutectic is a
mixture of two pure bodies that melts and solidifies at a
constant temperature:
CoC / NiC/FeC /ReC/TiC/ZnC/PdC /IrC / PtC / RuC / EifmerAghag tint
wC...

Measurements made with Pt / Pd type thermocouple and  échantillon
radiation detectors (pyrometers).

Stabilization and regulation of several hours.

Precision of some millikelvins.

T

Logement pour thermocouple



4. Calibration

Phase Diagram (binary)

iy
Ta

(°C)

Liquide

eutectic

o+

Ts

E O\

100 % A

0

100 % B

Eutectique 4 Température en °C

HfC _ 3185
3000
ZrC _ J2883
wc TiC _ #2760 2749
MoC _ J2583
ReC _ Q2474
B.C __J§2386
IrC ___J2290
2000
RuC _ J1953
Cr:C._J1811
PtC _ 1738
1554,8
1492

CoC NiC Mn-Cs

FeC |
Cu

1333 1329 1324

1153

__j1084,86

1000




4. Calibration

Fixed points HT ; study from LNE-Cnam

A

— glove finger

— Eutectic alloy

— Crucible graphite

— Graphite sheet

'

Temperature

1]
or Weighl Percentl Carbon

Ru-C —
1953 °C

Pt-C —
1738 °C

Pd-C —
1492 °C

Co-C—
1324 °C

Cu —
1084 °C



- 5. Other techniques



6. Others techniques — The multispectral method

The cameras "broad spectral bands" only allow to obtain the temperature or
the emissivity. How to get both?

Possible solution: the multispectral method.

Principle: work on several extremely narrow spectral

ranges, even
monochromatic.

- First theoretical approach-

—

,  2hc* A7 y 3qs i Wien approximation
lanck’s law L,(T)=¢, T ~[2£ﬂhc Ae AT << 14000um - K
ek/iT —1
1-/ Two measurements at 2-/ Signal ratio : 3-/if 4, and A4, are close,
wavelengths 4, and 4, : then:
-1 g1 L
ke T= hc(@ A )_5 €a T &,
L, (T)=2¢,hc* A7 e " kln[%%[fij } and T and ¢ are easily
he L, &€
, - calculated.
L, (T)=2¢, hc’ A% ' .



6. Others techniques — The multispectral method

- First theoretical approach-

4 Constant tfemperature during the measure. steady regime
« Constant emissivity between 4, and A,. strong hypothesis or a priori
« Theoretical model without noise. knowledge of the radiative
« Perfect detector. properties of the material.
& Perfectly monochromatic measurements.

« How fo choose wavelengthse

 Whatis the minimum intervale maximum? between two
wavelengthse

« And if the emissivity variese

« And if the temperature varies?

« And if the criterion AT >> 14 000 uym-K ¢

« What is the main source of errore

« How many wavelengths to use?¢

* Influence of measurement noise?

before the second experimental approach.



6. Others techniques — The multispectral method

« How to choose wavelengthse

ey
In monochromatic, in the case of a black body: L, (T)=CA7e #

% . oL, (T
10 ; 1 \ | 1 1 R — T=|300K T : Sens”'l\/l'l'y : Zﬂ :A
: — T=5580K ] oA
107 L ’ ’ ’ — Maximum d'émission ||
6 5 C
10 =L,(T)| =———3
2L (1) 322
. 10° E
‘Té '
o 10° ‘ E Maximum for : A,T=C,15
=" \\ : M 2
g 10° — e —
% 2
310 z :\ E
- ; | i ifT=1000K, then 4,, = 2,88 um.
10’ : I E : "
100 k \\\ 3 ) )
f | | T Tis unknown, buft it's @
o 2 4 6 8 10 12 14 16 18 20 STGrﬂﬂg pOIﬂTl

Longueur d'onde, pm



6. Others techniques - The multispectral method

How to choose wavelengths in bispectral 2

L(T) e
In the case of a gray body : &,=—+=—+
L,(T)

10’ T 10°

if T=1000Kand 4, =2,88 um.

10° -

10° F

Uﬁ 102 L

10° |-

/ 107k
Il 1 Il Il

) 1 0'4 I I I I I I 1
' HM 0 1 2 3 4 5 6 7 8
by UM

Obviously, no obvious choice for the second wavelength.

Establishnment of criteria:
- minimum ratio &;omin-
- Minimum difference A4,,,;, between two wavelengths.



6. Others techniques — The multispectral method

How to choose wavelengths in bispectral 2

«  minimum ratio & pmin-

0.5

I
1

15
512min

« Minimum difference A4, between two wavelengths

. e e e e
Relative fn fn |G 5‘+ 2

temperature e L L, AJAT

CZ

I 1

25

G )

_ A
error T [ C,
)

A A

My =Ao= 3>

M—5‘ To not amplify the error :

T
C

2




6. Others techniques - The multispectral method

How to choose wavelengths in polychromatic ¢

2
(Dith (ﬁ) D ¢exp

i=1 C2

flux approximated by the approximation of Wien {0;]1 (,5) = 8(1) Cll_se_ﬁ with  e(4)=> aA
i=1

minimisation of the fluxes: J =" with £=(T,a,,aq,...,a,)

-
(e}

temperature : 2 000 °C

1 th 2
D P (B)-o™
=

case of the black body)

axT/ax =0 pour A = 1,055 pm
: \|sensibilité réduite
Ly

—
~
T

fonctionnelle J

-
N
T

-
o

L’ Tyan =0
pour A = 1,266 um

ov(B)=|o7] = (x"x) " = 22

lieu des maxima
de luminance

X LO(X,T), W~m'2~|Jm'1-sr'1
(0]

- 0p C
ced sensitivity — A 2
A= or = r 4r

" luminance L°,2 000°C)

goes through a maximum ﬂ]apz =1,055um ]

. 1.5 2 2.5 3
\ Longueur d'onde, um




3

oT

jacobian

90

20,

flux approximated by the approximation of Wien :

inimizing the standard deviation on temperature =

6. Others techniques — The multispectral method

minimisation of the fluxes: J = Z‘(”ith (IB)_(”exp‘z

i=1

Longueur d'onde, yum

with  f=(T,a,,aq,...,a,)
C2 n .
o = g(/l)Cl,‘L‘5e_/1—T with  &(4)=> aA

. =1 .
covariance matrix

Longueur d'onde, ym

0, cov(T,a,) cov(a,,T)
cov(T,a o’ cov(a,,a 4
cov(p)= T.a) A (.0, ) =(x"X) oy
cov(T,a,) cov(a,,a,) o,
= e 10° ; ; ‘ ‘ .
8(/1) =a, : | 8(/1): a,+ad
B Kt Rl NN T T B 1 10" L 0561 L . '
ST - i
.3apt\....... I = ..;\'16':‘:.17;055.“{“... S e e A el
\ :
| e
Q \l
b‘»—
10°:
107
15 3 25 3 35 4 a5 5 10-8.2 04 ’o.ie 08 1 12 14 16 18




6. Others techniques - The multispectral method

How to choose wavelengths ¢
> Objective and arbitrary criteria
» What is the minimum interval? maximum?2 between two wavelengths?
> Arbitrary criteria

And if the criterion AT >> 14 000 ym-K ¢
» Using Planck’s Law and Mean Square minimisation
> at is the main source of error?
» /Emissivity, measurement noise

« How many wavelengths to use?¢
» One wavelength more than the number of parameters to estimate

Influence of measurement noise ¢
Difficulty estimating for low signal-to-noise ratios

And if the temperature varies? And if the emissivity varies? How to take into account the
temperature range, the working range of the detector.



6. Others techniques — The multispectral method

Technically, it is necessary to use monochromatic filters, which classically have
the appearance of Gaussian.

0.8

Hl /. = 1000 nm
[ 2 = 1200 nm
B . = 1600 nm

0.7

06

14000

I T
[ Planck

e T=1273K

12000 | I . = 1600 nm

Transmittivité spectrale des filtres

10000
5
IS
I I | 2 8000
1.3 1.4 15 r-‘E
Longueur d'onde, pm o
=
)
2 6000
3
£
£
=1
-
4000

maximum transmittivity eieitele)s

\ wavelength
/ 2000 l
* 1.2 1.4

120
1 (Z_Z‘L < 072 0.‘4 016 0.8 & 1.6 1.8 2
_E O'— Longueur d'onde, um
— A
T, =T ..€

max

Standard deviation



- 4. Applications



Transmittivity

6. Others techniques - The multispectral method

o
0
i

o
o

.................................................................

o
s

......................................................................

o
o
|

0
400 500 600 700 800 a00 1000
Wavelengh, nm

Facteur

Facteur d'absorption
de ['atmosphére ctum(A)

‘émittance M°(A,T)

Filtre monochromatigde.

= Miroir
.., dichroique
collimateur

miroir filtre 530 nm
dichroique




6. Others techniques — The multispectral method

Experimental device for simultaneously measuring temperature and emissivity:
multispectral method.
Application during a welding operation:

fast kinetics,

high temperatures (= 2500 ° C), microscopic scale.

Eollimator : Collimator
ﬂ' Optical fiber I—-_
é;g, — 680 nm filter
f 850 nm filter
i | |——|/ /
: ":\ H e |
au<hgonm | YRl = | VA-dl= 1 -l = | | A-ds| = e D]
°C) 50 nm 200 nm 370 nm 560 nm ] Y (5 . B
: ichroic mirrar = = \
My o] | @0, | oy0, | oy0, | oye, v e . 340 o fier < l——_i\
] — ] 480 nm filter
1 000 2}/ i
: Silicium sensors
2 0p0 /57 : absorption factor 330 nm Hiter
30 / 53 1
|\ |
—l =] — =] —ﬂ =] — =] b
- —ssomm | | o= | Vsl = | U=aul = [ 12 ]
0(°C 50 nm 150 nm 320 nm 410 nm miBmnEENeGR]
1000 25
2 000 \ 45
3000 \ 64




6. Others techniques - The multispectral method

mmmatj’f "4, T,e) = @foooo ( A _%> d unknown$D

fibre optique {
=)

Fonctionde transfert H

filtre 850 nm détecteurs

* F,,: view factor

Fl o0 00 T\Hfﬁkresao - « s:adimed sgrfg;e
N dmlfl\ /\]]mmso - e &(A4,T): emissivity
i / s a,m(4,T): atmosphere
mioi, £ o « M°(A,T): emittance
Facteur d'absorption * H,,: amplitude of Gaussian transfer function
o mosphere dunll) Independent tests
with argon, helium :
influence negligible T
=> Agtm (/1’ T) =] N Mon:fqotzturor
- Estimated
1+ R} Lens :, fonetion
R,\? PR O
X2 — 4 <—2> B —_— ’
R R, =R/d R, =R'/d 4 "
s = nR'? B Twe w0 m we e om0
sq m ple Longueur d'onde:
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6. Others techniques — The multispectral method

Pyrometer calibration with a high temperature apparatus.

sighting hol
S [:)[:)hirewinc:lowg ng hoes

SFA insulafing

zlectric insulating

aluminum
chamber

sighting holes {

reference

sample

heating
element
R4550

|

referenc
e

~ e



6. Others techniques — The multispectral method

¢?Uﬁ=ﬂbf‘k@MWAE%+
o |

) \

Pyrometer calibration with a high temperature apparatus.

B} 1(2—1)2
p/ll,sg/{,envMO (/L Tenv)] HMie S d}\

)

Teny = Ts = Teq

=> (&},s + Phshenn) MO T)
|

Séq

!
€lenv < geq< 1 o

Dstances:

ckel (8 = 1455 °C)

on (6; = 1538 °C) — diffusion problem
mium (6f = 1907 °C) — diffusion

blem
niekium (0 =2477°C)

|

sample emission environment (carbon)

emission reflected by the

Laboratory measurement

0,93 < g6, < 1

A~
_/
/_/

sample

Eoq = 0.96 £ 0.03.

>

sampl@ sample
+ R \
Cpcarbon x A
crucible
= before melting atter melting
CI)total
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6. Others techniques — The multispectral method

[‘pith(HMi) B ‘piexp]z =0

Pyrometer calibration with a high temperature apparatus.

481.35
3.55

531.87 680.22
3.85 4.09

A (nm)

sample fall

\

exp
CD4

G; (nm)

DEXP | | BN q)fxp (nW)
> melting 0.4 1.5
| | plateau

Hyi 0.070

35.7

0.079 0.198

0.5

melting plateau

0.45F

0.4

solidifiCation plateau

0.25

Transmittivity

1
40 41

1 |
42 43

Time, min

1 1 1 1
45 46 47 48 49

0.1

supplier data

calibrated data

A Y B U

0.4 0.5 06 0.7 0.8
Wavelenath. nm

851.39 940.00
6.41 4.92
197 179

0.169 0.139

| Systematic error

11 %.
A€,
AFlz +AS+ éq
EZ S ge’q



6. Others techniques — The multispectral method

Pyrometer calibration with a high temperature apparatus.

Function fo minimize[o"(T,) — qbl.e"p]2 =0
1600 —

sample fall assuming g, = 0.96.

1550

Lower temperature limit of use:
opftical path 1: > 1 500 °C

C
—
o
el
S

¢ 1 op2: 1300 °C

g op3: 1100 °C

B op4 and op5: 900 °C — bispectral
£ 1450 temperature

= measurement.

1400

\ solidification plateau

melting plateau

Optical paths 3 to 5 : good calibration
opl and 2: need new calibration.

1350

|
36 38 40 42 44 46 48 50
Time, min




6. Others techniques — The multispectral method

Pyrometer calibration with a high

Flux, nW

temperature apparatus.
Function to minimize[®(T,) — chie"p]2 =0

with H,,; estimated previously and ¢, = 0.96.

2650

2600

2550

progressive e
~apparition of o -
hite sediment on

the sapphire

Temperature, °C

2300

120

2250

2200

2150

2500

- melting
 tempe

>

.=
A 4

"‘ l..
|

[k

|

1 | 1 |
108 110 114 116
Time, min

| |
102 104 106 112



7. Inverse method
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Context and motivation

ple of study: calculation of the weld bead size and Necessary physical properties:

[

welding defects e density
(Heat transfer and fluid flow simulation and modelling in welding « heat capacity
Courtois et al, J. Phys. D: Appl. Phy., 2013) « thermal conductivity
% W : e dynamic viscosity
e volume expansion coefficient
e surface tension

of the matter at solid, liquid states
(gaseous?)

in a wide temperature range --> 2 500

. . [e)
Inyolved/conservation equations of heat, mass, and momentum: C.
,vc’”\

v (uT)} V-(kV’T)+Slaser+Qvap

V-u3sl

@ .(v.ﬁ)}:v-{—pl §ﬁ+(§ﬁ)T}}+p§—pT ! ing g¢+Ku@K‘5



Context and motivation

Some problems encountered at high femperatures
The literature presents:

« scarce high temperature thermal properties

/

Experimental issues compared to ambient temperature’s ones
1 Chemical » discrepancies of the thermophysical properties
state
40 T
- == \Wijltan, 2008
Thermocouple - ——-Kim, 2002
Phase change itilations ast Mills 1975 ” |
‘E_) 30
Diffusion s
> Temperature (°C) § ®r
000 1500 2000 =
2 20}
316L steel thermal 15;. |
conductivity versus
temperature 9, 500 1000 1500 2000 2500
Dal, 2011. Température en °C

--> De pment of high temperature apparatuses dedicated to thermal characterization of solid and liquid
materia



Development of two high temperature apparatuses

* Temperature level: 2 500 °C (successful niobium melting)

: _y  Steady-state regime

First apparatus (existing) « Stable sample in the crucible: no fluid flow, no magnetic field,
adiative flux, collected by — confrolled atmosphere ‘
he [collimator, goes to the  * Temperature measurements by two C type thermocouples (< 1500 °C)

oyrometer « Radiative flux measured by a five wavelengths pyrometer (> 1 000 °C)

CO;, --> Problems of pollution !
laser

heating = High temperature blackbody

Second apparatus (work in progress)

sapphire window

CO; Laser Pyrometer

. Aerodynamic levitation with:

sighting hole « CO,laser heating,

— heat insulating « IR or)d visible fast cameras,
« multispectral pyrometer

/
/
/
/
! Sample
/ P
@

| Nozzle

electric insulating

Inductor ’ Aﬁ
: aluminum I
C hO m ber Levitation gas

Glorieux et al. , AIP Conference rcuret Aerodynamic Levitation Set-Up with Aluminum Nozzle,

. Proceedings 552, 316 (2001)
ceramique



ultispectral pyrometer presentation and theoretical flux received by each sensor

| r-ﬁ
= 680 nm filter

Focal lens (400 mm) g s | B 2 S ]|:|
|~
ichroi in rl/ l

[LSMO(

atm

sample
emission

environment emission
reflected by the sample

Possibl& observables: temperature 7. or
uxes P,

adiative

e —
! [ 850 nm ﬁlter/
==

e

N
.

Silicium sensors
530 nm filter l

Dejaeghere, PhD thesis, 2016
transfer function  high temperature
apparatus
* pyrometer
« fransfer function
« calibration

)H Mie_z(aij dA

--> Parameter estimation by front face flash method in
solid and liquid phases of the sample:

« thermal diffusivity, thermal conductivity

--> No fluid mechanics in the sample in its liquid phase
during the heating --> thin thickness : possible lumped
body condition !ll --> short time analysis (Fo < 1).

--> Temperature increase high enough (laser heating time]



Mathematical models for the front face flash method

al simulation with Comsol Multiphysics, validated until T 500 °C --> complex and time-consuming.

®(1)

sample hgy = 40 W-m2K'  =-> analytical (forward) models
k, =k.=50 W-m-1-K-! i i
h aZ: ]]3)( ]O-5 m2.s-] ¢O: ] MJ.m-2 ijaT +k BT +18T (pc;”)ai
Ui 7=0.05s 3z % o o
crucible . .
C he k=1 Wm'K! j=1 (sample) or 2 (crucible)

o, = 7.4 %107 m?s’! t=0 T,(r,z,0)=0
crucible

« A priori known parameters: e, R, @, 7,

| //
. single bilayer: finite h, --> always a bias between
heating e s . 9 :
geometry o(f) layer: finite specimen iemperqiure experimental data and models.
’ specimen | infinite crucible The complexity of the mathematical

1D Cartesian 5, gll the 1 2 T" (r,0,1) model is directly related to the

front face 3 4 compu’raﬁonql times required for its
_ solution.
axisymmetric
y re;:l;nc: ¢ e 6 --> Reduced mathematical models for

the inverse parameter estimation
\\ problem within the Bayesian framework.



Flash method and influence of the a priori known parameters

classical sensitivity study with model n°6 possible parameters to estimate: «, K,
/ a priori known parameters: z, ¢, €, R
e=1mm->1=009s collateral damage: h,
45 T T T T 300 :
A OT/on
401 i 200|- YN X, = a_T -
front face ¢05T ad)o oP
35F . 100+ a
30| \ 1 0=
o &) ............................... A
°9" 551, >\ | ‘%‘, 100+ lZBTlﬁiz """ Y i
3 ] i 200l edT/oe ]
qé_ 20+ 4 2 i (XZaTlaaz
a € 300t hgoTiong .
el
15 i g
rear face 4001 i
1ol | ROT/6R
lumped body behavior -500 1
5l | lumped
-600 end of the body 1
0 :_/ I I f I I ’ I I | | laser heating behaVIor
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2 -700 ‘

Fourier number .
Fourier number

a.t
I mo)&m estimation time 0. = ezz temperature few sensitive to: h,, 4, and R.



Sensitivity study and covariance matrix

2
kZ

of study regarding the influence the parameters versus the thermal diffusivity ¢, fore =1 mm.

Covariance matrix

Ok

zZ7r

O k.
2
o

hek,

2
O-e

O-hg k, O-ekz
o

0-sz

O-R e

2
GR

0¢0 k 4

O-(Poe

O-(Po R
2

O-(/’o

O-Tk

Z

Gek, GRk, O-(po k, Grk,
o o
a, h,e, N1
O-ehg O-Rhg O-%hg O-rhg

Te

GrR

O-T(/’O

0_2

T

Covariance, °C?

1

0.8

0.6

04

02

0

-0.2

-0.4

-0.6

-0.8

-1

Influence of the estimation time versus the variane

end of
L laser heating

m\/

a k

lumped body
behavior

|
0.6 0.8 1 1.2 1.4
Fourier number

ian method to study the quality of the estimation of the thermal diffusivity regarding the other para



Principle of the Bayesian method (1/4)

n estimator is basically concerned with the analysis of the posterior probability density (P |Y),
which is the conditionall probability of the parameters P given the measurements Y.

P
Bayes' formula |z, (P)= z(P\Y)—@gfﬂr(P) . [posterior = priorxlikelihood
T

where: z{P|Y) posterior probability density
7{P) prior density (information about the parameters prior to the measurements)
z(Y | P) likelihood function (expresses the likelihood of different measurement outcomes Y with P given
probability density of the measurements (normalizing constant)

1 ;:[ézazhgeRq)OT]

—N/2 -1/2 Tx7—1 =
z(P)=2x) """V exp[ 2(P n V(P H)} Y=Tee = [T, .. T.]atz=0and timef.
T = Tt experimental temperatures
Z(Y|P) = 27) ™" ‘W‘—“ exp{_l[y _T(P) WY _T(P)]} M: number of measurements
2 V: covariance matrix for P

_ M: known mean
W=W+W, W: modified covariance matrix.

s ’rhe/ \ I A reduced model implies the use of an approximation
1S error model compared to a more complete one.

measyrgment errors  gpproximation error



Principle of the Bayesian method (2/4)

The statistical inversion approach is based on the following principles*:

« All variables included in the formulation are modeled as random variables.

« The randomness describes the degree of information concerning their realizations.

« The degree of information concerning these values is coded in the probability distributions.
* The solution of the inverse problem is the posterior probability distribution z(P | Y).

* The errors are additive, with zero mean and normally distributed.

* The statistical parameters describing the measurement errors are known

(covariance matrix W)

e There are no errors in the independent variables.

e Pisindependent of Y.

e P is Gaussian with known mean p and known covariance matrix V.

The maximizing of the

3 3 1 ~ . -
osterigr Density |in[z(P|Y)] < ——| (M +N)In27+In | Wi+In| V| } posterior density is
n/ 2 obtained by the
Maximum a

Hypotheses:

minimizing the
_ Pl TxrI maximum a posteriori
Postériori Objective Siap (P) = [Y B T(P)] W [Y B T(P)] +(U-P)y vV (u-P) objective function.




Principle of the Bayesian method (3/4)

2nd step

/ 1t step | reduced forward
e
E}qoerimen’rol data ' model (") /| fmod
] 1
| V.|
/ l ! L 7
temperature 1 % noise approximation =T
measurements ¢ forwordrlgomple’reJI___’ error matrix W —{W=W+W,
T= =T =/ NS | (2 000 samples]
. !
| covariance l likelihood function
| matrix : (Y | P)
|
O o o o e e e e mm——— - l -
| = |
’r T V, p | prior function | | posterior function | *
PP ™ M oto 5 % — m(P) 1 =Ply)
\\ / noise Al
Tyx/-1 Ty7-1
Sk (P)=[Y =T(®)] "W [Y —T(P)]+ (u—P)' V"' (u—P) e

\\\ > to 3rd step



Principle of the Bayesian method (4/4)

|
|
Il MCMC algorithm minimization of the Objective: :
: Metropolis-Hasting MAP objective function maximization of the |
1| (100 000 samples) Smar posterior function :
I n(P|Y) [
|
) tos / 3dstep |

METROPOLIS/@«STINGS ALGORITHM

In[zZ(P1Y)] o —%[(M +N)In27z+1In I Wi+In|V| +SMAP(P)]

10

1. §ample a Caghdidate Point P* from a proposal distribution p(P*,P(-1)

|
2. Qalculate fhe acceptance factor:

a:mm{l, (P’ IY)p(P(:‘”,P*) } :’ ’
z(P V1Y) p(P,P"™") 10
3. Ganerate a random value U that is uniformly distributed on (0,1). %O
4. If U ¥\, set Pl = P*, Otherwise, set Pl = P(F1),
5. Retfu ( o step 1. ’
! -10

ﬁ

4 6
States in the Markov Chain

x 10




Tests and results

Two tests: parameter estimation from reduced model 1 compared with measurement data from:
1-/ models 2 to 6
2-/ Comsol Multiphysics model.

thermal diffusivity ¢, estimation results

X 10'5 Exact value =1.4065e-05 Mean =1.3492e-05 95% credible interval = (1.2278e-05,1.4396e-05)
3 T T 10000 T w T l
28} . 9000
26 ] 8000
b mean and | 2000
variance R = 6000
» 22 calcularion o
= 2 5000
~ oL 8
® L= 4000
181 3000
161 2000
141 1000
1 2 1 1 1 L O
“0 2 4 6 8 10 1.2 1.25 1.3 135 1.4 1.45
- 5
States in the Markov Chain % 10% o, m?s x 10

\\



calculation
time
measurement {9

o, = 14.5 mm2s-!
diffusivity

<, =k, =50 W-

nd step : 2 000 samples
rd sfep : 100 000 samples

mo

Tii (s)
mposed parameters: parameters
Mo (MmM?2-s7T)
(108 mm?2-s)
Uk (W.m-] .K-] )

conductivity

My (W-m2:KT)
exchange o, (MW-m-=2K-

coefficient

@ B\ 1[MJ-m-2 ash excitation L&
0 duration
He (MI-m72)
Gq) (J'm_2)
e (Mm)
G (NM)

flash energy

sample
thickness

2
8s

14.0

15.00
50.23

39.7
/

50.8
211
1.00
83
5.10
0.68

complete model

3

30 min

14.7
1.31

50.33

37

40.1

19

53.1
5.11
1.00
67
4.30
0.47

Estimation results between different models and model 1

4 5
26 min 38 min
224 (for 100 000 samples)
estimated
14.1 14.8
1.46 3.08
50.07 50.17
43 062
39.9 40.0
6 26
51.4 52.1
4.13 7.09
1.00 1.00
65 61
3.90 4.30
0.45 0.42

reduced model 1

6

28 min

14.5
1.62

50.34

39
39.9
16

51.4
14.9
1.00
67
3.80
0.44

Comsol
3 h 44 min

14.6
1.37

50.28

40.0

51.8
164
1.00
41.26
4.10
1.02




Conclusion and outlooks

C1- The development of a high temperatures apparatus (2 500 °C):

« | conditioning of samples in solid or liquid state
* | front face flash method

C2- Definition of a methodology for the estimation of the thermal properties of solid and liquid metals

and alloys using the Bayesian methods:
o/ influence of the a priori known parameters

01- Development of the second apparatus

no pollution problem on the sample

simplerhew analytical models (spherical coordinates)
\ adapjation of the Bayesian method
* \less parameters of influence (radius, flux, heating fime)
 \Increasing of the error measurements

024} Parameter estimation with the radiative fluxes as observables
of the multispectral pyrometer for temperature above 1 000 °C

FIGURE 1. Aerodynamic Levitation Set-Up with Aluminum Nozzle.



8. Prospect...



New approach for the bayesian method : the direct problem with
the sensor fransfer function

Direct
problem

QO
[ Assumptions ] Calibration: models )
of sensor
+ )
Experimental Model: Equations of state and Theoretical output sensor transfer
design LA observation = f (parameters) < function
—
4
Experiment Measured signal Inverse
data Algorithm \

Estimated

s e Parameters
Noi Definition of the
estimated parameters

e
O

Inverse
(experimental)
problem




For our studies

collimateur

fibre optique {
r.._.—_‘\

Fonctionde transfert H

\Ientille

focalisation 400 mm

\
Flux mesuré ¢(T):i
farme Fy5 filtre

: 940 nm
]

filtre 850 nm détecteurs

l filtre 680 nm

I[I filtre 480 nm

filtre 530 nm

Facteurld

NN
111
=l

miroir
dichroique

Facteur d'absorption
de l'atmosphére cum(A)

\émittance M°(A,T)

- Calculation of the temperature field in the plate or
in the sphere

- Integration of the flux on the surface

S 2
1 Aj—A
OM(A,T,€) = Fiz s [, e T)tgqem (4 TYMO(A,T) Hy,e 2< i ) A

- Estimation of the parameters:

[0 (T,) — d°*P]* = 0

- Application of the bayesian method...



Phd defense of A. Thiam (19/10/2017) - ICB Chalon sur Saone (France)
Crack detection under laser solicitation and infrared camera
measurement

A facteur d absorption

P: puissance laser

h: coefficient d échange global
o: Rayon du faisceau laser a 1/e
T, température extérieure

@: Densité de flux du laser
G:fonction Gaussienne

R: fonction Rectangle

| L: longueur de la ligne laser

-(y-y0)* 1 —(x—x0—vt)?
202 " .
6 7 Faisceau laser gaussien

oV 21 O, V2m

A.P.G((x — vt).cos6 — y.sin@).R((x — vt).sinb + y. cosB)
L

e(x,y,t) =

Faisceau laser rectangulaire
avec rotation

Echange avec I’extérieur ( convection + rayonnement)

-




Phd defense of A. Thiam (19/10/2017) - ICB Chalon sur Saone (France)
Crack detection under laser solicitation and infrared camera
measurement

Sens de deplacement du faisceau laser

>

T(K)

- Sunulation COMSOL

Camera simulation IFOV = 0.5 mm / pixel
DTEB = 0.05°C

Bruit=0.5°C

)
S DRER R D

Siumulation SIMCAM



Phd defense of A. Thiam (19/10/2017) - ICB Chalon sur Saone (France)
Crack detection under laser solicitation and infrared camera
measurement

Température calculée Calcul de luminance a partir

avec COMSOL 7o ‘ du champ de température
Simes = EluS(Tobj)) ol © S fm)s(renvl) (1)

Em- Tenv1 a caractériser

. E—

? Smes — ’Ecs(rcnmJ) t (1 - Ec)s(rﬂwl) (2) £C' Tenvz a dEfilm

) oo

\\



