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Abstract:

In this study, a new experimental design, which has the advantage of estimating
simultaneously the three components of the thermal conductivity tensor and the specific
heat of orthotropic polymer composite materials is presented. Furthermore, no sample
instrumentation is required, reducing substantially the global experimental procedure
duration. The measurement technique consists in dissipating a known heat flux thanks
to a home-designed thin heater, composed by two distinct heating elements and
sandwiched between two cylindrical samples. The heater is also used as measurement
instrument since micro thermocouples are incorporated inside. The parameter estimation
is performed by an inverse method. The method has been validated on a sample with
known properties. The thermal properties of a unidirectional carbon-fiber composite
have been then characterized. The results, obtained from a two-step estimation strategy

are in good agreement with those determined within the framework of round-robin test.



Nomenclature

Cp specific heat [J/kg.K]
C correlation matrix

e thickness [m]

n normal vector

t time [s]

to initial time [s]

¥ radius of heater element [m]
re relative error

Rtc  thermal contact resistance [m*K/W]

T temperature [K]
Teo initial temperature [K]
X sensitivity

X*  reduced sensitivity [K]

Greek symbols
B parameter vector
X characteristic function

; Kronecker symbol

€ emissivity

() heat flux [W/m?]
T face of domain
A

thermal conductivity

[W/m.K]

A thermal conductivity tensor

0 rotation angle between
coordinates

p density [kg/m’]

c Stephan constant

ON standard deviation

Q spatial domain

Main subscripts

int interior

ext  exterior

Oxyz sample coordinates
OXYz heater coordinates

A heating configuration A
B heating configuration B

S sensor

Key words: composite material, thermal properties,




1. Introduction

Composite materials are most often an innovative technological solution to
improve and create more competitive products in many industrial sectors. Their
properties offer numerous advantages compared to those of traditional materials
(lightness, strength, chemical resistance, complex forms, noise, vibration, etc.).
Moreover, cost-effective composite parts can be manufactured by utilizing proper
design and manufacturing techniques. Composites offer design freedom by tailoring
material properties to meet performance specifications, thus avoiding the over-design of
products. All these reasons have led to a considerable development of these materials
and their diversity.

In leading-edge domains such as aeronautics, the high-performances of
composites are an undeniable asset. Metals are then gradually substituted by composites
in airplane structures. However, even if it has great advantages for mechanical issues, it
can also induce "collateral" concerns. Thermal problems are among the crucial ones. In
fact, composite materials are so insulating compared to metallic materials that rapidly
heat confinement problems occur. To predict the thermal environment of airplane
structure, thermal properties of involved composite structures as well as the
uncertainties relative to their measurements are thus required. To satisfy this need, the
determination of the thermal properties of composite materials is addressed in this
study. Note that the term "composite" is here restricted to polymer matrix reinforced
with carbon fibres. Two parallel means can be considered for this issue:

» The development and the use of predictive heat conduction models is an
approach to explore. The estimation of effective thermal properties from the composite
microstructure is very attractive. First, once developed, they are cheap means of
estimation. Then, their applications can become in the future very interesting for the
design of composite with desired properties. However, this approach is not the aim of
this article and has already been discussed in an other reference [1].

« Secondly, the experimental approach. The measurement of effective thermal
properties on samples employing a dedicated device is another possibility to investigate.
Many measurement devices have been developed to characterize orthotropic material.
Realizing an exhaustive bibliography on all existing measurement methods (devices and

estimation procedures) of thermal properties is an extremely large task. We therefore



limit it to our subject of interest, that is to say, the methods used to characterize organic
matrix composite materials. Methods assuming the isotropic behaviour of the material
are, by the way, excluded. Moreover, the organic matrix (thermosetting resins,
thermoplastics) of the composite implies relatively low temperature of measurements
(up to 150°C). The devices dedicated to high temperature measurements are thereby not
addressed.
The thermal properties to characterize are essentially

» the components of the effective thermal conductivity tensor, A

» the specific heat, Cp

The density p is assumed to be known. When heat conduction models are supposed to
be non-thermal dependent, other parameters can be characterized like the thermal

diffusivity tensor A=A/(pxCp) and/or the effusivity tensor B=,/ApCp .

In this paper, we consider that composite samples have a cylindrical shape. We assume
that the size, especially the thickness in the range 5 to 50mm, is enough to define an
effective thermal conductivity tensor. For convenience, we will adopt the orthogonal
coordinate system Oxyz, where the cylinder axis is called the “transverse” direction
(Oz), whereas (Ox) and (Oy) are in-plane directions. In a pure unidirectional composite,
we suppose that (Ox) matches the fibres direction, and that (Oy) is orthogonal to the
fibres direction. Then these directions are the main directions of the composite, and the

thermal conductivity or diffusivity tensors are diagonal [2].

Many measurement devices and methods have been developed to characterize the
components of these tensors. Basically, they consist in thermally exciting a sample
(with electrical heater, heat flux pulse, laser,...) and measuring its thermal response
(with thermocouples, IR camera, flux meter,...) so as to estimate its heat conduction
properties. Degiovanni [3] realized a complete review of the main measurement
methods. One can distinguish steady state methods (time independent), which only
permit to determine thermal conductivities, from transient methods, for which the
measurement of the thermal response is performed as a function of time. Using these
latter methods, more thermal properties can be identified, like diffusivities, and specific

heat.



The Guarded Hot Plate (G.H.P) is one of the most well-known steady state
methods, which permits to measure a thermal conductivity along a unique direction.
Many devices were developed so as to provide the most accurate results. In its first
version, G.H.P. device consists of a symmetric assembly of two samples, two cold
plates and one heater located on the mid plane, which dissipates a known heat flux. This
method has the advantage of being simple, accurate and standardized (standard: ISO
8302 [4]). However, it has also some drawbacks, as the long period of steady state
establishment, or the heavy devices used to limit the lateral heat losses and thus ensure
the heat flux to be unidirectional. Moreover, compared to transient methods, this
method does not permit to assess specific heat or diffusivities. The main drawback of
this method may lie in the fact that it only permits to estimate a unique conductivity
parameter A, in the transverse direction. It is, however, possible to measure the other
thermal conductivity parameters (Axx and Ayy), but the sample has to be machined and
re-shaped so as to make the heat flux cross along the desired direction while keeping a
good ratio aspect. Such process obviously adds measurement uncertainties and is very
time-consuming. Moreover, these measurements assume the composite main directions
(Ox and QOy) are to be known.

The heating wire method ([5]-[7]) was adapted to the characterization of
orthotropic materials. The method [8] uses an inverse method to estimate, the thermal
conductivity parameters in both directions orthogonal to the wire, as well as the specific
heat Cp. This method consists in a symmetrical assembly in which an electrical heating
wire is sandwiched between two pairs of samples. The assembly is insulated on lateral
faces, and micro-thermocouples are located in some grooves on sample surfaces. The
wire is assumed to have a negligible radius. For enough short time of heating, the
hypothesis of an infinite sample can be considered (the boundary effects are thus
neglected). Initially, the assembly is isothermal, the temperature being imposed with
thermo-controlled plates. At t > 0, the wire aligned along (Oy) direction is powered and
dissipates a known constant power ¢, . Due to the anisotropic character of the
composite samples, isothermal surfaces are elliptic in the plane (Oxz) orthogonal to the
wire direction. Only the temperature rises of two thermocouples are required to identify
by inverse method the parameters Ay, Az, and pCp. Repeating the measurements by

aligning the hot wire along Ox direction, an estimation of Ayy is possible. The



repeatability of this method is about 5%. However, this method does not take into
account the thermal inertia of the hot wire as well as the possible thermal contact
resistance between the wire and the sample. As these parameters only have an influence
on the temperature increase for short periods, they do not influence the estimation of the
conductivities that are performed after a certain period. Nevertheless, the specific heat is
mainly sensitive to short time. Precautions have thereby to be taken. Nonetheless, the
main drawback of this method is the instrumentation, since the wire and the micro
thermocouples have to be placed on the sample. This step is first of all time consuming.
Moreover, it induces result uncertainties linked to the uncertainty of thermocouple
locations.

Transient Plane Source methods (TPS) derived from works realized by
Gustafsson [9]-[10] who developed a technique able to simultaneously estimate the
thermal conductivity and diffusivity of homogeneous and isotropic solids. TPS methods
consist of a flat heating element in the shape of a strip, strip pattern, disk, or disk
pattern, that can be sandwiched either between two identical pieces of the sample
(double-sided configuration) or applied to only one sample piece (single-sided
configuration). When powered, the heat generated by Joule effect is dissipated through
the sample. Then, from the measurement of the temperature increase of the probe,
thermal properties can be calculated.

Different formats of sensors were developed to accommodate a large variety of samples.
Recent developments were initiated so as to estimate the in-plane Axx = Ayy and the
transverse A, thermal properties of orthotropic materials [11]. The main advantage of
these methods lies in the fact that both thermal conductivity and diffusivity are
estimated. Moreover, the used probe generally constitutes both heat source and
temperature sensor (thermocouples can be placed inside the probe), which is convenient
for different aspects: ease of application, rapid instrumentation time or uncertainty on
thermocouple locations.

Flash method is widely used to estimate the diffusivity of homogeneous and
isotropic materials. It was extended to composite materials. In its first version, this
method is built upon the analysis of the back face temperature rise of a sample whose
front face is submitted to an energy pulse of short time compared to the observed

phenomenon. Another method, derived from the traditional one, enables to assess in-



plane thermal diffusivity. This technique is based on a heterogeneous excitation upon
one face of the sample so that thermal gradients are developed on the plane orthogonal
to the excitation direction. Initially proposed by Donaldson et a/ [12] to estimate both
radial and transverse diffusivity, many extensions [13]-[18] were developed and the
whole thermal diffusivity tensor can be characterized. Measurement of the in-plane
thermal gradients can be performed with thermocouples, but the uncertainty linked to
their locations remains a problem. The use of IR-camera [19]-[20] prevents from this
problem, but a high number of thermographic images is required to remain accurate.
The Flash method uncertainty factors are mainly due to the experimental conditions
[21] that are difficult to realize. The convective and radiative exchanges on front and
back faces [22]-[23]], the duration and non-homogeneity of the incident heat flux [24]
or the non-linear effects. We have also to keep in mind that flash methods do not lead
directly to the thermal conductivity tensor but to the thermal diffusivity tensor, because
it is not possible to measure accurately the heat flux density entering the sample.

The periodic methods for the determination of thermal diffusivity are based on a
theory originally stated by Angstrém [25]. The principle consists in heating periodically
a sample, then the temperature along the sample also varies with the same period, but
with an amplitude that decays exponentially. Moreover, the measurement of phase lag
between periodic input and thermal response of the material can be directly related to
the thermal diffusivity. Many other models and experimental devices [26] are based on
Angstrdm’s method to measure heat transfer coefficients [27], thermal diffusivity of
anisotropic media [28], or thermal properties on small dimension media (e.g. thermal

properties of fibres contained in composite materials [29]-[30]).

We have pointed out that the measurements of the whole thermal conductivity
tensor and the specific heat require to combine and/or repeat different experimental
methods. This generally involves the use of multiple composite samples, or successive
tooling steps of the sample to adapt it to the different measurement devices employed.
Resulting uncertainty may consequently be important.

Our research has focussed on the development of a new experimental device that
is able to simultaneously assess the components of thermal conductivity tensor and the

specific heat of composite materials. The measurement technique consists in dissipating



a known heat flux thanks to a thin heater sandwiched between two cylindrical samples.
The heater is composed by two distinct heating elements and is also used as
measurement instrument since micro thermocouples are incorporated inside. The

parameters estimation is performed by an inverse method.

2. General presentation of the experimental device

Experimental device (Figure 1) consists in a thin electrical heater, sandwiched
between two similar composite samples. The symmetrical assembly (heater and

samples) is located in a thermo-regulated vacuum chamber.

Acquisition
+ TI'(’f (t)

Power supplier

Ts(x=0, y=0, z=¢9.t)

Composite samples Heater

Figure 1: Schematic presentation of the experimental device.

\
| The heater (Figure 2) serves as both heat source and temperature measurement device.
| Its development required several tests and experiments. The final version presented here
! is composed of a stack of Kapton discs on which are set two distinct circular heating
1 tracks: a central heating disc of radius riy, and a peripheral heating corona between the
interior radius riy and the exterior radius rex = 60mm. Fourteen T-type micro-
thermocouples (30 pm thick) are located on the heater (seven per face), along three

different directions, at different radii from the centre.
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Figure 2: Upper face of the heater.

An IR pyrometer focused on the centre of the upper face of one sample, it ensures the
measurement of the mean transverse thermal gradient. The vacuum chamber is equipped
with a ZnS window through which pyrometer measurements are performed. At last, thin
rubber sheets are placed between the composite samples and the heater to limit the
roughness effect, and thus to ensure a good interface thermal contact, the total thickness

is 0.6 mm.

Two thermal-regulated plates are located on both sides of the assembly. They ensure the
temperature control of the assembly by radiation. Moreover, in order to prevent lateral
heat losses, a barrel heater band is placed around the vacuum chamber to ensure the
vacuum chamber wall temperature. These elements can be observed in Figures 3a and
3b.

To be tested by this device, two identical samples of the same material are required.
Their shape is circular, with a radius equal to the heater one. The maximum thickness is
50mm in the actual design. Both samples have to be oriented along the same direction

when they sandwich the heater.
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Figure 3 (a) Main elements of the experimental device. (b) Zoom on the system

assembly.

Figure 3b sketches some elements of the measurement devices. One can observe in this
figure, the tightening system of heater between the composite samples. The tightening
system is composed of insulating rings that compress the samples on the heater (and
elastomer sheets). All the system is developed on springs adaptable to sample thickness.
Note that for any sample thickness, the upper face of the upper composite sample

always remains at the same distance from the pyrometer and thus at the focal distance.

The acquisition system employed is a Multiplexor HP 985A. It is linked to a computer
and the acquisition is controlled with Bench Link Data Logger software. This
acquisition system allows direct measurements of temperature. Nevertheless, the
internal compensation system of the device provides a rough precision, because the
system uses a unique local temperature for correcting the whole cold junctions. Thus, if
the cold junction temperatures are not homogeneous, then some temperature bias
appears. To prevent these effects, we used our own and unique cold junction reference,
the temperature of which is perfectly controlled. It consists in making junctions,
between the thermocouple wires and extension copper wires, in a massive aluminium
block. This block is located in an insulated box under vacuum. Its own temperature is
measured by a platinum probe (Pt 100) and used as reference temperature. The

acquisition system is then, only used for voltage measurements.
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Experimental protocol

The experiment consists in these successive steps:

1. Perform the assembly of the samples and heater thanks to a tightening system.

2. Locate this assembly in the vacuum chamber and connect thermocouples and power
wires of the heater to the acquisition system.

3. Create a vacuum inside the chamber and set the temperature of thermo-regulated
plates and of the barrel heater band to the measurement temperature. Once all the
thermocouples of the heater and the pyrometer indicate the isothermal state of the
assembly, the experiment can start.

4. Att = 0 the heater (internal part or both parts) is powered. Heat flux is dissipated
through the samples, and temperature rises are recorded by the thermocouples and the
pyrometer.

5. At t = teng, the data acquisition is stopped. The data are stored into a result file.

6. This file is then used as input data for estimating the effective thermal properties of

the composite samples, according to an inverse heat conduction method.

The aim of the developed identification process is to determine the effective thermal
properties of an orthotropic structure. The set of unknown parameters to be determined,
involves the specific heat and the components of the thermal conductivity tensor. The
thermal conductivity tensor of an orthotropic material in the coordinate system of the

main directions (Oxyz) is diagonal

A, 00
o =| 0 A, 0 1)
0 0 A,

The main directions are supposed to be orthogonal. We naturally consider the transverse
direction (Oz), which is the sample thick-direction, as one of the main direction.
Concerning the two other main directions, (Ox) is the direction along which the planar
thermal conductivity is the most important, and thus (Oy) the orthogonal direction to the
two first ones. Taking the example of a pure unidirectional CFRP (all the carbon fibres

are oriented along the same direction), (Ox) then correspond to the fibre direction (since
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the thermal conductivity along this direction is the most important); (Oz) is the
transverse direction; and (Oy) is the planar direction orthogonal to the fibre direction.
Except in some peculiar cases (e.g. undirectional composites), composite thermal main

directions are generally unknown.

Let us consider the coordinate system of the heater (OXYz). In this coordinate system,
the composite thermal conductivity tensor can be written as
Ny Ay ©
AC(OXYZ) =A%y My O (2)
0 0 A,

The objective of the method is to estimate simultaneously these five parameters as well
as the specific heat. Then, knowing A oxyz), it is easy to find the main directions in
which this tensor is diagonal [2] and the diagonal components of Aoxyz). The rotation

angle between coordinates (Oxyz) and (OXYZz) is named 0.

An inverse method is used for estimating these parameters. The direct heat conduction
problem is solved using a 3-D finite element solver. Identification of the unknown
composite thermal properties consists in minimizing a least square criterion based on
the differences between the observations (measured temperatures) and the calculated

temperatures (direct problem) at the same locations.
2.1 Spatial fields: Finite Element geometry

The assembly (composite sample / elastomer sheet / heater / elastomer sheet /
composite sample) being symmetrical, the thermal problem is reduced to the geometry
presented in Figure 4. The spatial domain of the model equations involves three sub-
fields: Q; for the heater, Q, for the elastomer, and Q3 for the composite sample.
Subscripts 1,2 and 3 will be more generally used for notifying properties or variables of
the heater, elastomer and sample, respectively.

Heater thickness being e; = 0.5 107% m, half-thickness is represented in the geometry.
The mid-plane (OXYz = 0) of the heater is also a symmetry plane of the assembly. The

12



thickness of the rubber sheet, placed between the heater and the sample, is e, = 0.1 107

m, the composite sample thickness is named e;.

F&um

FS,lat
FQ,I(Lt F2—3,im‘,
FLMi

Fl—lmn

FLMM T

Figure 4: Finite Element geometry scheme containing heater, elastomer and composite

fields.
2.2 Temperature fields

At the initial time of the experiment, heater is off, the temperatures of both
composite samples and heater are uniform and equal to the vacuum chamber one, so
T(x, y, z, t=0)=Tx in Q. For t €]0, t¢] a uniform heat flux is dissipated by the heater.
This heat flux is modelled with a heat flux density ¢(x, y) applied on the mid-plane:

' put- O(X, y) is experimentally calculated from the measurement of the power delivered
to the heater and from the heater electrical resistance.

The lateral faces Iy jat, 211, L3 12t and the upper face of the composite sample I3 1o, are
submitted to radiative boundary conditions. The emissivity of the external surface of the
composite sample is denoted €. Its influence will be later addressed.

Finally, the contacts between the layers heater-elastomer and elastomer-composite are
not perfect, some temperature discontinuities can occur. They are modelled with
thermal contact resistances, denoted Rtci—, and Rtc,—3 but we assumed they are equal
and denoted Rtc. This hypothesis seems at first sight to be strong since it depends, for
example, on the surface roughness of the composite. However, it was difficult to

estimate two distinct parameters. Its influence will be later addressed too.
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Then, the temperature fields Ti(x, y, z, t), i =1, 2, 3, are obtained by solving the

following set of equations

piCpi % = V.(AIVTI) , ONn Qi, 0<t< te

n.(A,VT) =0(x,y), on ' pu, 0 <t <t¢
n.(AVT,) =eo(T,* = T,*), on Tija Taops 0 <t <t

aTlI =T1(Z=el)_T2(Z=el)

—A 1 s Tioint, 0 <t <t
1,2z 1,z Bz |Z:cl Rtc ,int
oT. T, (z=¢,)—T;(z=¢
7\‘2,zzn2,z 1 | = 2( 2) 3( 2) > 1—‘2-3,iﬂt’ 0<t<ts
0z Iz:e Rtc

with n, the unitary normal vector to the surface, € the emissivity of the external surfaces,
and Rtc the thermal contact resistance introduced to account for the non-perfect
contacts: heater-elastomer and elastomer-sample. Note that Rtc is assumed to be

spatially uniform.

The heater design offers two distinct heating configurations. Configuration A
consists in powering the central part of the heater, whereas for configuration B, both
central part and peripheral corona are powered to dissipate a known uniform heat flux
on the entire sample faces that are in contact. Characteristic function of the dissipated
flux Yneater(X, ¥, 2=0) is

Configuration A: Yneater = 0, Tint <T < Text

1>0<r<rint (8)
Configuration B: Yheater = 1, 0 <1 <Tex ©)
And the heat source is defined by
¢(X9 Y, Z=0, t) = Q(t)'Xhea(er (Xa y, ZZO) (10)
Q(t) is a heat flux step
Q®)=0,0<t<t (11)

Q09 t() St<tend
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where Qq is a spatially uniform flux density. Heating tracks of the heater have been
specially designed for this purpose. The homogeneity of the heat flux has been
experimentally confirmed using IR images and the micro-thermocouple histories [31].
Qo is set up by the experimenter. The duration tenq is defined so as to avoid too large

temperature raises in the sample.

2.3 Sensitivity fields

Computation of the temperature sensitivity fields to each unknown parameters is
of prime interest. On the one hand, sensitivities inform on the feasibility of the
identification process, and permit to choose the optimal time window to get the
measurement data. On the other hand, they directly play a role in the iterative estimation
process.

The temperature sensitivity field to each component of the parameter vector =
[B;] in the sub-field Q; is defined by
T (x,y,2,1)

X" sJ)> ata =
§(%,¥,2,t;B) B,

,j=lim;i=13 (12)

In practice, all badly known constant data of the model equations could be treated as
parameters for estimation. However, increasing the number of parameters to be
estimated reduces the accuracy of the estimation process, and vice versa. In practice, the
information relative to geometry like the sample thickness, the sample radius, and the
thermocouple locations or others like the power dissipated in the heater can be
measured with high accuracy, so there is no need for their estimation. At the opposite,
the thermal conductivity tensor, the specific heat, the thermal contact resistance between

the heater and the samples have to be determined. The unknown parameter vector is
p= [Mxx Ayyy Aszz haxy Cps Rte ] (13)

The thermal properties of the heater and the elastomer are also obtained experimentally

(see section 5).
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Temperature sensitivity fields are thus obtained by differentiating the model equations
(equations 3-7) with respect to each component of this parameter vector. For example,

the following set of equations defines the sensitivity field of the component 1 = A3xx

oX, (A T
p;Cp; % = V.(A VX (A3xx)) + 855 gj , on €

(A VX;(Aaxx ) =0, on T’y pus,

oT.
0.(A;VX; (Maxx)) = =486 T X (Aaxx ) — 85 5 53 , 00 T T3 gop,

% 0X; (As3xx) _ Xi(Asxxsz=¢1) =X (Agxx,2 =€) i
1,2z 1,z - s L 1-2,int
0z -~ Rtc
_a X, (A 3xx) _Xz(%xx,z=ez)_X3(7V3xx,Z=ez) Lo
2,222,z o7 - Rtc > 1 2-3,int
z=e,

with &;; the Kronecker symbol. The sensitivity equations for the other parameters are

obtained in a similar way.

It is observed that the sensitivity equations are similar to the heat equation, but they
involve additional terms, coupled to the heat conduction model equations. Thus, like the
temperature fields Ti(x, y, z, t), the sensitivity fields are calculated with finite elements.
To avoid storing the coupled terms, it is judicious to calculate simultaneously the whole

fields T;, Xjj (j=1:m) by solving a global set of equations, on the same mesh.

3 Optimal heater design

A special care has been brought to the design of the heater. The specification
was to define a heater, as thin as possible, that allows to dissipate a spatially uniform
heat flux as well as to measure temperatures. The choice led to a multi layer element on
which are coated copper and constantan deposits. To design the heater power, the
dimension of the heating parts, and the thermocouple location, numerical tests have

been required and are described in the following sub-sections.
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3.1 Dissipated heat flux

The first variable to set is the heat flux value to be dissipated through the
samples and we set the following requirements to determine it. First, the value should
not be too high to prevent an important temperature raise within the samples. In fact, the
parameters to be estimated are supposed to remain constant within a low temperature
range, from the initial isothermal state of the samples before the experiment starts.
Thus, if the temperature raise is too important, it is not possible to assume that the
experiment is performed within this temperature range. However, if the heat flux
dissipated is too weak, then the measured temperature raises are also weak. The ratio
"signal / noise" then decreases, and the estimation error increases.

Using the direct heat conduction model presented in the previous section, it is
possible to predict the temperature increase of a composite versus the dissipated heat
flux. Numerical tests led to consider that heat flux density values that go from 300W;m
2 to 1300W.m™ are enough for estimating thermal properties of composite materials
under study. Maximum temperature raises are then less than 10K. Note that, during the

experiment, the heat flux value is a controlled variable.

3.2 Thermocouple locations

The influence of thermocouple locations on the estimated parameters is
discussed by observing the spatial distribution of the temperature sensitivity fields to the
parameters Axx, Ayy, Axy, Az and Cp. For example, they are plotted in Figure 5, at t =
200s. Sensitivity to Cp is large, at any time. Sensitivity to A, is important only in the
centre, and rapidly decreases to zero. On the contrary, although sensitivities to Axx and
Ayy are maximum in the centre, they exhibit a peak along (OX) and (OY) directions,
respectively. A thermocouple must thus be located in the centre of the heater and two
other should be along the (OX) and (OY) directions. Moreover, as the main directions
are unknown, a third thermocouple has to be located in a third direction (different from
(OX) and (OY)).
However, as usual in such optimal design process, the sensitivity fields depend on the

parameter values to be estimated, and then the optimal sensor location implies some a
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priori knowledge of these parameters. Thus, we consider a range of thermal
conductivity values for composite materials that are standard for aeronautic structures:
from 0.1W.m™" K to 10 W.m™" X' Different thermocouple locations were then
studied; those for which sensitivities remain too weak or too much correlated were

eliminated.

This study has led to place seven thermocouples in the heater plane (Figure 2)
» One on the heater center,
e three at a radius r; = 10mm ,
 and three others at a radius r, = 20mm.
Placing thermocouples at two different radii permits to ensure they are sensitive to low

thermal conductivities values as well as to greater ones.
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Figure 5: From left top to bottom right: temperature field (heater plane in configuration

A), and temperature sensitivities to Asxx, Asyy, Asxy, Asz and Cps, computed at t =200s.

4. Parameter estimations

4.1 Numerical experiment

In this section, the identification of the parameters by inverse method is
addressed. The study of the feasibility and of the optimal estimation strategy requires
the computation and the analysis of the temperature sensitivity fields to the estimated
parameters. For this issue, we have simulated with the F.E. model presented previously,

the thermal response of a standard fictive composite having the thermal properties given

in table 1.
Property Composite Heater Elastomer
Axx (W' K 5 0.7 +2% 024 5%
Ayy (W.m™ K" 0.7 0.7+2% Literature [32]:
Azz (W.m™ K 0.6 1.0 + 5% 0.15-0.31
Cp (Tkg' K) 1500 1500 = 3% 1400 = 5%
p (kgm™) 1100 1500 1200

Table 1: Thermal properties of the composite, heater and elastomer considered for the

test of parameter estimation.
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The thermal properties of the heater has been determined experimentally from
the experimental set-up, removing the domain associated to the composite sample in the
F.E. model and using the developed inverse method detailed in the following sub-
section. The properties of the elastomer are given by the supplier. The applied heat flux

density, Q, equals 1000W.m2 and the Rtc value is assumed to be 10™* m* K.W .

4.2 Inverse method

The method we used to estimate the thermal properties of composite samples is
based on the Ordinary Least Square (O.L.S.) estimation technique. Considering ns the
number of sensors and n; the number of sampling times, the output model vector at the

sensor locations can be defined by

Y(B)=[C].T(B), with dim(Y)=n, x n, (19)

where T(B) is the finite element approximation of the solution of the model equations,
and [C] the sensor location matrix. Measurements, noted ¥, are assumed to be corrupted
only by an uncorrelated, zero mean, Gaussian, additive noise (on = standard deviation).

The estimation of [B] consists in minimizing the O.L.S. criterion

s@) =7 -ve)| (20)

The model solution Y(B) being non linear with respect to , the minimum B = argmin

S(B) is iteratively computed with the Gauss Newton algorithm. The iterative process is
described in [33]-[34]. For each iteration k, the new estimate B(kH) is computed by

adding the parameter correction dB(k) to the estimate * according to

AP =(X® x Y xO(F ~v,(8®)) @D

The subscript "s" indicates that the variable is considered at the temperature sensor
locations whereas the upperscript “t” denotes the transpose. The estimation of the

parameters requires the difference between experimental temperature ¥, and the
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computed model Y(B®) and the temperature sensitivities to the parameter X, While
the RMS (root mean square) between measured and predicted temperature is greater
than the standard deviation of the measurement noise oy, the iterative process goes on.
The values of the parameter vector are updated from equation 21, and serve as input
parameter to the temperature F.E. solver. When the RMS become lower than oy, then
the iterative process is stopped and the estimation error is evaluated.

The matrix (X*’.X®) has to be inverted for each iteration. Consequently, the
parameters can be estimated only if the sensitivities computed at the measurement
points remain linearly independent on the time interval considered. One way to
investigate correlation is to simply plot the sensitivity coefficients versus each other.
Because these plots can often be non-conclusive, it is recommended to compute the

condition number of the matrix (X*'.X®)

Estimation errors are evaluated from the standard following equation:

re(B;) =;—deiagj(X£Xs>* 24)

oy is the standard deviation of the measurement noise. It is evaluated during a short

period prior to heating. diag indicates that only diagonal terms are considered.

4.2 Sensitivity study

The heater design offers two distinct heating configurations:

Configuration A

The configuration A consists in powering the only central part of the heater. For
isotropic samples, the isotherm lines in the heater plane would be circular. However, for
orthotropic composite materials, these isotherm lines are distorted in ellipses. X"

(A3xx), X*l (Asyy) and X*l (A3xy) are then different in the mid-plane.
Configuration B

In this configuration, both central part and peripheral corona are powered to dissipate a

known uniform heat flux on the entire samples faces. In that case, the mid-plane (O, x,
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y, z = 0) is (quasi-)isothermal, excepted close to the lateral boundary. Sensitivities to the

parameters Asxx, Asyy and Asxy are then equal to zero.

The configuration A thereby permits to estimate all the parameters. Configuration B in
contrast, is not sensitive to in-plane parameters that cannot be estimated using it.
However, configuration B is not useless since both configurations may be used in a
complementary way to estimate all the parameters with more accuracy. A strategy of
identification may be then defined, but one must before detail the use of an inverse

method for the estimation.
4.3 Validation of the inverse method / Estimation strategy

Optimal identification procedure can be analyzed from the sensitivity fields to the
estimated parameters and from the property of the matrix (X ®1 X ®Ybuilt with the

sensitivities at the sensor locations. This matrix depends on the heating configuration.

By normalizing this matrix in the form of the correlation matrix C; [35], the relative
error re on the final estimated parameters, due to the measurement errors, can be
compared for both heating configurations A and B, and permit to explore different
estimation strategies.

For example, we check the inverse method algorithm considering the thermal properties
of a fictive composite material given in Table 1. Results were obtained with a standard
deviation of noise oy equals to unity, 600 time points (time step dt=0.25s) and
considering all the seven thermocouple locations.

Equations 25 and 26 give the final correlation matrices C,,C; obtained respectively for

the heating configurations A and B

[ 1 03491 0.5421 —0.9683 0.6336 —0.7285]
sym 1 04861 —0.9674 0.6941 —0.6492
c _|sym sym 1 -04573 03114 -0.9533 (25)
A7 lsym  sym  sym 1 ~0.5622 0.6464
sym  sym sym sym 1 —0.3958
[sym  sym sym sym sym I
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1 09292 -0.9835
Cg =|sym 1 —-0.8851 (26)
sym  sym 1

For Cy, the correlation parameters are given for Asxx, Asyy and Asxy, Azz, Cpc, and Rtc
from the left to the right and from the top to the bottom of the matrix. For Cg, the
correlation parameters are given for Azz, Cpc, and Rtc only. The relative errors
associated to the estimated parameters when we carry out one experiment (i.e. heating

configuration A or B) are presented in the Table 2.

One experiment Two experiments
Parameter Relative error | Relative error | Relative error | Configuration
rea (%) reg (%) re (%)
Configuration | Configuration
A B
Aaxx (W.m™ K™) 1.01 = 0.13 A
Asyy (W.m™' K1) 1.01 . 0.48 A
Aaxy (W.m™" K 1.29 - 0.70 A
Aazz (W.m™' K™ 1.53 0.41 0.41 B
Cp. kg’ K™ 0.62 0.06 0.06 B
Rtc (m>K.W™) 5.16 0.33 0.33 B

Table 2: Relative estimation error on thermal properties of the fictive composite

material (see table 1) according to the employed strategy (one ore two experiments).

In the light of these results, two strategies can be employed.

o The strategy “just A” permits to estimate all the six parameters with only one
experiment. Nevertheless, we have noticed that the estimation errors decreases
with configuration B for the last three parameters.

e Another strategy “B before A”, consists in performing two experiments, using
both configurations: and in estimating three parameters at each experiment. With

configuration B first, the parameters: Azz, Cpc, and Rtc are estimated more
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accurately than with configuration A. It is important to notice that this
estimation is possible because it is not dependent on the in-plane thermal
conductivities, the sensitivities to Asxx, Azyy and Azxy, being equal to zero. Once
the parameters Azz, Cpc, and Rtc have been estimated, the use of configuration
A permits to estimate the three other parameters: Axx, Ayy, and Axy. Thus, all
the parameters are estimated in two steps. Conducting the estimation in two
experiments, relative errors are lower (Table 2), meaning that the estimation is

then more accurate.

The best strategy is therefore a balance between experiment duration and accuracy
results. Although the second strategy provides more accurate estimations, it is obviously
more time consuming than the first one since two experiments have to be realized,
instead of one. Even if the heating time is rather rapid, the waiting time to be isothermal

before starting the second experiment can be long (more than two hours).

5 Measurement of thermal properties of the heater

5.1 Heater thermal properties

The heater is one of the most important features of the proposed measurement device.
This central probe constitutes both a heat source and temperature sensor. Its thermal
properties have to be determined to perform the inverse process. The heater being
composed by a stack of Kapton discs, on which copper conductive tracks and
thermocouples are coated, the whole being taped with glue, measuring these properties
is far from obvious. Moreover, this heterogeneous material has not isotropic properties.
Looking at its structure, we assume that its thermal conductivity tensor has only two
distinct components: a radial khr and a transverse one khzz. Thus the parameters to be

estimated are

o0
0 0 A
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We use the heating configuration A to estimate these thermal properties. The heater is
placed in a vacuum chamber. No sample or elastomer sheet sandwiches it. The only
central part of the heater is powered, and thermocouple responses are recorded. The

inverse method led to the values given in Table 1, section 4.1.

5.2 Elastomer thermal properties

The silicon elastomer sheets used in the experiment are very thin (0.1 mm). A DSC
(differential scanning calorimeter) was employed to estimate its specific heat. The
thermal conductivity was given by the supplier. Results are compared to literature [32]

data (see Table 1).

5.3 Emissivity of the black paint
The external surfaces of the tested composite samples are painted with a black paint:
Velvet coating 811-21 from 3M® Corporation. The mean emissivity at the ambient

temperature is 0.9.

6. Validation on PMMA material

In order to validate the proposed measurement method, tests on isotropic material with
well-known thermal properties are realized. PMMA is an isotropic homogeneous
material, whose thermal conductivity and specific heat have already been characterized.
Two PMMA discs, Smm thick, were instrumented with four thermocouples so has to
measure the temperature rise inside the PMMA. This precaution allows to know if the
F.E. model is able to predict accurately the temperature raise inside the tested samples.
The locations of thermocouples (K-type, 80pum) placed in small grooves into PMMA
samples, are indicated on Figure 7. External and lateral surfaces of the samples were

recovered with a thin layer of black paint, whose emissivity was characterized: € = 0.9.
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Figure 6: (a) Schematic illustration of the assembly. Four K-type thermocouples (TC1,
TC2, TC3, TC4) are located into the PMMA sample. (b) Evolution of temperature
measured by thermocouples located into PMMA samples. Heating configuration A.

$=1030W/m>.

6.1 Validation of symmetrical assumption

PMMA sample instrumentation permits to detect if the heat flux dissipated by the heater
is well shared in two equal parts in both samples. We can observe in figure (Figure 7)
that the temperature raises of the thermocouples located on the external faces (TC3 and
TC4) of the PMMA samples, are nearly equal. These results obtained under
configuration A (central heating only), validate the hypothesis of symmetrical assembly.
Moreover, one can notice that the pyrometer results are in agreement with thermocouple

ones. Similar results are obtained under heating configuration B.
6.2 Estimation of PMMA properties

PMMA material being isotropic, only three parameters have to be estimated. Then, the

parameter vector to estimate is

B — [}“PMMA CpPMMA th] (28)
Both configurations (A and B) can be used for estimating these parameters at 45°C.We

first test configuration A, and then configuration B. Figure 8a shows the temperature

evolution inside heater and PMMA samples when configuration A is employed. A
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radial thermal gradient is observed. At the opposite, in Figure 8b, configuration B
exhibits that heater thermocouples which provide nearly the same response. The heater
plane is then isothermal. Estimated parameters are carried forward in the Table 3.
Results are compared to literature data [36], and to pertinent measurements. These
measurements were performed at 45°C on the PMMA material that was used for the
experiments with a guarded hot plate (GHP) device for the thermal conductivity, and
with a DSC for the specific heat.

Parameter Configuration A | Configuration B| GHP/DSC | Literature [36]
(45°C) (45°C) (45°C) (20°C)
APMMA (W mT K| 0.202 +2% 0.197 +0.5% 0.20% 2% 0.197
D
Cpr™A (kg K| 1508+ 1% 1491 +0.5% 1532+ 2% 1380
),
Rtc m* KW | 4.10°+3% 3.10° +2% - -

Table 3: Estimated thermal properties at 45°C of PMMA using both heating
configurations, and comparison with a dedicated guarded hot plate (GHP) and DSC

measurements and data from literature [36].

Although a slight difference is observed between the results of both configurations,
results are in agreement with pertinent measurements, and literature data. This validates

the experimental measurement method in the case of an isotropic material.
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Figure 7: Experimental and numerical temperature rises. PMMA sample. (a)

Configuration A. ¢= 1030W.m™. (b) Configuration B. ¢= 435W.m™.
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7. Characterization of a unidirectional composite

We used the composite that was employed as reference material for the SFT
Cross Bench [37] to validate the measurement method. As this composite is purely
unidirectional, it is easy to detect the main longitudinal thermal conductivity (Ox) since
it corresponds to the fibre direction. In order to know if the estimation of the orientation
angle 0 is accurate, in the following experiment the samples will sandwich the heater so
that fibre direction makes an angle of 20° with the (OX) direction of the heater.

Experiments are realized at a measurement temperature of 45°C.

7.1 Heating configuration B

Using heating configuration B, the temperature raises illustrated in Figure 9
were obtained. One can notice that all the thermocouples provide nearly the same
temperature responses. The measured temperatures lie between the average + 0.1°C.
Moreover, one can notice that a weak thermal gradient exists between the heater center
and the peripheral corona. This may be due to the fact that the electrical resistances of
the two heating tracks have not been perfectly balanced. The heat flux density dissipated
by the central heating track is then lower than the one dissipated by the peripheral
corona. Nevertheless, this problem was then solved by adjusting the values of the

resistances used for the regulation.
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Figure 8: Experimental temperature rises measured by the heater thermocouples.

Unidirectional composite sample. Configuration B. ¢=435W/m™.

From these results the inverse method was used so as to estimate the transverse thermal
conductivity, the specific heat and the thermal contact resistance. Results are given in
Table 4. Figure 10 shows that the temperature raise computed at the heater center is in
agreement with the response measured by the two thermocouples located at the heater
center. The same remark can be made for the temperature computed on the upper face

of the composite sample, and the experimental temperature measured by the pyrometer.
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sk + IR-Pyr‘ometf:r (experimental)
- Numerical simulation
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Figure 9: Experimental and numerical temperature rises. Unidirectional composite

sample. Configuration B. ¢=435 W.m?>,

7.2 Heating configuration A

The heating configuration A was then used to estimate Asxx, Asyy and Asxy. Figure 11

illustrates the agreement between experimental data and numerical computations once

the inverse program has converged.
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Figure 10: Experimental and numerical temperature rises. Unidirectional composite

sample. Configuration A. ¢= 1026 W.m™.

Results are given in the two following Tables 4 and 5. In the first one, thermal
conductivity tensor is expressed in the heater coordinate system, whereas the latter is

expressed in the composite main thermal direction coordinate system.

Parameters Estimated value | Relative error (%) Heating
due to on configuration

Aazz (W.m™ K™ 0.62 2.23

Cps (J.kg" K™ 1050 4.06 B

Rtc (m*K.W™) 5.10™ 8.09
Aaxx (W.m™ K1) 4.592 5.02
Asyy (W.m™ K™ 1.368 1.09 A
Aaxy (W.m™ K™ -1.683 2.07

Table 4: Estimated thermal properties at 45°C of a unidirectional composite using both

heating configurations. The coordinate system is the one of the heater (0,X,Y,Z).

Parameters Estimated value GHP (40°C) GHP (60°C)
Aaxx (W.m™ K7 5.35 4.96 5.26
Aayy (W.m™ K™ 0.662 - -

A3z (Wm™ KT 0.62 0.68 0.72
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Cps T.kg' KT 1050 992 (DSC) 1072 (DSC)
0 23° -
Table 5: Estimated thermal properties at 45°C of a unidirectional composite using the

two heating configurations. Thermal conductivity tensor is given in the main thermal

direction coordinate system (O,X,y,z).

The angle estimated between the two coordinate systems is 6 = 23°. This result is close
to the orientation we imposed for this experiment, which was 20°. The estimation of the
main thermal directions of the composite is thereby efficient and is an other important
specificity of the device since the orientation of the main directions is unknown in other
measurement techniques. Note however, that this composite presents a strong thermal
anisotropy ratio: Asxy/ Asyy = 8. The results that we obtained with this method are in
agreement with the others found for the Cross Bench [37] and with values obtained with
other equipment in the laboratory (see Table 5). This is especially true for the specific
heat and the longitudinal thermal conductivity Asxx. For A3y, and more especially for
A3z, it seems that the found values are in the lower part of the cloud of results.
However, although these results are good, it remains difficult to provide additional
conclusions, because the references we use to compare our results, is a cloud of
scattered points. In some cases, the scattering is quite important (e.g. Azyy values go
from 0.59 to 0.82 W.m™ K" at 25°C).

Finally, one can also notice that the thermal contact resistance estimated is low. This is
due to the use of elastomer sheets that ensure a good thermal contact between the

samples and the heater.

Conclusion

A new experimental device for the estimation of the thermal properties of
composite materials has been developed. It was imagined to satisfy the main industrial
requirements: reliability, accuracy, functionality, rapidity. It does not require sample
instrumentation. The principle of the device is to dissipate a known heat flux through a
thin heater sandwiched between two similar samples. It has been designed to ensure

both thermal excitation and a measurement of temperature rises, which is the key-
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element of the method. Its conception enables the heating of two distinct circular areas,
which provides a choice in the strategy of parameter estimation. This heater, in which
are located temperature micro-sensors allows the estimation of the whole thermal
properties of composite samples, i.e. four components of the effective thermal
conductivity tensor, the specific heat and, consequently, the thermal main directions in
the plane. It is important to underline that few methods consider the question of the
determination of the composite main directions.

A treatment of the data is performed to determine the thermal properties: the
identification procedure is based on an inverse method and the direct problem is solved
using a 3-D finite element solver. Temperature sensitivity fields, also computed with
finite elements, have ensured the identification feasibility and were of prime interest to
determine the optimal design of the heater such as the thermocouple locations and the
power to be dissipated by the heater. They have also been useful to demonstrate the
advantages and drawbacks of estimation strategies: the determination of the whole set of
thermal parameters can be achieved with only one experiment but it is at the expense of
the accuracy. At the opposite, two experiments are a better strategy if the accuracy is the
driving criterion.

Tests on instrumented PPMA samples, for which the thermal properties are well-
known, have been realized to validate the measurement technique. The results are close
to those expected, which confirms the method. Consequently, the thermal properties of
the unidirectional CFRP composite have been characterized. The results in the (Oyz)
plan (Aayy =0.662 W/m.K and As,, =0.620 W/m.K) given by the two-step strategy
confirm the main directions and the weak anisotropy already predicted by the
microstructure analysis [1].

New experiments are currently in progress to estimate thermal properties of composite

materials at higher temperature level.
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