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Coupling inverse fin method with infrared thermography to determine
the effective thermal conductivity of extruded thermoplastic foams

André Chateau Akué Asséko'? - Benoit Cosson' - Salim Chaki' - Clément Duborper'2-

Patricia Krawczak'? - Marie-France Lacrampe'~?

Abstract

An inverse method for determining the in-plane effective thermal conductivity of porous thermoplastics was implemented
by coupling infrared thermography experiments and numerical simulation of heat transfer in straight fins having
temperature-dependent convective heat transfer coefficient. The microstructure heterogeneity of extruded polyethylene
foam, in which pores are filled with air with different levels of open and closed porosity, was taken into account. The
obtained effective thermal conductivity values were compared with previous results obtained using a numerical
solution based on periodic homogenization techniques (NSHT) and the transient plane source technique (TPS) to verify
the accuracy of the proposed method. The results show that the suggested method is in good agreement with both NSHT
and TPS. Moreover, it is also appropriate for structural materials such as unidirectional fiber-reinforced plastic
composites, where heat transfer is very different according to the fiber direction (parallel or transverse to the fibers).

Keywords Foam - Fin experiment - Infrared thermography - Steady-transient state - Effective thermal conductivity

1 Introduction

Porous materials are used in many applications, e.g., as insu-
lators, filters and separators. Thus, knowledge of their heat
transport properties is of great practical interest. The thermal
! IMT Lille Douai, Institut Mines-T¢lécom, University conductivity of a porous material may significantly differ from
of Lille, Centre for Materials and Processes Centre, that of the solid “bulk” material forming its skeleton [1] and
F59000 Lille, France . .
strongly depends on the relative density, the cellular charac-
teristics (cell size, cell density, cell anisotropy), and on the
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presence of additional phases and/or fillers (concentration,
orientation and dispersion) [2, 3].

The thermal conductivity of polymeric foams varies consid-
erably because of the existence of two phases (gas phase and
solid phase) and the presence of pores (cells) causes inherent
anisotropy and usually the orthotropy of thermal conductivity
tensor. The overall heat transfer through a porous material is
due to the interactions among different modes of heat transfer.
Indeed, the effective heat flow across a material can be con-
sidered as the sum of conduction across the material matrix,
convection of the internal gasses in the pores, and radiation
among the solid surfaces within the material [4]. Thus, the
thermal conductivity of foam can be considered as having four
contributions: (1) conduction through the solid (2) conduc-
tion through gas (3) convection within the cells (4) radiation
through the cell walls and across the cell voids. The influ-
ence of convection, which may locally occur in the small air
cavities, is often neglected [5—7]. Indeed, convection within
the pores is only important when the Grashoff number (which
describes the ratio of the buoyant force driving convection to
the viscous force opposing it) is greater than ~ 1000. Using
data appropriate to air at 1 atmosphere, this value is achieved
when the pore size exceeds 10 mm in diameter [6, 7]. For pore
sizes smaller than this, which is the case in our study, thermal
transfer through convection, can be ignored. Many experimen-
tal methods already exist to measure the thermal conductivity
of heterogeneous materials. Most of them are based on the
flash method [8—11] and guarded hot plate devices as in [5].
Temperature of the rear side of a planar sample is measured
with an infrared camera, while the front side is heated with a
flash lamp or a laser pulse. Then, the thermal conductivity in
the thickness direction of the sample can be determined from
the measured temperature evolution. The flash method can
also be applied to determine the in-plane thermal conductiv-
ity [12, 13]. However, in that case, because the signal-to-noise
ratio must be quite high (at least 10 [13]), a sensitive infrared
camera or a high heating temperature is required. However, it
should be noted that using high heating temperature leads to
complications with modeling the heat-loss effects.

The present paper proposes a new method to overcome the
aforementioned drawback. A new design of a simple experi-
mental set-up with an appropriate inverse analysis method are
developed to determine the in-plane thermal conductivity in
the longitudinal direction of cellular materials.

2 Background for experimental setup
design

The experimental device consists of a constant thermal
energy source (a heated aluminum plate) into which the
end of a straight fin of uniform cross-section is fixed. The
experimental procedure consists in heating the sample by

the heated aluminum plate in perfect contact with the sample
base, while measuring temperature field with an infrared
camera in steady state, instead of the measurement at dif-
ferent points by means of individual temperature sensors
[14-16]. Thus, the whole temperature distribution profile in
a planar sample can be measured with high accuracy. The
fin method is used in a longitudinal direction of heat transfer
and considers heat loss on the upper and lower faces. Gener-
ally, the convection heat transfer coefficient varies along the
fin as well as its circumference, and the usual assumption
that this mode of heat transfer is constant is no longer valid
[16]. The velocity and thermal boundary bands increase
towards the hot end of the sample, and, consequently, the
convective heat transfer coefficient also changes. Thus, it is
important to take into account the position dependence of
this coefficient by introducing a temperature-dependent heat
transfer coefficient in the fin model which becomes nonlin-
ear. Exact solutions are often difficult to obtain for nonlinear
problems with variable thermal properties [17]. It is, there-
fore, relevant to use a numerical finite difference solution to
easily solve the problem.

A motivation for designing this experimental setup is its
simplicity and accuracy. The experimental procedure is also
very simple, robust and quick to determine thermal conduc-
tivity. In practice, the sample is thin and the temperature gra-
dient in the thickness is negligible [18] (fin method assum-
ing with small Biot number). Thus, the sample geometry
allows one-dimensional modeling (assuming that the sample
can be considered as isothermal in the thickness direction),
and different heat transfer mechanisms can be more easily
included in the model. Temperature changes in the longi-
tudinal direction are much larger than those in the trans-
verse direction (one-dimensional conditions are assumed,
even though conduction within the material is actually two
dimensional) and the propagation in the sample can be eas-
ily produced.

3 Fin method analysis
3.1 Method principle

A constant heat energy source is applied at the end of a rec-
tangular cross-section plate (Fig. 1). When the temperature
of the sample has reached the steady state (i.e., when the
temperature profile is remaining constant), the temperature
profiles measurement is performed on one face of the sample
using an infrared camera. After that, a post-processing of
the obtained thermal maps (thermograms) is achieved and
a finite difference solution is applied to identify the thermal
conductivity of the material.
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Fig. 1 Fin method principle

3.2 Problem formulation

The models considered in the present work are based on a
heat conduction problem resulting in a fin approach [19,
20] in a bar with rectangular cross section and dimensions
a, b, and c, associated with y, x, and z directions, respec-
tively (Fig. 1). The analysis for fins of uniform cross-sec-
tional area can be found in any standard heat transfer text-
book [18, 19]. It is assumed that the model can be treated
as adiabatic at the end (x = L), that the convective heat
loss from the fin tip is negligible and that the temperature
at the base (x = 0) is constant, 7. 7o facilitate analysis
of the thermal conductivity of the foam glass, the follow-
ing assumptions are made as in [21, 22]: the medium is
an isotropic material, its boundary is adiabatic (meaning
that no heat is dissipated at the boundary), thermal con-
ductivity is independent of temperature, the temperature
is linearly distributed along the heat flow direction (in
the x direction), steady-state conditions are established,
no heat generation, heat transfer by both convection and
radiation are negligible. Moreover, the fin is assumed to
be thin, which implies that the temperature variations in
the longitudinal direction are much larger than those in the
transverse direction [23, 24]. This assumption can be made
when Biot number (Bi) < < 1:
heony X €

. conv
Bi= ——, ey
where h,, is the convective heat transfer coefficient, c is
the sample thickness and  is its thermal conductivity. This
means that the temperature gradients within the solid are
small and its initial temperature is that of the ambient air.
Indeed, the studied samples are thin (thickness ~ 2 mm) with
a small Biot number (Bi<0.1). Therefore, the internal resist-
ance is negligible and the temperature can be considered as
uniform within the body. It is now possible to study the time
evolution of the temperature, and therefore, to use the equa-
tion of the fins as in [18, 19]. This hypothesis will be verified

at the end of the study. Under these assumptions, the system
of energy equation and boundary conditions take the form:

d*T(x)  Pheon(¥)
dx? kA

(T(x)-T,,) =0, 2)

s

where T = T'(x) is the temperature of the plate, x is the dis-

hconv P

tance from the heated end of the plate, ‘/T is the fin

module which characterizes the rapidity with which the heat-
ing fades away along the plate for increasing abscissa axis,
T, is the ambient air temperature, and A, (x) is the nonlin-
ear convective heat transfer coefficient (it is position depend-
ent, because of the boundary-layer effects on the air flow
across the plate). P is the fin perimeter, Ag the surface area
measured from the base to x, and k the thermal conductivity.
It is also assumed that the temperature profile T = T(x) is a
monotonic function, and thus there is a one-to-one corre-
spondence between x and 7, or rather x and
0(x) = (T(x) — T,). This also means that x can be consid-
ered as a function of 0, x = x(0). Thus, Eq. (1) can be
expressed as:

d’0(x)  Pheony(0)
dx? kA

0(x) =0, 3)

s

with an unknown function A, = ., (0). Also, A, (0) can
be replaced by a linear function (as a temperature-dependent
heat-loss coefficient). It is assumed that &, equals to O at
the ambient temperature (7)) (no heat exchange between
the environment at the ambient temperature and the sample)

and h,,, tends towards its maximum value at the sample
base (7).
hconv(g) = hlg’ (4)

where £, is, in principle, a function of T,,. However, varia-
tion of T, is so small during the experiments that it can be
considered as constant. The equation (Eq. 3) is a nonlinear
differential heat transfer equation and can easily be solved
numerically. Thus, in this equation, the initial and boundary
conditions are imposed as follows:

0(0) = 6,
L=0x=L) )

3.3 Finite difference solution

The temperature distribution is determined by a numeri-
cal scheme using the finite difference method described
by Chapra and Canale [25]. In this method, the differ-
ential equation of heat conduction is approximated by a
set of algebraic equations for temperature at a number of
nodal points. The rod is divided into N subregions, each
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= b/N, and the node temperature is denoted by T,

n=0, 1, 2,..., N. The resulting general form of the finite-
difference equation for the internal nodes (i.e., n=1, 2,
N—-1)is:
%(Tn—l -T, ) + = Ax (Tn+1 Tn)_
hoonPAX (T, n) (6)
hconv = (Tn )h

To determine the thermal conductivity, an inverse
problem is considered from the knowledge of stationary
temperature profiles measured by infrared thermogra-
phy. The method consists in minimizing the mean-square
deviation between the temperature obtained by the finite-
difference solution and the measured temperature (Eq. 7).
To minimize this objective function, the “fminsearch”
MATLAB function is used, based on the simplex method
which is an iterative optimization algorithm for nonlinear
minimization without constraints. The experimental data
provide 8_0 and h_conv and k parameters are determined
by minimizing the below integral. In addition, the sur-
rounding air temperature 7 is measured using a portable
thermocouple.

First step

v

N RCORO)

—

Non linear convective heat transfer is known

0(x) = numerical stationary temperature profile
= measured stationary temperature profile

0o (x)

J (3 -a,0) ™

where 6(x) is the numerical stationary temperature profile
and 6, (x) is the measured stationary temperature profile.

3.4 Concept of thermal conductivity measurement

The determination of the effective thermal conductivity of
the foamed samples is composed of two steps (Fig. 2). The
numerical equation (Eq. 6) contains two terms to be identi-
fied (convective heat transfer coefficient and effective ther-
mal conductivity). In the first step, a reference thermoplastic
material is used whose thermal conductivity is known so
that the nonlinear convective heat transfer coefficient can
be experimentally obtained. In the second step, the foamed
sample whose effective thermal conductivity is unknown is
placed in the same condition as the reference sample. Thus,
its effective thermal conductivity can be determined using
the heat transfer coefficient previously determined on the
reference sample. It is this procedure that was applied in
the present study, where the same experimental conditions
are imposed to have the same convective heat transfer coef-
ficient. Namely, the temperature gradient or heating rate

Foam material
with unknown k

Second step o

Thermal conductivity is known

hconv(x) = nonlinear convective heat transfer coefficient (position dependent, because of the
boundary-layer effects on the air flow across the plate)

k = thermal conductivity.

Fig. 2 Identification procedure of foam effective thermal conductivity
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on the samples, the heat transfer surfaces and the nature of
surrounding medium (air) are the same. These experimen-
tal conditions allow to guarantee the same convective heat
transfer coefficient during the measurements.

4 Experimental method
4.1 Materials

The cellular samples were manufactured by extrusion foam-
ing of a low-density polyethylene (PE, Flexirene FG 23 F,
Polymeri Europa) dry mixed with 1 or 2 wt% of a chemi-
cal blowing agent (CFA) (Hydrocerol® ITP848, Clariant).
A single screw extruder (Kaufmann, screw length 840 mm,
screw diameter 30 mm) equipped with a flat die (width
55 mm, gap 2.2 mm) at a die temperature of 110 °C and a
rotation speed of 40 RPM was used. The test coupons are
plates with uniform rectangular cross-section and nominal
dimensions b X a X ¢ of 150 mm X 30 mm X 2 mm, respec-
tively. The structural parameters of the samples are sum-
marized in Table 1.

4.2 Experimental set-up

The experimental setup is shown in Fig. 3. The sample is
placed horizontally and is heated from one end. All speci-
mens are covered by a black coating to standardize the emis-
sivity (e>0.9) of the surface facing the infrared camera.
Thermographic images are recorded when the steady state
is reached using an infrared camera (Flir CEDIP JADE,
spectral response: 3.6-5.1 pm, Sub-windowing: 320 X256
pixels, frequency: 50 Hz). A PC is connected to the camera
for image grabbing and further data analysis using Altair
software.

5 Results and discussion

5.1 Determination of the convection heat transfer
coefficient versus temperature

To determine the thermal conductivity of the sample, it is
necessary to calibrate the heat transfer coefficient (%, )
at first. For this purpose, a bulk PE sample is used whose
thermal conductivity value (0.34 W/mK) [26, 27] is
known. The air temperature 7 is 25 °C. Figure 4 illus-
trates a temperature field of the bulk PE sample in steady
state. The observed temperature field varies from the
imposed temperature 45 °C at the basis to approximately
25 °C at the free end surface with a continuous decrease
along the x-axis. This is explained by the decrease of the
conductive heat transfer with increasing fin length (x-axis)
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Table 1 Structural characteristics of the polyethylene foams

PE foams

Bulk PE

Sample

96

50.4
424
243

45.1
469
218

0

Porosity/void fraction ¢ (%)

34.8

854

Foam density p; (kg/m3)

2950

Average diameter ¢ (pm)
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Fig.4 Comparison of the experimental and computed stationary tem-
perature profiles in the 2 mm thick bulk PE sample

due to the continued convective loss on the surface of the
material. Comparison between the temperature profile in
the x direction and the numerical finite difference solution
based on Eq. 7 shows a very good agreement between
numerical and experimental results. The minimization of
the difference between the temperature obtained numeri-
cally, by the stationary fin model, and the measured tem-
perature gives a value of the parameter 7; = 0.44 W/m?K.
The error between both temperature values is lower than
1%. Figure 5 shows the evolution of convection (/)
along the x axis in the 2 mm bulk PE sample. The deter-
minated value of the constant &, is 0.44 W/m*K with an
error less than 1%. The convective heat transfer is high at
the base of the sample where the flow velocity is the larg-
est. This value of #h is used in the second
inverse

conv

0 0.02 0.04 0.06 0.08 0.1 0.12
X (m)

Fig.5 Temperature dependent convection along x axis in the 2 mm
thick bulk PE sample

problem to find out the effective thermal conductivity of
the unknown foam materials. The use of this value for all
the unknown samples is justified as the surface area in
contact with the surrounding and all other experimental
conditions, such as heating rate, nature of surrounding
medium (air) are the same. The assumption of the small

Biot number is well veriﬁed(Bi = % =0.0026 < 0.1 )

5.2 Determination of the effective thermal
conductivity of thermoplastic foams

The identification of the effective thermal conductivity of
the foam material is performed using the same procedure for
identifying the convective heat transfer coefficient (second
step on Fig. 1). The experimental and numerical temperature
distributions for the base temperature (7, = 45 °C) of PE
foam with 45% porosity are presented in Fig. 6. The meas-
ured values also match favorably the numerical solution. The
relative error between both results remains lower than 1%.
The effective thermal conductivity of the last sample, com-
puted by the inverse fin method, is k = 0.164 W/(mK). The
assumption of the small Biot number is also well verified

(Bi = SROM2 = 0.0053 < 0.1). This result is compared

with the previous one [21], obtained by a numerical finite
element solution and validated with the Transient Plane
Source technique (TPS) method (Hot Disk) (Table 2). The
experimental values are close to numerical solution. Indeed,
the relative error between numerical solution and experi-
mental results, as well as the relative error between numeri-
cal solution and TPS (Hot Disk), is lower than 6%. The
experimental fin apparatus described in the present paper is
consequently successfully validated.
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Fig.6 Temperature dependent convection along x axis in the 2 mm
thick bulk PE sampleComparison of the experimental and computed
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(45%, porosity) (a)

Table 2 Comparison between experimental results from fin method,
and previous [21] numerical solution based on periodic homogeni-
zation techniques (NSHT) and transient plane source technique (Hot
Disk)

PE foams
Sample 2 3 4
k (NSHT) [21] (W/(mK) 0.176 0.163 0.042
k (Inverse method) (W/(mK) 0.164 0.154 0.044
k (TPS) [21] (W/(mK) 0.17 0.16 0.041
Deviation (%) 6.8 4.3 4.5

6 Conclusion

An inverse method for determining the effective thermal
conductivity of foams was developed. The foamed plate is
heated at one end and the steady state. The temperature field
of the sample is recorded by an infrared camera. These fields
are then fitted by a numerical finite difference solution of the
one-dimensional heat equation with temperature-dependent
convection heat transfer and effective thermal as two fit-
ting parameters. The relative error between the numerical
solution developed in a previous study and experimental
results is lower than 6%. Therefore, it is proved that this
novel experimental method is well designed and is a suitable
alternative for determining thermal conductivity of foamed
materials.

The method developed can also be extended to other
heterogeneous materials such as structural composites, for
example unidirectional fiber-reinforced plastics, where fiber
direction should be taken into account because of heat trans-
fer difference parallel or transversally to the fiber direction.
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