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Abstract

This paper presents an experimental optimal design of a photothermal radiometry method using a crenel heating excitation. This method i
used for the determination of the effective thermal conductivity of a powder in imperfect contact with a coating, and in presence of convective
heat losses. The parameter identification is performed by the minimization of the ordinary least squares objective function comparing the
measured temperatures to the response of a direct model function of thermophysical parameters. The used iterative algorithm is based on t
Gauss—Newton method.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction The objective of this work is to study the feasibility of
a photothermal crenel technique used for the characteriza-

Granular media are frequently encountered in different tion of effective thermophysical properties of a powder. The
fields of science and industry. These materials often behaveprincipal difficulties lie primarily in the porous structure of
differently from ordinary single phase systems. Their ther- these materials: a significant contrast of conductivity exists
mophysical properties are of interest in the analysis, designPetween the solid and the fluid. For this reason, we consider
and optimization of industrial processes and in the under- the powder as an homogeneous medium, and we measure its
standing of natural phenomena [1-5]. The majority of com- €effective properties. In this article we present the theoreti-
mon methods used to characterize these systems are base&fl and the experimental study concerning the determination
on an effective medium description, which gives effective Of the effective thermal conductivity of a powder. In the
properties. These methods use many heating techniquestheoretical study, we are interested on the reduction of the
One of these techniques is the crenel heating excitation,thermal model and on the optimal design of the experiment.
which differs from others by using a constant source of light This optimal conception is analysed on a two layered sample
instead of a pulse. This method can be viewed as an extenWith a known substrate volumetric capacity.
sion of the well-known flash and the step-heating methods ~ The powder is placed in a Teflon cell closed by a cop-

[6-8]. Its advantage is the relatively low intensity of the im- Per coating layer. The medium is modelled as a bi-layer

posed heat flux. composite. In these structures, the thermal contact resistance
between the grains and copper affects heat transfer from one

- layer to the other [9-17]. Its value depends on the thermo-

* Corrgsponding author. TQI.: +216 98 627 180; fax; +216 73 500 514. physical properties and on the contact pressure.
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Nomenclature

aj layer thermal diffusivity.............. fas~1 Tom experimental temperature ................. K

C, heat capacity.................... kg—1.K—1 z space coordinate ................oo.oein.. m

e layer thickness ...................... S m Z;; reduced sensitivity coefficient.............. K

h heat transfer coefficient ......... WK~

J reduced Hessian matrix Greek symbols

k; layer thermal conductivity . ... ... wh—1t.K-1 0 density ... kg3

p Laplace parameter ..................... s o standard deviation

R covariance matrix of the relative uncertainty on 6y Laplace temperature on the front face of the first
the estimated parameters layer. ... K

R, thermal contact resistance......... “WK-m? 0, Laplace temperature on the rear face of the

S SUMfaCe .. ..o ’m secondlayer.............oooiiiii e K

t tmMe . s B, parameter vector of the reduced model

te heatingtime .............................. s Y density of heatflux.................. W2

Teren  Calculatedtemperature.................... K & crenel excitation .................... Wi—2

the bi-layer during the crenel-heating experiment to the re- 0

sponse of the theoretical model. Mb
In the first part of the paper, we present the model, built

with the thermal quadrupoles formalism, and the sensitivity
analysis. Then, in the second part, we present the minimiza- measured
tion method and the used tools to optimally design the ex- h temperature
periment. Finally, we present and discuss the numerical and 3
the experimental results for a glass powder. . L | )
. o g
2 Thermal modd Fig. 1. Principle of the crenel transient method.
21. General modd Coupled to arbitrary initial and boundary conditions:
) ) T,=0 atr=0 3)
The model assumes one-dimensional heat flow through a 9Ty (—eq. 1)
two-layer sample constituted by two materials of thickness —klai’ =&@t) — hiTi(—e1,t) atz=—e1 (4)
e1 andey. Their interface is characterized by an imperfect 9T OZ 1
c_ontact (therme_xl contact resistankg. The thermal proper- —klﬂ — —(Tl(O, 1) — T»(0, ,)) atz=0 (5)
ties and densities of both layers are assumed to be uniform 9z R,
and constant. The convective and radiative heat transfer on, 971(0.1) _  972(0,7) _
. . | k1 =k atz=0 (6)
the two faces with the uniform environment are expressed az 0z
by two heat transfer coefficientg andh,. The lateral heat dTa(e2,1) _
exchanges are neglected. At time: 0, we assume that the k2 az —haTa(e2, 1) atz=e2 (7)

system is in thermal equilibrium, i.&.(r = 0) = 0. Thefront 14 solve this system, we have used the thermal quadrupole
face of the sample is uniformly subjected to a constant crenel jethod [18]. The entire system can be described in Laplace

heat fluxé (r) (Fig. 1): space as
<t <t,
0 t>t ¥ (1—exp(—pt.)) s 1|lcy pillo 1
P
wheret, is the duration of the applied heating. A By 1 0]fe
The transient temperature distribution in the sample can x |:C2 Dz] [hzs 1} [ 0 ]
be obtained by solving the one dimensional heat conduction A B1Te
equation for each layer: = [C D] [ 6} (8)
27 .
kiBT,_(zz,t) =i Cim’ i=12 ) Hered, andé, are the Laplace transforms of the sample
9z ot front and rear face temperatures, respectively. The coeffi-

whereT; is the temperature of layer cientsA;, B;, C; andD; depend on the Laplace paramegper
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on the thickness; of the layeri and on the thermophysical
properties of the material. They are given by

A; = D; = cosh;e;)
C; =kia,~Ssinh(oc,~e,-)

B, = sinh(«; ¢;
l klalS }«( 1 l)
p
o = —
a;
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| P az
S1=./—-—>» Bri= > t: = Britc
ﬂrl €

hes 14
2=—, 3=—
Pr k2 Pr 02C p2e2
p1Cp1e1 R, k>
Bra=—L—, Brs=— (13)
p2Cp2e2 €2

The calculated variations with time of the temperature
Terenred(?) can be calculated using the Stehfest inversion of
Ocrenred(p). This solution will represent the reduced model.

The Laplace transform of the rear face temperature can be

written as

¥ (1 — exp(—ptc))

s ©

0r(p) =

3. Sensitivity coefficientsand optimal experiment design

The sensitivity coefficients are defined as the first deriva-

with dimensional parameters, the rear face temperature Caryyoq of the measured variable with respect to the parameters

be expressed as

07' (p) = f(pv tC? alv kls elv a21 k27 62» hla h27 RC? w) (10)

The temperature in the usual space doni&in(r) is ob-
tained by the inverse transform &f( p) using the numerical
algorithm proposed by Gaver—Stehfest [18]: This solution
will represent the general model.

2.2. Reparametrization and reduction of the model

of the model. Their reduced form shows the variaddren
of the model induced by a relative variatigb%# of the para-
meter:

3 Tcren(t, B)
Zij(t) = B Xij (1, B) = B — 22
0B;

In general, these reduced sensitivity coefficients must be
large and uncorrelated with each other [19]. The covari-
ance matrix of the relative uncertainty on the estimated pa-
rametersR is evaluated using the reduced Hessian matrix

j=12.. (14)

Owing to the large number of parameters encountered inj = 77 whereZ is the ¢ x m) reduced sensitivity co-

the general model, the study is presented in dimensionlessefficients matrix. This covariance matrix is defined by the
space with dimensionless parameters. Two approximationsfo|lowing expression:

have been used. The first is to take the same heat transfer

coefficient on the two sample faces (= hp = ) seeing that

152 (15)

we work at ambient temperature. The second approximationwhere o2 is the variance of the measurements noise and

is to consider that the first layer is purely capacitive. In this

case the Laplace transform of the rear face temperature for a

crenel heating excitation is given by

Bra(l—exp(—s2t))

Ocrenred = B25 18 (s1. Bra.Br5)+ (51.Br2. Bra-Brs)+¢(51.Br3. Br5)]
(11)
where
8(s1, Bra, Brs)
1
= Brach(s1) + (14 Braprss?) . Shesw) (12a)
¢(Sl, 13}”21 /3r47 .3r5)
2 r r
= ,8r2|:(_2 + .Br4-,3r5> ch(s1) + (E + &> Sf‘(Sl)]
s1 s1 §1
(12b)
2 1 Brs
@(s1, Br3, Brs) = B> 3 sh(s1) + 7 ch(s1) (12¢)
1 1

The dimensionless parameters are defined by

R Cov(ﬁri!,Brj)
Rl] - ﬂriﬂrj '

If we supposed the following conditions: we have the re-
sponse over a dimensionless duratipe= 8,1t from ¢ =0,
on a sufficiently large number of measurements to assimi-
late the following sums (which constitute the components

of J) to the integrals:

n
1
Jpq = Z ZP (li*)zq (ti*) =
i=1

Elpq () (16)

n
zt_*lpq(t;)

n

Wherel,, (%) = [a Z,(t) Zy (t%) dr*.

Under these conditions, we show that the reduced Hessian
determinant varies with the measurements number in the fol-
lowing way:

1 *
Al*m ft (tn)
wherem is the number of unknown parameters af¢;") =

filty)

(l‘;—lf)m . ) . )
According to whether we fix, for each considered dura-
tion 7, the time stepA+* or the number of measurement

the functionsf, (") and f; (¢,") are combinations of the var-

AJ=detd) =n"f, (1)) = (17)

1 The new expression (11) is exact, but, in practice, we have used the ; . .
superposition of the two step heating answers shifted in time, and having |ous.|ntegrals of the type (16), calculated numerically. The
the same levels (one is positive and the second is negative). relations (17) reveal two approaches to choose the optimal



F. Albouchi et al. / International Journal of Thermal Sciences 44 (2005) 1090-1097

duration of the experimerit,)opt, corresponding to two dif-
ferent experimental constraints. A first user can desire to
carry out a fixed acquisition number of measurements be-
tween 0 and," (for reasons of limited size of storage for
example), he will have, from the first equality of (17), to
maximize f,(t)). A second user may have, on the other
hand, a lower limit in the size of the acquisition time step
At* which he can put in use (band-width of the acquisition
system). He will then have, from the second equality of (17),
to choose the smallegt:* possible and to maximiz (¢,")

for maximizing AJ.

A second criterion can be used for determining the op-
timal experiment duration. This criterion consist on mini-
mizing the sums of squares, given by the diagonal of the
covariance matri>(a§”/,8r2i). This is an individual criteria,
used when not all the parameters are of interest. It gives
as many useful experiment durations as number of parame-
ters.This later differs from thé-optimal criterion, which
minimizes the volume of the confidence region, so it gives
the optimal duration allowing the estimation of all unknown
parameters.

4, Parameter identification method

The unknown thermal parameters are identified as the so-
lution of the minimization of the gap between the measured
temperature and the calculated temperature of the direct
problem. This gap minimization is carried out by minimiz-
ing the least squares, given by

n

CB) = (Te, — Tereni(B))’

i=1

(18)

where,T, is a vector containing the measured temperatures,
TcreniS a vector containing the calculated temperatures, and
B, is the parameter vector with m the number of estimated
parameters and n the number of measurements.

In vectorial form, the solution vectg®, , ., at the itera-
tionn 4+ 1 can be written as

ﬂr,n+l = ﬂr,n + [x(ﬁr,n)tx(ﬂr,n)]ilx (ﬂr,n)t

X (Te - Tcren(ﬁr,n)) (29)

5. Numerical results
5.1. Validity of the model

The methodology presented above is here applied to a
Copper/PVC bi-layer system. The following thermophys-
ical properties were assumed: for coppei: = 1.15 x
104 m?s71, Cp1 = 3849 Jkg 1K1 and p; = 8940
kg-m~3 and for PVCay = 1.14 x 1077 m?.s7%, Cpp =
900 Jkg—1-K~1 and p, = 1390 kgm—23. The other para-
meters are taken to be; = 0.6 mm,ex; =5 mm, R, =
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Fig. 2. Sensitivities of the general model.
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Fig. 3. Comparison between capacitive and general model.

5x 104 m2-K-W1, hy =h, =10 Wm 2K landy =
100 W-m~2,

In order to verify the approximations taken into account
in the model reduction, we represent on Fig. 2, the sensitivity
coefficients of the general model parameters. We remark that
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Zp, and Z;,, have the same shape and the same influencerelated, and as a consequence, the paramgigrand g5

on the model. These two parameters are correlated, for thiscannot be identified simultaneously.

reason; we have chosen the same heat transfer coefficient on Given that the volumetric thermal capacity can be easily

the two sample faces. measured by a calorimetric experiment, we can fix the value
For the second approximation of capacitive layer, we of poC)2, so the parametes, 4 is considered to be known.

present on Fig. 3 a comparison between the general and théAt this stage, the reduced model depends only on four para-

capacitive model. We remark that the two models responsesmeters.

are identical. So our approximation is valuable. For R. =5 x 1074 m®.K-W~1, it can be seen that the
reduced sensitivity B, 5 is very weak (almost null). So this
5.2. Sensitivity analysis and optimal design parameter cannot be easily estimated.

For the experiment design, we present the first approach

Fig. 4 presents the reduced sensitivity coefficients of the (» fixed). The curvesy/f,(1;) are plotted on Figs. 5 and 6
reduced model parameters versus time for two values of for two values of the Biot numbeg,> = 0.1 andg,> = 1 re-

the thermal contact resistanc.(= 5 x 103 and R, = spectively and for different heating timg. The heat flux is
5x 1074 m?.K-W~1). It can be seen that the curvés,,, considered to be constant between times Ozind@he con-

Zg,,, Zg,5 and Zg . do not have the same form, and their Straints of a fixed large number of measurements and a same
maxima are reached at different times. These observationgMaximum temperature rise are used [20,21]. It is observed
verify that these four sensitivity coefficients are uncorre- that the curvesy/ f, (zy) pass through a maximum, which
lated, which is a desirable condition for parameter estima- varies with the heating tim¢ tand the experiment duration
tion. On the other hand, the curvé&s, , and Z,, have the t¥. This means that there are two optimal times in this exper-
same shape and their maxima are almost reached at the samigent: the heating and the experiment duration.

time. Therefore, these two sensitivity coefficients are cor-

-5
12X 10 —~
—— =15
6 m’fn(t;) 4k +£h:2
5 ——,=26
——t, =31
.4t 0.8[ -1 =4
=
ZE 3l 0.6
2
2 L
& 0.4¢
Fal
% 0 0.2
@
o, .
0 1 2 3 4 5 6 7 8
-2F 1, =Bt
-30 5'0 160 1'50 200 Fig. 5. ¥/ fu (1;¥) as function of the heating time and the experiment duration
1(s) for B, =0.1.
-4
6 x10 P
5t 1.2 —_— th:QS ™
{1, D
4t e 1t —— 7=l
> A
'E —— £=15
29 0.8 =2
37
o 1} 0.6}
o
S
5 0 0.4f
Q
T4}
0.2
2F
-3 L L L c A M
0 50 100 150 200 0 2 4 ) 6
t(s) t, =Bt
Fig. 4. Sensitivities of the reduced model fdt, = 5 x 103 and Fig. 6. \/ fu (t;¥) as function of the heating time and the experiment duration

Re=5x10"4w-Lm?K. for Bp=1.
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With n fixed, the optimal experiment duratiarj)opt for ﬁ B \, Mirror
estimation of the parameters is that for Whiqﬁfn ) is ‘ N Glass powder
maximum. It is an interesting criterion since it means that Infrared camera

from this pointing time, the longer the experiment lasts, the
less beneficial it is in terms of the parameter estimation pre-
cision.

We thus record on Figs. 5 and 6 the heating and the exper-
iment durations for whichy/ f,, (¢¥) is maximum for the two
values of the Biot numbers(, = 0.1 andg,> = 1). We ob-
tain dimensionless durations @f)opt = 2.6 and (£ )opt = Halogen lamp
3.8 for a weak exchangegf; = 0.1, Fig. 5), and#;)opt =1
and(z;)opt = 1.8 for a strong exchangg(; = 1, Fig. 6).

Teflon cell

Glass wool
insulator

Sample holder

Fig. 7. Experimental device.

6. Experimental setup

The experimental device is schematically shown in Fig. 7. ‘
It includes a heat source, a sample, an infrared camera and |
a Hewlett Packard (HP)-based data acquisition system. The g
investigated sample (Fig. 8) is composed of a Teflon cell of ; é
thicknesseo = 5 mm coated with a thin copper layer at the = NN\
front face. This cell is filled with a glass powder, where the
characteristics of which are presented on Table 1. The weight
of the powder is 8.06 g and its porositysis= 0.32. The cell 10
is horizontally maintained on a holder and it is heated be-
low by a halogen lamp, which provides a uniform heat flux
of power 150 W, with a finite duration. A mirror covered by
a layer of gold reflect the flux emitted by the surface of the
powder towards an infrared camera (AGEMA) working in
the short wave range (3-5 pm) and cooled by a liquid ni-
trogen. This infrared camera is connected to an acquisition
system allowing the storage and the visualization of the im- ! : |
ages. These infrared pictures are constituted of 100 lines and | | |
256 columns and stored in real time in the monitor with a 0,0 5 5 5
speed of 25 pictures per second. The camera does not give 300 320 340 360 380 400
directly absolute temperatures but numerical levels propor- T(K)
tional to the luminance of the sample. To access the absolute
temperatures, some parameters must be known such as the Fig. 9. Emissivity of the glass powder versus temperature.
emissivity of the powder and the standard constants of the
camera. This emissivity parameter is measured in the labo-7. Resultsand discussion
ratory by the hemispherical reflectance method. The resultis
presented versus temperature on Fig. 9. The measurement of the effective thermal conductivity

Before turning on the heating source, we record the mea-and the effective thermal diffusivity of the glass powder has
surement noise for a finite duration. The initial timpeand been performed in air at room temperature. For evaluation
the heating duration are marked on the stored thermographicof the thermal parameters, we have used the Gauss—Newton
image. fitting algorithm. The volumetric heat capacity of the powder

is calculated using this expression:

Fig. 8. Glass powder sample.

08 [--—--------
05 f--—--------

T e e

glass powder emissivity

Tablel PCe=pCro=2epsCpr+ (1—8)p;Cps
Characteristics of the sample 1. .-3
=127x 10° JK1:m

Density Calorific Thickness Grain Cell
capacity diameter diameter The subscripty” ands are relative to fluid (air) and solid
Glass powder 2500 750 5 0.2-0.25mm 40mm  (glass grain). Using these values, the paramgteis fixed
Interstiial ~ 1.16 1007 at a known value 0.351. Two experimental estimations are
fluid(air) ; : : _
Copper 8940 3849 065 carried out. In the first case, we estimate the four parame

ters, whereas, in the second case, we imghse- 0 and we
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estimate only three parameters. The comparison between thare estimated with high accuracy (relative uncertainty does

two results shows that the accuracy of the estimated paramenot exceed 2%). The evolutions of the estimated parameters

ters in the second case is higher than this in the first case. Inversus experimental duration are presented on Fig. 10. We

this work, the sample is a glass powder in contact with a cop- note that the parameters variation is random for short times

per coating. The thermal contact resistance can be due onlyand becomes stable for long durations.

to possible flux line constrictions, either in copper, or in the Using the definitions given in (Eqg. (13)), we can derive

glass grains in contact with its coating. For copper which is the dimensional parameters. The obtained results are given

a very conducting material, the constriction resistances areon Table 3. The measured effective thermal conductivity is

negligible. For glass powder, giving that the temperature is compared to the calculated value [4] by:

measured at the rear face and the medium is supposed to be k k. \ 0:280-0.757 loge)—0.057 loglk / k 1)

homogenized, these constriction resistances are incorporated;” = == (—S)

in the equivalent conductivity of the homogenized medium. f ky

For these reasons, we choose to neglect the thermal contaaivherek;, k¢, k. andk; are the solid, fluid thermal con-

resistance and to estimate only three parameters. ductivity, the effective thermal conductivity and the di-
The identification procedure converges to final values mensionless effective thermal conductivity, respectively.

presented on Table 2. It can be seen that the three parameterfBhe calculated effective thermal conductivitykis= 0.197

Table 2 Table 3
Estimated parameters and relative uncertainty Measured dimensional parameters
Estimated values Standard Relative Parameters Values Relative
deviation uncertainty [%)] uncertainty [%]
b1 5.38x 1073 1.5190x 107> 0.477 a, (m?.s1 1.34x 1077 4.47
B2 3.464x 1071 6.88x 1073 1.98 ke W-m—1.K—1) 0.172 647
B3 2.08x 1071 1.366x 1073 0.672 h(W-m—2.K™1) 11.80 1045
x10° -
. 5.6 . 0.45
ﬂl'l ﬂrS
5.2 0.35
0.25
4.8 ' . S | : . .
0 50 100 150 0 50 100 150
t(s) t(s)
0.22
B, 0.2
0.18 , . .
0 50 100 150
t(s)
0.2 - - v 02— -
S = |
- 0.1 =T 0.4¢ I
3 + ikl
S 0 2% o i
§ 33 U
-0.1 £5 -0.17 !
E Rlesiduals
-0.2 : : : -0.2— :
0 50 100 150 -50 0
t(s) t(s)

Fig. 10. Variation of the estimated parameters versus experiment duration, Residuals between measured and calculated temperature ancebeagrarison b
residuals and measurement noise.



F. Albouchi et al. / International Journal of Thermal Sciences 44 (2005) 1090-1097

3.5

25

T(K)
N

' measured temperature
Qe —o— calculated temperature

100 150 200

t(s)

Fig. 11. Comparison between measured and calculated temperature for a

glass powder.

W-m~1.k~1, which is close to the measured valig =
0.172 Wm—1.k~ 1.

The uncertainties on the effective thermal diffusivity and
conductivity are calculated using these expressions:

A A A
de _ Br1 42 €2
de Br1 €2
Ake  Aa.  ApCe
ke de pCe

The thickness of the substrate and the volumetric heat capac
ity are known with an accuracy of 2%, the effective thermal

diffusivity and the effective thermal conductivity are then

1097

time and experiment duration were studied. The identifica-
tion result of the effective thermal conductivity is validated
with literature results and the accuracy of the estimated pa-
rameter was analyzed.
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