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Abstract

This paper presents an experimental optimal design of a photothermal radiometry method using a crenel heating excitation. This
used for the determination of the effective thermal conductivity of a powder in imperfect contact with a coating, and in presence of c
heat losses. The parameter identification is performed by the minimization of the ordinary least squares objective function com
measured temperatures to the response of a direct model function of thermophysical parameters. The used iterative algorithm is b
Gauss–Newton method.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Granular media are frequently encountered in differ
fields of science and industry. These materials often be
differently from ordinary single phase systems. Their th
mophysical properties are of interest in the analysis, de
and optimization of industrial processes and in the un
standing of natural phenomena [1–5]. The majority of co
mon methods used to characterize these systems are
on an effective medium description, which gives effect
properties. These methods use many heating techniq
One of these techniques is the crenel heating excita
which differs from others by using a constant source of li
instead of a pulse. This method can be viewed as an e
sion of the well-known flash and the step-heating meth
[6–8]. Its advantage is the relatively low intensity of the i
posed heat flux.
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The objective of this work is to study the feasibility
a photothermal crenel technique used for the characte
tion of effective thermophysical properties of a powder. T
principal difficulties lie primarily in the porous structure
these materials: a significant contrast of conductivity ex
between the solid and the fluid. For this reason, we cons
the powder as an homogeneous medium, and we measu
effective properties. In this article we present the theor
cal and the experimental study concerning the determina
of the effective thermal conductivity of a powder. In t
theoretical study, we are interested on the reduction of
thermal model and on the optimal design of the experim
This optimal conception is analysed on a two layered sam
with a known substrate volumetric capacity.

The powder is placed in a Teflon cell closed by a c
per coating layer. The medium is modelled as a bi-la
composite. In these structures, the thermal contact resis
between the grains and copper affects heat transfer from
layer to the other [9–17]. Its value depends on the ther
physical properties and on the contact pressure.

In this paper, the thermal properties are identified by
minimization of the ordinary least squares (OLS) funct
that compares the measured temperature on the rear fa
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Nomenclature

ai layer thermal diffusivity . . . . . . . . . . . . . . m2·s−1

Cp heat capacity . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

ei layer thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . m
h heat transfer coefficient . . . . . . . . . W·m−2·K−1

J reduced Hessian matrix
ki layer thermal conductivity . . . . . . . W·m−1·K−1

p Laplace parameter . . . . . . . . . . . . . . . . . . . . . . s−1

R covariance matrix of the relative uncertainty on
the estimated parameters

Rc thermal contact resistance. . . . . . . . . W−1·K·m2

S surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
tc heating time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
Tcren calculated temperature . . . . . . . . . . . . . . . . . . . . K

Tm experimental temperature . . . . . . . . . . . . . . . . . K
z space coordinate . . . . . . . . . . . . . . . . . . . . . . . . . m
Zij reduced sensitivity coefficient . . . . . . . . . . . . . . K

Greek symbols

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

σ standard deviation
θf Laplace temperature on the front face of the firs

layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K·s
θr Laplace temperature on the rear face of the

second layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . K·s
βr parameter vector of the reduced model
ψ density of heat flux . . . . . . . . . . . . . . . . . . W·m−2

ξ crenel excitation . . . . . . . . . . . . . . . . . . . . W·m−2
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the bi-layer during the crenel-heating experiment to the
sponse of the theoretical model.

In the first part of the paper, we present the model, b
with the thermal quadrupoles formalism, and the sensiti
analysis. Then, in the second part, we present the minim
tion method and the used tools to optimally design the
periment. Finally, we present and discuss the numerical
the experimental results for a glass powder.

2. Thermal model

2.1. General model

The model assumes one-dimensional heat flow throu
two-layer sample constituted by two materials of thickn
e1 ande2. Their interface is characterized by an imperf
contact (thermal contact resistanceRc). The thermal proper
ties and densities of both layers are assumed to be uni
and constant. The convective and radiative heat transfe
the two faces with the uniform environment are expres
by two heat transfer coefficientsh1 andh2. The lateral hea
exchanges are neglected. At timet = 0, we assume that th
system is in thermal equilibrium, i.e.T (t = 0) = 0. The front
face of the sample is uniformly subjected to a constant cr
heat fluxξ(t) (Fig. 1):

ξ(t) =
{

ψ 0� t � tc
0 t � tc

}
(1)

wheretc is the duration of the applied heating.
The transient temperature distribution in the sample

be obtained by solving the one dimensional heat conduc
equation for each layer:

ki

∂2Ti(z, t)

∂z2
= ρiCi

∂Ti(z, t)

∂t
, i = 1,2 (2)

whereTi is the temperature of layeri.
Fig. 1. Principle of the crenel transient method.

Coupled to arbitrary initial and boundary conditions:

Ti = 0 att = 0 (3)

−k1
∂T1(−e1, t)

∂z
= ξ(t) − h1T1(−e1, t) at z = −e1 (4)

−k1
∂T1(0, t)

∂z
= 1

Rc

(
T1(0, t) − T2(0, t)

)
at z = 0 (5)

k1
∂T1(0, t)

∂z
= k2

∂T2(0, t)

∂z
at z = 0 (6)

k2
∂T2(e2, t)

∂z
= −h2T2(e2, t) at z = e2 (7)

To solve this system, we have used the thermal quadru
method [18]. The entire system can be described in Lap
space as[

θf
ψ(1−exp(−ptc))

p

]
=

[
1 0

h1S 1

][
A1 B1
C1 D1

][
1 Rc

0 1

]

×
[

A2 B2
C2 D2

][
1 0

h2S 1

][
θr

0

]

=
[

A B

C D

][
θr

0

]
(8)

Hereθf andθr are the Laplace transforms of the sam
front and rear face temperatures, respectively. The co
cientsAi , Bi , Ci andDi depend on the Laplace parameterp,
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on the thicknessei of the layeri and on the thermophysica
properties of the material. They are given by

Ai = Di = cosh(αiei)

Ci = kiαiS sinh(αiei)

Bi = 1

kiαiS
sinh(αiei)

αi =
√

p

ai

The Laplace transform of the rear face temperature ca
written as

θr(p) = ψ(1− exp(−ptc))

pC
(9)

with dimensional parameters, the rear face temperature
be expressed as

θr(p) = f (p, tc, a1, k1, e1, a2, k2, e2, h1, h2,Rc,ψ) (10)

The temperature in the usual space domainTcren(t) is ob-
tained by the inverse transform ofθr(p) using the numerica
algorithm proposed by Gaver–Stehfest [18]: This solut
will represent the general model.

2.2. Reparametrization and reduction of the model

Owing to the large number of parameters encountere
the general model, the study is presented in dimension
space with dimensionless parameters. Two approxima
have been used. The first is to take the same heat tra
coefficient on the two sample faces (h1 = h2 = h) seeing that
we work at ambient temperature. The second approxima
is to consider that the first layer is purely capacitive. In t
case the Laplace transform of the rear face temperature
crenel heating excitation is given by1

θcren,red= βr3(1−exp(−s2
1t∗c ))

β2
r1s

4
1[δ(s1,βr4,βr5)+φ(s1,βr2,βr4,βr5)+ϕ(s1,βr3,βr5)]

(11)

where

δ(s1, βr4, βr5)

= βr4 ch(s1) + (
1+ βr4βr5s

2
1

) 1

s1
sh(s1) (12a)

φ(s1, βr2, βr4, βr5)

= βr2

[(
2

s2
1

+ βr4.βr5

)
ch(s1) +

(
βr5

s1
+ βr4

s1

)
sh(s1)

]

(12b)

ϕ(s1, βr3, βr5) = β2
r2

[
1

s3
1

sh(s1) + βr5

s2
1

ch(s1)

]
(12c)

The dimensionless parameters are defined by

1 The new expression (11) is exact, but, in practice, we have use
superposition of the two step heating answers shifted in time, and ha
the same levels (one is positive and the second is negative).
r

s1 =
√

p

βr1
, βr1 = a2

e2
2

, t∗c = βr1tc

βr2 = he2

k2
, βr3 = ψ

ρ2Cp2e2

βr4 = ρ1Cp1e1

ρ2Cp2e2
, βr5 = Rc.k2

e2
(13)

The calculated variations with time of the temperat
Tcren,red(t) can be calculated using the Stehfest inversion
θcren,red(p). This solution will represent the reduced mod

3. Sensitivity coefficients and optimal experiment design

The sensitivity coefficients are defined as the first der
tives of the measured variable with respect to the param
of the model. Their reduced form shows the variation∂Tcren

of the model induced by a relative variation
∂βj

βj
of the para-

meter:

Zij (t) = βjXij (t,β) = βj

∂Tcren(t,β)

∂βj

j = 1,2, . . . (14)

In general, these reduced sensitivity coefficients mus
large and uncorrelated with each other [19]. The cov
ance matrix of the relative uncertainty on the estimated
rametersR is evaluated using the reduced Hessian ma
J = ZtZ, whereZ is the (n × m) reduced sensitivity co
efficients matrix. This covariance matrix is defined by
following expression:

R = J−1σ 2 (15)

where σ 2 is the variance of the measurements noise

Rij = cov(β̂ri ,β̂rj )

βriβrj
.

If we supposed the following conditions: we have the
sponse over a dimensionless durationt∗n = βr1t from t∗1 = 0,
on a sufficiently large numbern of measurements to assim
late the following sums (which constitute the compone
of J) to the integrals:

Jpq =
n∑

i=1

Zp

(
t∗i

)
Zq

(
t∗i

) ∼= 1

�t∗
Ipq

(
t∗n

) = n

t∗n
Ipq

(
t∗n

)
(16)

whereIpq(t∗n ) = ∫ t∗n
0 Zp(t∗)Zq(t∗)dt∗.

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

�J = det(J) = nmfn

(
t∗n

) = 1

�t∗m
ft

(
t∗n

)
(17)

wherem is the number of unknown parameters andfn(t
∗
n ) =

ft (t
∗
n )

(t∗n−t∗1 )m
.

According to whether we fix, for each considered du
tion t∗n , the time step�t∗ or the number of measurementn,
the functionsfn(t

∗
n ) andft (t

∗
n ) are combinations of the va

ious integrals of the type (16), calculated numerically. T
relations (17) reveal two approaches to choose the opt
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duration of the experiment(t∗n )opt, corresponding to two dif
ferent experimental constraints. A first user can desir
carry out a fixed acquisition number of measurements
tween 0 andt∗n (for reasons of limited size of storage f
example), he will have, from the first equality of (17),
maximize fn(t

∗
n ). A second user may have, on the oth

hand, a lower limit in the size of the acquisition time st
�t∗ which he can put in use (band-width of the acquisit
system). He will then have, from the second equality of (1
to choose the smallest�t∗ possible and to maximizeft (t

∗
n )

for maximizing�J.
A second criterion can be used for determining the

timal experiment duration. This criterion consist on mi
mizing the sums of squares, given by the diagonal of
covariance matrix(σ 2

βri
/β2

ri). This is an individual criteria
used when not all the parameters are of interest. It g
as many useful experiment durations as number of para
ters.This later differs from theD-optimal criterion, which
minimizes the volume of the confidence region, so it gi
the optimal duration allowing the estimation of all unknow
parameters.

4. Parameter identification method

The unknown thermal parameters are identified as the
lution of the minimization of the gap between the measu
temperature and the calculated temperature of the d
problem. This gap minimization is carried out by minim
ing the least squares, given by

C(βr ) =
n∑

i=1

(
Tei

− Tcreni(βr )
)2 (18)

where,Te is a vector containing the measured temperatu
Tcren is a vector containing the calculated temperatures,
βr is the parameter vector with m the number of estima
parameters and n the number of measurements.

In vectorial form, the solution vectorβr,n+1 at the itera-
tion n + 1 can be written as

βr,n+1 = βr,n + [
X(βr,n)

tX(βr,n)
]−1X(βr,n)

t

× (
Te − Tcren(βr,n)

)
(19)

5. Numerical results

5.1. Validity of the model

The methodology presented above is here applied
Copper/PVC bi-layer system. The following thermoph
ical properties were assumed: for copper:a1 = 1.15 ×
10−4 m2·s−1, Cp1 = 384.9 J·kg−1·K−1 and ρ1 = 8940
kg·m−3 and for PVCa2 = 1.14 × 10−7 m2·s−1, Cp2 =
900 J·kg−1·K−1 and ρ2 = 1390 kg·m−3. The other para
meters are taken to be:e1 = 0.6 mm, e2 = 5 mm, Rc =
-

Fig. 2. Sensitivities of the general model.

Fig. 3. Comparison between capacitive and general model.

5 × 10−4 m2·K·W−1, h1 = h2 = 10 W·m−2·K−1 andψ =
105 W·m−2.

In order to verify the approximations taken into acco
in the model reduction, we represent on Fig. 2, the sensit
coefficients of the general model parameters. We remark
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Zh1 and Zh2 have the same shape and the same influe
on the model. These two parameters are correlated, for
reason; we have chosen the same heat transfer coefficie
the two sample faces.

For the second approximation of capacitive layer,
present on Fig. 3 a comparison between the general an
capacitive model. We remark that the two models respo
are identical. So our approximation is valuable.

5.2. Sensitivity analysis and optimal design

Fig. 4 presents the reduced sensitivity coefficients of
reduced model parameters versus time for two value
the thermal contact resistance (Rc = 5 × 10−3 and Rc =
5 × 10−4 m2·K·W−1). It can be seen that the curvesZβr1,
Zβr2, Zβr3 andZβr5 do not have the same form, and th
maxima are reached at different times. These observa
verify that these four sensitivity coefficients are uncor
lated, which is a desirable condition for parameter esti
tion. On the other hand, the curvesZβr4 andZβr5 have the
same shape and their maxima are almost reached at the
time. Therefore, these two sensitivity coefficients are c

Fig. 4. Sensitivities of the reduced model forRc = 5 × 10−3 and
Rc = 5× 10−4 W−1·m2·K.
n

e

e

related, and as a consequence, the parametersβr4 andβr5
cannot be identified simultaneously.

Given that the volumetric thermal capacity can be ea
measured by a calorimetric experiment, we can fix the v
of ρ2Cp2, so the parameterβr4 is considered to be known
At this stage, the reduced model depends only on four p
meters.

For Rc = 5 × 10−4 m2·K·W−1, it can be seen that th
reduced sensitivity ofβr5 is very weak (almost null). So thi
parameter cannot be easily estimated.

For the experiment design, we present the first appro
(n fixed). The curvesm

√
fn(t∗n ) are plotted on Figs. 5 and

for two values of the Biot number,βr2 = 0.1 andβr2 = 1 re-
spectively and for different heating timet∗h . The heat flux is
considered to be constant between times 0 andt∗h . The con-
straints of a fixed large number of measurements and a s
maximum temperature rise are used [20,21]. It is obse
that the curvesm

√
fn(t∗n ) pass through a maximum, whic

varies with the heating time t∗
h and the experiment duratio

t∗n . This means that there are two optimal times in this ex
iment: the heating and the experiment duration.

Fig. 5. m
√

fn(t∗n ) as function of the heating time and the experiment dura
for βr2 = 0.1.

Fig. 6. m
√

fn(t∗n ) as function of the heating time and the experiment dura
for βr2 = 1.
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With n fixed, the optimal experiment duration(t∗n )opt for
estimation of the parameters is that for whichm

√
fn(t∗n ) is

maximum. It is an interesting criterion since it means t
from this pointing time, the longer the experiment lasts,
less beneficial it is in terms of the parameter estimation
cision.

We thus record on Figs. 5 and 6 the heating and the ex
iment durations for whichm

√
fn(t∗n ) is maximum for the two

values of the Biot number (βr2 = 0.1 andβr2 = 1). We ob-
tain dimensionless durations of(t∗h)opt = 2.6 and(t∗n )opt =
3.8 for a weak exchange (βr2 = 0.1, Fig. 5), and(t∗h)opt = 1
and(t∗n )opt = 1.8 for a strong exchange (βr2 = 1, Fig. 6).

6. Experimental setup

The experimental device is schematically shown in Fig
It includes a heat source, a sample, an infrared camera
a Hewlett Packard (HP)-based data acquisition system.
investigated sample (Fig. 8) is composed of a Teflon ce
thicknesse2 = 5 mm coated with a thin copper layer at t
front face. This cell is filled with a glass powder, where
characteristics of which are presented on Table 1. The we
of the powder is 8.06 g and its porosity isε = 0.32. The cell
is horizontally maintained on a holder and it is heated
low by a halogen lamp, which provides a uniform heat fl
of power 150 W, with a finite duration. A mirror covered b
a layer of gold reflect the flux emitted by the surface of
powder towards an infrared camera (AGEMA) working
the short wave range (3–5 µm) and cooled by a liquid
trogen. This infrared camera is connected to an acquis
system allowing the storage and the visualization of the
ages. These infrared pictures are constituted of 100 lines
256 columns and stored in real time in the monitor wit
speed of 25 pictures per second. The camera does not
directly absolute temperatures but numerical levels pro
tional to the luminance of the sample. To access the abs
temperatures, some parameters must be known such a
emissivity of the powder and the standard constants of
camera. This emissivity parameter is measured in the l
ratory by the hemispherical reflectance method. The resu
presented versus temperature on Fig. 9.

Before turning on the heating source, we record the m
surement noise for a finite duration. The initial timet0 and
the heating duration are marked on the stored thermogra
image.

Table 1
Characteristics of the sample

Density Calorific
capacity

Thickness Grain
diameter

Cell
diameter

Glass powder 2500 750 5 0.2–0.25 mm 40 mm
Interstitial
fluid(air)

1.16 1007

Copper 8940 384.9 0.65
e

e

Fig. 7. Experimental device.

Fig. 8. Glass powder sample.

Fig. 9. Emissivity of the glass powder versus temperature.

7. Results and discussion

The measurement of the effective thermal conducti
and the effective thermal diffusivity of the glass powder h
been performed in air at room temperature. For evalua
of the thermal parameters, we have used the Gauss–Ne
fitting algorithm. The volumetric heat capacity of the powd
is calculated using this expression:

ρCe = ρCp2 = ερf Cpf + (1− ε)ρsCps

= 1.27× 106 J·K−1·m−3

The subscriptsf ands are relative to fluid (air) and soli
(glass grain). Using these values, the parameterβr4 is fixed
at a known value 0.351. Two experimental estimations
carried out. In the first case, we estimate the four para
ters, whereas, in the second case, we imposeβr5 = 0 and we
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estimate only three parameters. The comparison betwee
two results shows that the accuracy of the estimated par
ters in the second case is higher than this in the first cas
this work, the sample is a glass powder in contact with a c
per coating. The thermal contact resistance can be due
to possible flux line constrictions, either in copper, or in
glass grains in contact with its coating. For copper whic
a very conducting material, the constriction resistances
negligible. For glass powder, giving that the temperatur
measured at the rear face and the medium is supposed
homogenized, these constriction resistances are incorpo
in the equivalent conductivity of the homogenized mediu
For these reasons, we choose to neglect the thermal co
resistance and to estimate only three parameters.

The identification procedure converges to final val
presented on Table 2. It can be seen that the three param

Table 2
Estimated parameters and relative uncertainty

Estimated values Standard
deviation

Relative
uncertainty [%]

β̂r1 5.38× 10−3 1.5190× 10−5 0.477
β̂r2 3.464× 10−1 6.88× 10−3 1.98
β̂r3 2.08× 10−1 1.366× 10−3 0.672
e
-

e
d

t

rs

are estimated with high accuracy (relative uncertainty d
not exceed 2%). The evolutions of the estimated param
versus experimental duration are presented on Fig. 10
note that the parameters variation is random for short ti
and becomes stable for long durations.

Using the definitions given in (Eq. (13)), we can der
the dimensional parameters. The obtained results are g
on Table 3. The measured effective thermal conductivit
compared to the calculated value [4] by:

k+
e = ke

kf

=
(

ks

kf

)0.280−0.757 log(ε)−0.057 log(ks/kf )

whereks , kf , ke and k+
e are the solid, fluid thermal con

ductivity, the effective thermal conductivity and the d
mensionless effective thermal conductivity, respectiv
The calculated effective thermal conductivity iske = 0.197

Table 3
Measured dimensional parameters

Parameters Values Relative
uncertainty [%]

ae (m2·s−1) 1.34× 10−7 4.47
ke (W·m−1·K−1) 0.172 6.47
h (W·m−2·K−1) 11.80 10.45
rison b
Fig. 10. Variation of the estimated parameters versus experiment duration, Residuals between measured and calculated temperature and compaetween
residuals and measurement noise.
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Fig. 11. Comparison between measured and calculated temperature
glass powder.

W·m−1·k−1, which is close to the measured valueke =
0.172 W·m−1·k−1.

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

�ae

ae

= �βr1

βr1
+ 2

�e2

e2

�ke

ke

= �ae

ae

+ �ρCe

ρCe

The thickness of the substrate and the volumetric heat ca
ity are known with an accuracy of 2%, the effective therm
diffusivity and the effective thermal conductivity are th
calculated with an accuracy of 5% and 7%, respectively.
effective thermal conductivity of this type of glass powd
has been experimentally measured and theoretically
lyzed with help of the hot wire method [3–5]. The obtain
results show a great agreement with our results.

In order to check these results, we calculated the tem
ature using the estimated parameters. Fig. 11 shows
parisons between the experimental and the calculated
perature. We notice a good agreement between the cu
The residue is compared to the measurement noise and
resented on Fig. 10. We remark that the residuals are ran
and centered on zero.

8. Conclusion

This work has shown that using a crenel heating exc
tion and the Gauss–Newton parameter estimation proce
the effective thermal conductivity and the effective therm
diffusivity of a powder can be estimated with a high pre
sion. The thermal model of the rear face temperature is
veloped and reparameterized in dimensionless form. An
sis of sensitivity coefficients provides information about e
mation possibilities for each parameter. An optimality cri
rion was presented and optimal conditions including hea
-

-

-
-
.
-

,

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

References

[1] W. Woodside, J.H. Messmer, Thermal conductivity of porous me
I. Unconsolidated sands, J. Appl. Phys. 32 (1961) 1688–1698.

[2] E. Hahne, Y.W. Song, U. Gross, Measurements of the thermal
ductivity in porous media, Convect. Heat Mass Transfer Porous M
(1991) 849–865.

[3] P. Dumez, La conductivité thermique des matériaux pulvérulent
granulaires et ses méthodes de mesure en régime établi, Rev.
Ther. 55 (1966) 673–686.

[4] Y. Feng, B. Yu, M. Zou, D. Zhang, A generalized model for the
fective thermal conductivity of porous media based on self-simila
J. Phys. D: Appl. Phys. 37 (2004) 3030–3040.

[5] S. Melka, J.J. Bézian, L’isolation thermique par les matériaux gra
laires, Rev. Gen. Ther. 36 (1997) 345–353.

[6] W.J. Parker, R.J. Jenkins, C.P. Buttler, G.L. Abbott, Flash metho
determining thermal diffusivity, heat capacity and thermal conduc
ity, J. Appl. Phys. 32 (1961) 1679–1684.

[7] L. Vozàr, T. Sramkovà, Two data reduction methods for evaluatio
thermal diffusivity from step-heating measurements, Internat. J. H
Mass Transfer 40 (1997) 1647–1655.

[8] K.J. Dowing, B.F. Blackwell, Design of experiments to estima
temperature dependent thermal properties, Inverse Problems E
(1999).

[9] D. Maillet, C. Moyne, B. Rémy, Effect of a thin layer on the me
surement of the thermal diffusivity of a material by a flash meth
Internat. J. Heat Mass Transfer 43 (2000) 4057–4060.

[10] E.G. Wollf, D.A. Schnieder, Prediction of the thermal contact re
tance between polished surfaces, Internat. J. Heat Mass Transf
(1998) 3469–3482.

[11] N.D. Milosevic, M. Raynaud, K.D. Maglic, Estimation of thermal co
tact resistance between the materials of double-layer sample usin
laser flash method, Inverse Problems Engrg. 10 (2002) 85–103.

[12] W. Hohenhauer, L. Vozar, An estimation of thermophysical prop
ties of layered materials by the laser flash method, High Temp. H
Press. 33 (2001) 17–25.

[13] J.P. Bardon, Introduction à l’étude des résistances thermiques de
tact, Rev. Gen. Ther. (1972) 125–429.

[14] A. Degiovanni, A.S. Lamine, C. Moyne, Thermal contact in transi
states: A new model and two experiments, J. Thermophys. Heat T
fer 6 (2) (1992) 356.

[15] P.J. Holliday, R. Parker, R.B. Piggott, A.C. Smith, D.C. Steer, E
mation of the thermal contact resistance between potato granule
steel, J. Food Engrg. 28 (1996) 261–270.

[16] F. Gabriel, J.P. Bardon, D. Guilbard, J.C. Rouffignac, Etude de la
sistance thermique de contact entre l’étain en cours de fusion
creuset refroidi, Rev. Gen. Ther. 36 (1997) 354–370.

[17] C.L. Yeh, Y.F. Chen, C.Y. Wen, K.T. Li, Measurement of the therm
contact resistance of aluminium honey combs, Experimental The
Fluid Sci. 27 (2003) 271–281.

[18] D. Maillet, S. André, J.-C. Batsale, A. Degiovanni, C. Moyne, Therm
Quadrupoles, Solving the Heat Equation Through Integral Transfo
Wiley, New York, 2000.

[19] M.N. Ozisik, H.R.B. Orlande, Inverse Heat Transfer, Taylor & Fran
New York, 2000.

[20] R. Taktak, J.V. Beck, E.P. Scott, Optimal experimental design for
timating thermal properties of composite materials, Internat. J. H
Mass Transfer 36 (1993) 2977–2986.

[21] J.V. Beck, K.J. Arnold, Parameter Estimation in Engineering and
ence, Wiley, New York, 1977.


