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Highlights

* Thermal conductivities of CENG-PCM identical on liquid and solid phase in spite
of the expansion of the plate

* Thermal conductivities and latent heat of CENG-PCM constant after 1500
melting-cooling cycles

* Delamination and deformation of CENG-PCM slab after thermal cycling

* Migration of PCM at the external surface of the CENG composite after a few
thermal cycles

ABSTRACT

Compressed Expanded Natural Graphite (CENG) impregnated with Phase Change Material
(PCM) is an interesting material for latent heat storage application requiring a high heat
transfer rate. This composite material, that has orthotropic properties, undergoes expansion
while the PCM changes phase that might affect its thermal properties and its mechanical
integrity. In order to assess this possible evolution, the CENG-PCM thermal conductivities in
the two principal directions have been measured before and after a 1500 thermal cycling test.
The thermal characterisation was performed using two methods: a classic hot guarded plate
method and a more originally inverse method. The results show no significant change of the
thermal conductivity values after ageing cycles in spite of the appearance of cracks in the
planar direction of the composite. We can conclude that the delamination of the CENG was
not sufficient to affect the thermal conductivities. In addition, a DSC analysis shows that the
latent heat is also almost unchanged after the thermal cycling.
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Nomenclature

Cp: thermal capacity, J K kg™!

m: mass, kg

T: temperature, °C

t: time, S

@ heat transfer rate, W

0. density, kg m™

A: thermal conductivity, W m™! K!

Abbreviations

CENG: Compressed Expanded Natural Graphite
DSC: Differential Scanning Calorimetry

ENG: Expanded Natural Graphite

HTF: Heat Transfer Fluid

PCM: Phase Change Material

TES: Thermal Energy Storage

1. Introduction

Phase Change Materials (PCM) are frequently used for heat storage. Indeed, latent heat is a
very appropriate solution for high energy density storage in a narrow temperature range or for
thermal management by damping the temperature fluctuations of a medium. In addition, the
heat storage temperature can be adapted by choosing the appropriated PCM. In consequence,
the applications cover a wide range of domains such as solar power [1] [2], building [3-5],
electronic [6-9], battery [10-13], transportation [14] [15] and industrial processes [16—19].
Unfortunately, most PCM have a low thermal conductivity (0.1-0.4 W.m'!. K1), which limits
the heat transfer rate. Several solutions exist to enhance the thermal performance [20]. One
option consists in extending the exchange surface between the PCM and the surrounding
medium by using a conductive structure such as fins, foams, or by encapsulating the PCM
into small encapsulated samples where the Heat Transfer Fluid (HTF) flows around [21].

The Expanded Natural Graphite (ENG) is a material recurrently used as thermal conductivity
enhancer for its high thermal conductive property, low cost and inert behavior even at high
temperatures [22] [23]. Compressed, the ENG forms a matrix called Compressed Expanded
Natural Graphite (CENG), where the PCM can stand within the materials without leaks. This
shape-stabilized composite materials, CENG-PCM, gathers the thermal conductivity of the
graphite matrix and the storage capacity of the PCM. The CENG matrix is manufactured by
uniaxial compression of ENG. This compression leads to an orthotropic laminate structure
with graphite planes parallel to the compressive plate [24]. Each layer is linked in some bonds
to constitute a cohesive structure (Figure 1). This porous structure could be impregnated by
capillarity with PCM to obtain the thermal conductivity enhanced PCM material.



Figure 1: Picture of a CENG-PCM composite plate.
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Figure 2: Different directions for calculating the thermal conductivity.

This material has been successfully applied for many applications including the waste heat
recovery on industrial process [18]. Meanwhile, the tests were operated on few thermal cycles
exhibited a deterioration of the matrix. Indeed, when the PCM change phases from solid to
liquid, the PCM expands. This expansion induces an internal pressure within the matrix that
provokes an inflation of the structure in the compressive direction, called the transverse
direction (Figure 2). Therefore, we can anticipate that the thermal properties of the composite
might be different in solid and in liquid phase. In addition, after multiple thermal cycles, we
can expect that the structure could be deteriorated, provoking cracks and delamination and
then, a decrease of the thermal conductivity.

Several authors have measured the thermal conductivity of CENG-PCM composite materials
[25] [26]. However, most of time, the measures were operated when the PCM was on solid
phase, and before ageing process. The purpose of this article is to measure the thermal



conductivity of a CENG-PCM composite before and after a thermal cycling ageing test, in
solid and liquid phases. The thermal conductivity has been measured by two methods: an
inverse method technique associated to an experimental device developed in the laboratory,
and, a classic method using hot guarded plate technique. In order to achieve the inverse
method, the thermal properties of the composite material, such as the phase change
temperatures, the specific heat, the density and the thermal expansion were measured to be
further implemented in the numerical model.

2. Thermal characterization of CENG-PCM composite before ageing test

2.1. Material

The Compressed Expanded Natural Graphite (CENG), provided by MERSEN®, has a density
of 2000 kg/m?. The CENG has been impregnated by capillarity until saturation with paraffin
RT 70HC from Rubitherm®. The impregnation was performed by immersing the CENG slabs
in liquid paraffin bath. To enhance, the impregnation speed, a low pressure can be imposed at
the free surface of the paraffin. The CENG-PCM slabs was weighted at different times to
measure the impregnation rate. After few hours, the impregnation rate reaches an asymptotic
value. The mass fraction of paraffin was 80% and 20% for CENG at the end of the
impregnation process.

2.2. Characterization using DSC analysis
A differential thermal analysis was carried out using a heat flux DSC, Thermal Analysis
Q200. The heat flux absorbed and restored by the PCM was measured by imposing a
temperature cycle on a sample of 3.5 milligrams of paraffin RT70 HC. The sample was heated
from 30°C to 90°C with a constant heating rate of 8 K min!. Then, the temperature was
maintained for 5 minutes to erase the thermal history of the PCM, before being cooled at the
same cooling rate to reach 30°C.

From the DSC curve, we measured that the PCM starts melting at 69.5°C and the
crystallization phase begins at 68.8°C (Figure 3), indicating a small supercooling of 0.7K. The
enthalpy of melting and solidification, obtained from the integration of the DSC curve, was
close to the value of the manufacturer data sheet: 260 kJ kg™!.
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Figure 3: DSC results for RT70 HC

The specific heat, C,, was obtained from the differential calorimetric analysis using Equation
1 (Figure 4).

L¢)
C(T) = —= Equation 1

where m is the mass of the PCM sample in kg, % the heating or cooling rate imposed by the
DSC oven in K s and @ the heat flux measured by the DSC in W.

The average value of the specific heat of 2 000 J kg™! K! was obtained in the solid phase, and
of 2 200 J kg'! K'! in the liquid phase. In the phase change, we can observe that the apparent
C, has one peak for the melting phase and has two peaks for the crystallization phase. This
singularity induces convergence problems in the numerical simulation using C, formulation.
Therefore, an enthalpy formulation has been used for heat governing equation. The enthalpy
variation versus temperature is calculated by integrating the DSC curve using the Equation 2 :

T .
h= f C, (w).du+ hy Equation 2
T

0
where £ is the enthalpy and Ay is a reference value of the enthalpy at the temperature 7o
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Figure 4: Apparent specific heat as a function of temperature for RT70HC obtained from the
DSC at 8K min™!
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Figure 5: Apparent enthalpy as a function of temperature for RT70HC obtained from DSC
analysis

The specific heat and the enthalpy evolution of GNE was also measured using the DSC. For
this, a mass of 5.4 mg was taken and the same thermal cycle was imposed. Figure 6 shows the
evolution of the specific heat of the GNE according to the temperature.
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Figure 6: Specific heat according to the temperature for ENG

In the temperature range studied, from 30 to 90° C, the average value of the specific heat is
900 J kg'! K. This value is coherent with the results shown by Wang et al [27].

In order to determine the enthalpy H of the CENG-PCM, a mixing law was applied.

H ong—mcp = (H rr7o He-Xrr7o HE) + (H one-XoNE) Equation 3

where X; is the mass fraction of the material i.

2.3. Thermal expansion
In order to measure the thermal expansion of the composite material, two devices were
utilized, namely, a PVT-alpha device [28] and a dilatometer. Their principles are based on the
measurement of the thickness of the sample during an imposed thermal cycle.

At atmospheric pressure and ambient temperature, the density of the composite material was
calculated by measuring the mass m and the volume V of the sample (Equation 4). A value of
878 kg m™ was found.

P=v Equation 4

The thermal expansion in both directions transverse and planar was measured by a Linseis
L75 PT Horizontal Dilatometer (Figure 7).
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Figure 7: Planar and transverse thermal expansion of the CENG-RT70HC obtained by a
dilatometer.

For a temperature range between 20 and 90°C, the thermal expansion of the material is about
8% in the transverse direction and 0.7% in the planar direction. As expected, the expansion in
the transverse direction is higher than that in the planar direction, showing the orthotropy of
the material.

In order to investigate if the thermal expansion and the phase change temperatures depend on
the applied pressure, a test on a PVT-alpha has been performed (Figure 8).
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Figure 8: Transverse thermal expansion for CENG-PCM for different pressure using PVT-
alpha.

The expansion evolution of the CENG-PCM does not depend significantly on the applied
pressure. Therefore, we can state that the pressure does not modify the temperature phase
change and the thermal expansion rate. This indicates that CENG was completely
impregnated with PCM, leaving no void or air within the porous structure.



In the melting phase, we can observe that the displacement increases suddenly at the melting
temperature. In a temperature range from 30 to 90° C, the thickness of the material increased
by 0.7mm, representing approximately a thermal expansion of 9%. We notice the same
phenomenon in the solidification phase. These values are very close to these obtained with the
Linseis dilatometer.

2.4. Thermal conductivity
The thermal conductivity was measured in the planar and in the transverse directions, with
two methods: a guarded hot plate and an inverse technique.

2.4.1. Guarded Hot Plate method
The thermal conductivity of the composite material was measured using a device inspired by
the guarded hot plate method (Figure 9) [29]. The principle of this device is based on a
unidirectional analysis of the Fourier law in stationary regime (Equation 5).

=218 Ter —Teo Equation 5
R
with ¢ the heat flux passing through the sample, S the surface of the sample and T,y — T, the
temperature difference between the surfaces of the sample of thickness (ep).
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Figure 9: Guarded hot plate device [29]

Several 143mm side plates with 20mm thickness were manufactured for the thermal
conductivity tests. A guard was made with the same GNE-PCM composite material to control
the heat loss. The tests were carried out in the solid phase at 30°C and in the liquid phase at
90°C.

In order to measure the planar thermal conductivity with the guarded hot plate technique, the
material with a thickness of 20mm, was cut into small bars. Then the plate was assembled
with glue, with an orientation so that the heat flow crosses the material in its planar direction
(Figure 10 and Figure 11).



Figure 11: Composite material plate picture cut into several pieces and glued.

Table 1 shows a comparison between the values obtained for the planar and transverse
thermal conductivity of CENG and the composite material in solid and liquid phases. We
notice that the thermal conductivities in the transverse and planar direction are very close in
the liquid and solid phase.

Table 1: Transverse and planar thermal conductivity of composite and CENG materials.

Phase Transverse thermal Planar thermal
conductivity [W m' K] | conductivity [W m! K]
ENG-PCM - Solid
¢ NGat 3C00 c Soli 6.2 19.9

ENG-PCM -

Iﬁqlll\i;; at 50 °C 64 20.2
E ith

C NI(,}Cv;[t out 6 20

The measurements confirm the orthotropic property of the material, since the thermal
conductivity values in the planar direction strongly differ from those obtained in the
transverse direction.

We notice that the thermal conductivity of the CENG plate without PCM is close to the
composite sample one. This can be explained by the small value of the PCM thermal
conductivity which is two orders of magnitude smaller than the graphite thermal conductivity.
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2.4.2. Experimental device coupled with an inverse method

2.4.2.1. Description of the device
The test samples are identical to those used for the hot guarded plated tests. The principle of
the experimental device is to impose a temperature step on one side of the plate and to
measure the transient temperature distribution within the plate. The temperatures at the
boundaries are set by a heat exchanger associated with thermal insulation.

A polyurethane foam was placed around this assembly to limit lateral heat losses. Two heat
exchangers are placed on the upper and lower parts of the device in order to impose the initial
temperature and to control the temperature at the boundaries during the tests.

The temperature at the sample edge was imposed using a piece of copper (Figure 12), where a
fluid (water) circulates inside. The temperature of the water flowing within the heat
exchangers and the copper part was imposed by three thermoregulators Lauda Proline RP855.
In order to impose a sharp temperature variation, a bypass was installed on the fluid circuit.
This also makes it possible to preheat or pre cool the fluid in a closed loop.

In order to take into account the thermal expansion of the material in the transverse direction,
the thickness of the copper piece is 9% larger than the thickness of the CENG-PCM plate at
solid state. A silicone seal is used to allow the thermal expansion of the material in the planar
direction. The silicone seal also guarantees a uniform pressure over the sample. PTFE plates
surround the sample to limit heat loss. A pressure of 0.4 bar is imposed on the upper and
lower part of the plate. This pressure is sufficient to limit the thermal contact resistance
without causing a damage to the plate when the PCM is liquid [31] [32].

Co : Exchanger
pper piece Sample ‘ B PU foam

Metal plates

Lateral actuator

Actuator PTFE Silicone seal

Figure 12: Experimental device for measuring planar thermal conductivity

The device is equipped with six type K thermocouples. A first thermocouple (T1) is situated
between the sample interface and the copper piece. Three thermocouples are placed at
different distances from the copper piece: 10 mm (T2), 71.5mm (T3) and 143mm (T4), and
located in the middle of the sample. Finally, two thermocouples were also placed in both faces
of PTFE plate (Ts and Te).
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2.4.2.2. Numerical model
The 3D numerical model of the experimental device was developed using Comsol
Multiphysics®. It will be used in the inverse method to identify by iteration the unknown
parameters of the experiment. The governing equation implemented in Comsol is the
following, where the heat equation is written with an enthalpy formulation (Equation 6):

oh _ 90 [A(T a_T Equation 6
ox ox

p(D).—

Where £ is the enthalpy, A is the thermal conductivity and p is the density
The boundary conditions, displayed in Figure 13, are the following:

e A heat transfer coefficient, A, initially equal to 5 W.m2.K™! imposed in the lateral sides
of plate, associated with the ambient temperature in the room, Tums, at 23°C.
e A temperature Ts which corresponds heat exchangers imposed temperatures
e A temperature 77 which corresponds the copper part temperature
e A condition of symmetry in the middle plane of the plate
e Thermal resistances at interfaces between:
o The sample and the PTFE plates
o The sample and the copper part
o The copper part and the PTFE plates
o The two PTFE plates

The values of the thermal resistances and the heat transfer coefficient were updated at each
iteration.

Rec PTFE/PTFE

RL\‘ \ //}./ b o
/Z

R.c sample /PTFE ’ e

x
\

= L3 \
o o o
2 o |2

R.. Copper/PTFE R.. sample/ Copper Rec sample/PTFE

o
o
S

Figure 13 : Boundary conditions imposed in the numerical model

2.4.2.3. Inverse method
The inverse method consists in finding the unknown parameters by iterative method in order
that the values obtained numerically fit the experimental values. The iterative method is based
on the Levenberg-Marquardt algorithm [33] which consists in minimizing the function noted
J calculated by Equation 7:

]l(Récr /ﬁaxp) = [Texp - Trium (Réc' /uzxpr héxp)] . [Texp Equation 7
- Trium (Rf“cr /Vexp' héxp)]
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with T, the experimental temperature, T.\.m the numerical temperature calculated at iteration
i, RL, the thermals resistances and Aiexp the thermal conductivity, hgxpthe heat transfer
coefficient.

The unknown parameters to estimate by the inverse method are as follows:

- The thermal conductivity in planar direction

- The thermal resistance between the material and the copper piece

- The thermal resistance between the material and the PTFE plates

- The thermal resistance between the two PTFE plates

- The thermal resistance between the PTFE plates and the copper piece
- The heat transfer coefficient on lateral sides of the plate

For the first iteration, these parameters are imposed to an initial guessed value.

2.4.2.4. Identification of the planar thermal conductivity
i.  Solid phase

In a first step, and in order to determine an initial value of the thermal contact resistance
between the composite material and the PTFE plates, a transient thermal gradient in the
transverse direction of the composite material was imposed by applying a uniform
temperature 75 higher that the initial temperature of the sample. The experimental
temperatures 75 and 75 are the temperatures to fit by the numerical model in Comsol. After
solving the inverse method, a value of thermal contact resistance between the composite
material and the PTFE plates of 1.12 102 m? K W™! was obtained. This value was further used
as initial condition to determine the thermal conductivities.

The planar thermal conductivity identification was performed by the following procedures.
The material was initially at a temperature of 24°C. A temperature of 50°C was imposed on
the side of the plate 7, using the heat transfer fluid circulating inside the copper piece. In the
3D numerical model, these experimental conditions were simulated by imposing the evolution
of temperature 7, as a boundary condition. A temperature 75 of 24°C was set at the upper and
lower PTFE plates. The initial value of the heat transfer coefficient of 5 W m? K, associated
with an ambient temperature of 25°C was imposed for the lateral boundary conditions of the
assembly. The Table 2 shows the results found by inverse method.

Table 2: Inverse method results in solid phase.

Parameters Values
Planar thermal conductivity 20.3 W m!'K!
Thermal contact resistance
between the sample and the 1.7x10*m>K W!
copper part

Thermal resistance between

1.6x 102 m*K W
sample and PTFE plate 6x107m

Thermal contact resistance

1.5x10° m*K W
between copper part and

13



PTFE plate
Thermal contact resistance
between two PTFE plates

25x10°m?K W!

Heat transfer coefficient at

1 Wm?K'!
the lateral plates m

In order to check the validity of the final values identified using the inverse method a
comparison between the temperatures 7> and 73 obtained experimentally and numerically, are
plotted in Figure 14.
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Figure 14: Temperatures T> and T3 obtained experimentally and numerically in solid phase

The numerical results compared to the experimental measurements show a very good
agreement, with a calculated least square difference of 0.01 K. This difference is of the order
of magnitude of the accuracy of the measure and thus confirms the values obtained.

The planar thermal conductivity value obtained by the inverse method is very close to the
measurements of the guarded hot plate device. The results also showed that the thermal
resistance value between the copper and the sample obtained is very low, indicating to a good
contact, with 0.4 bar pressure applied. We have also observed that the thermal contact
resistance between the sample and the PTFE plate obtained in the first and second stages are
very close.

ii. Liquid phase
In this part, only the planar thermal conductivity, and the thermal contact resistances between
the sample and the copper piece, and between the sample and the PTFE plate will be
recalculated in the liquid phase. It was assumed that the other parameters do not change
according to the physical state of the material. The thermal conductivity was determined here
in liquid phase, for two configurations: by heating the composite from 82°C to 90°C and by
cooling it from 92°C to 80°C.

The results of the inverse method are presented in Table 3.
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Table 3: Inverse method results in heating and cooling the composite material in the liquid

phase.

Heating Cooling
Planar thermal conductivity [W m K] 20.9 20.9
Thermal contact resistance between

9.4x10? 1x107
copper part and the sample [m* K W] ) o1
Thermal resistance between the sample

2.7x107 6.7 x 107
and the PTFE plate [m?K W-'] . i

The results obtained by inverse method, were implemented in the direct model to compare
numerical and experimental results (Figure 15).
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Figure 15: Temperatures 7> and 73 obtained experimentally and numerically in liquid phase in
heating (left) and cooling (right)

The curves show a very good agreement between the experimental and numerical results for
these parameters. It is established that the parameters identified by inverse method in liquid
phase, in heating and cooling, are identical. The thermal conductivity values in liquid phase
are also very close to those obtained using the guarded hot plate device.

3. Ageing study of a composite material plate

3.1. Experimental device

A modified version of the previously experimental device was used, allowing an automatic
heating and cooling of composite material plate on one of its faces (Figure 16). The heat
transfer then takes place in the transverse direction, which is not the most favorable case
compared to heating in the planar direction. However, this drawback is compensated by a
larger heat exchange surface. A PTFE plate with a PT100 probe is located below the
composite material in order to estimate the temperature in the thickness of the CENG-PCM
material. To limit heat losses, PTFE plates are used on all sides of the sample.

Four actuators apply a pressure on the plate to ensure a good contact between the sample and
the heat exchanger plate. The actuators apply a pressure of 0.4 bars.

15
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Figure 16: Ageing device picture.

The heat exchangers impose a thermal heating and cooling cycle with 1 K.min!' heating and
cooling rate. This rate corresponds to the maximum achievable value taking into account the
inertia of the system and the heating rate capacity of the thermo-regulator (Lauda Proline
RP855).

During the heating process, the Lauda set point temperature was fixed at 90°C. When the
temperature of the face opposite to the heating of the composite plate indicated by the Pt100
probe, reaches 80°C, the temperature is maintained for 3 minutes before starting the cooling
cycle. During cooling step, the Lauda set point temperature was fixed at 54°C. Once the
temperature of the opposite side to cool reaches 55°C, the temperature was maintained for 3
minutes before switching to the heating cycle.

3.2. Experimental results
1500 thermal cycles were imposed on the sample. Each cycle lasted around 83 minutes.
Figure 17 shows the typical shape of the evolution of the temperature in the sample indicated
by the Pt100 according to time for ten thermal cycles.

90
80
70

60

Temperature (°C)

50 4

40

T T T T T v T T 1
10000 20000 30000 40000 50000

Time (s)

Figure 17: Temperature of the composite material on the opposite face of the exchanger,
according to time during thermal cycling test
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During the cycles, we noticed a warpage of the composite material on the transverse direction
with a curvature of the plate Figure 18 in spite of the pressure imposed by the actuators. This
warpage is due to the mechanical stresses occurring during the solidification of the material.
Indeed, unilateral cooling generates a thermal gradient in the thickness of the plate, causing a
differential shrinkage during the solidification.

Figure 18 shows the plate deformed during the first cycles. A maximum deflection of the
edges of 2 millimeters was observed.

Figure 18: Composite material picture deformed after 2 cycles.

This warpage caused contact problems between the sample and the heat exchanger. Thus, an
additional thermal resistance hinders the heat flow imposed by the exchanger.

After 1500 cycles, we observed a migration of the paraffin at the upper and lower surfaces of
the plate (Figure 19). A loss of mass of 4% was measured. The amount of lost mass depends
on the pressure applied to the slab. Indeed, during the phase change, the slab thickness
increases due to the internal pressure imposed by the paraffin volume expansion when
melting. When the external pressure applied to the surface of the slab is higher than the
internal pressure, the slab thickness stops to freely increase, and the paraffin moves out of the
CENG. The paraffin moves from the sides to the upper and lower surfaces of the slab where a
free space appears due to the deformation of the slab. This migration appeared on the surface
of the plate, during the first cycle and was stabilized after the 4" cycle.

Figure 19: Appearance of paraffin on the surface of the material after 1500 cycles.
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A \
Figure 20: Cracks in the composite material after ageing.

As expected, we noticed cracks in the planar direction of the composite material (Figure 20)
that could lead to a delamination of the plate.

3.3. Identification of thermal properties after ageing process
3.3.1. Thermal conductivity
3.3.1.1. Guarded hot plate device
The thermal conductivity in planar and transverse directions was obtained before and after the
cycling by using the inverse method and the guarded hot plat device was performed. In the
solid and liquid phase, the temperature of the composite material was respectively set at 30°C
and 90°C. Then, for each case, the thermal conductivity was calculated (Table 1).

Table 1: Transverse thermal conductivity before and after the cycling of material in solid and

liquid phases.
Solid phase [W m K] Liquid phase [W m! K]
Before cycling 6.2 6.4
After cycling 6.1 6.4

The results show that the thermal conductivity in the transverse direction of the composite
material before and after cycling are almost identical, despite the appearance of the cracks

3.3.1.2. Experimental device coupled with inverse method
The thermal conductivities have been calculated in solid and fluid phases. For solid phase, the
plate was heated from 27°C to 50°C and from 82°C to 92°C in liquid phase. The results are
displayed in Table 2.

Table 2: Thermal properties before and after cycling.

Solid phase Liquid phase
Before After Before After
cycling cycling

cycling cycling
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Planar thermal conductivity 20.3 20.7

[W m K] 20.9 20.8
Thermal resistance between

sample and PTFE plate 0.016 0.08 274107 4.9 102
[m2.K.W-1]

The results show that the value of the planar thermal conductivity is almost identical after
1500 cycles. However, an increase in the values of thermal contact resistance has been
observed. Thus, as expected, the thermal resistance between the sample and the PTFE plates
increased, due to the warpage of the plate. This deformation created an air gap between the
sample and the PTFE plate.

Unexpectedly, the diminution of the thermal conductivities due to CENG structure
deterioration was not observed. This can be explained by the ageing process that keeps a
pressure on the slab during the whole time. Therefore, the delamination appears only on few
millimeters from the sides of the slab. In consequence, the average value of the transverse
thermal conductivity does not change significantly. The result might be different with a small
sample or with a different ageing process.

3.3.2. Latent heat and phase change temperature

A DSC analysis was performed on a paraffin sample collected at the surface of the CENG-
PCM plate that migrated outside (Figure 21). The sample is a mixture between paraffin and
graphite powder with a majority of paraffin.

Aged RT70 HC|
RT70 HC

Heat flux (mW/mg)

30 40 50 60 70 80 90
Temperature (°C)

Figure 21: DSC for before and after ageing RT70 HC

The latent heat is 251 KJ kg! after ageing. This value is very close to the paraffin before
ageing (260 kJ kg!). However, graphite particles were observed in the aged sample tested.
This negatively influences enthalpy value. We can therefore conclude that the loss of storage
capacity is less than 3%. This confirms the work showing that the thermal storage capacity are
not affected significantly by thermal cycling [34] [35]. Similarly, the phase change
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temperatures remained the same. The paraffin starts solidifying at 68.7°C after ageing and
68.8°C before ageing. However, the onset melting temperature starts at 68.4°C after ageing
and 69.5°C before ageing. This temperature difference is probably due to the degradation of
the PCM leading to the decrease of the molecule length. The modification of the kinetic
during ageing will be investigated in future publication.

4. Conclusion

The thermal characterization of a phase change material impregnated in a conductive structure
based on expanded natural graphite has been carried out. The thermal properties of the
material have been identified in the solid and liquid phase of the PCM material. The phase
change temperatures and the specific heat capacity were identified using a DSC analysis. The
planar and transverse thermal conductivities of the composite material were identified using a
guarded hot plate device and an inverse method.

A study of the ageing of composite material was carried out in order to observe the effect of
1500 thermal cycles. In addition to warpage, paraffin migration on the upper and lower
surfaces of the GNE plate appeared after cycling. The thermal conductivities of the aged plate
were calculated using both methods showing identical values before and after cycling.

As a result, we can state that, the thermal conductivity is not affected by the thermal cycling
in spite of the appearance of cracks. The delamination was probably not sufficient to
deteriorate the thermal performance. The identical values of thermal conductivities found in
solid or liquid phases also reveal that the expansion of the CENG gives no consequence. In
addition, the latent heat remained constant after 1500 cycles showing a good thermal stability
of the CENG-RT70HC material.
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