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Highlights 
Delamination appears on CENG-PCM composites after thermal cycling 

Heat transfer performance remains roughly stable during thermal cycling 

Latent heat of the CENG-PCM composite decreases by less than 10% after cycling 

Phase change temperatures are not affected by aging 

CNEG-RT70HC composite presents a good chemical stability to thermal cycling 

Abstract 

A paraffin-Compressed Expanded Natural Graphite (CENG) composite encapsulated in 

aluminium shell has been thermally aged in a packed bed heat storage tank. 

A hydraulic test bed has been settled in order to impose 8500 thermal cycles where the material 

underwent a phase change at each cycle. The PCM phase change provokes an expansion of the 

composite structure that might affect the effective thermal conductivity and then the heat 

transfer rate of the Thermal Energy Storage (TES). This performance has been monitored all 

along the cycling test showing a non-significant change in heat transfer rate, despite a 

delamination of the composite within the capsule. This phenomenon has been explained by the 

delamination that affects mainly the thermal conductivity in the axial direction while the heat 

transfer from the PCM to the aluminium shell occurs essentially on the planar direction. Indeed, 

the thermal conductivity in planar direction is approximatively six times higher than on the 

axial direction. A DSC analysis on new and aged samples showed that the phase change 
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temperatures remained the same and the latent heat magnitude decreased by less than 10%. A 

FTIR analysis confirms the chemical stability of the PCM-CENG composite after 8500 cycles. 

Keywords 

Phase Change Material (PCM) 

Compressed Expanded Natural Graphite (CENG) 

Thermal cycling 

Thermal characterisation 

Nomenclature 

Cp: thermal capacity, J. K-1. kg-1 

m: mass, kg 

q: volumetric flow rate, m3. s-1 

T: temperature, °C 

t: time, s 

: heat transfer rate, W 

: density, kg.m-3 

Abbreviations 

CENG: Compressed Expanded Natural Graphite 

DSC: Differential Scanning Calorimetry 

ENG: Expanded Natural Graphite 

FTIR: Fourier-Transform Infrared Spectroscopy 

HTF: Heat Transfer Fluid 

PCM: Phase Change Material 

TES: Thermal Energy Storage 

1. Introduction

Phase Change Materials (PCM) are commonly used in different applications for heat storage 

and thermal control in many areas: solar power [1] [2] [3], building [4] [5] [6], domestic hot 

water [7] [8], electronic [9] [10] [11] [12], smart textile [13], transportation [14] [15] [16] [17], 

industrial processes [18] [19] [20] etc. In all the applications, the PCM undergoes numerous 

thermal cycles that can be up to few thousands during their lifetime. A thermal stability is then 
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required in order to maintain the performances such as heat storage capacity, thermal 

conductivity and phase change temperatures. 

Some PCM are well characterised for thermal cycling aging [21]. However, when the PCM is 

associated with a thermal conductive matrix, the literature is less prolific. This association is 

very often considered in order to enhance the effective thermal conductivity of the PCM [22], 

to obtain a form-stable material or to reduce the supercooling degree of the PCM [23]. 

Due to its good thermal conductivity and very high porosity, the Expandable Natural Graphite 

(ENG) is very frequently chosen as a thermal conductivity enhancement agent [24] [25]. In 

order to increase the apparent thermal conductivity, the ENG can be compressed [26]. The 

matrix obtained, called Compressed Expanded Natural Graphite (CENG), can then 

be impregnated with PCM [27] [28]. Alternatively, when the impregnation of an existing 

structure by the PCM is not possible, the ENG can be associated with PCM with an 

impregnation-compression-sintering technique [29] where the PCM and the ENG in dispersed 

form are mixed before sintering in order to obtain a cohesive composite structure. 

A lot of works has been carried out on this form-stable PCM composites [25]. However, most 

of the time, the thermal stability study is limited to a small number of cycles, i.e., less than a 

thousand. In addition, the tests are executed on small samples, weighing about a few milligrams, 

in order to perform cycles and analysis using the DSC device [30] [31]. The main properties 

studied are usually the phase change temperatures, the chemical stability, and when the sample 

is large enough, such in Yuan et al. [23] work with erythritol - ENG composites, the weight 

lost, and in very seldom cases the mechanical properties [32], [33] or the heat transfer capacity 

[34]. 

During the thermal cycling, in addition to the chemical stability, the mechanical durability of 

the conductive structure could affect the thermal conductivity of the composite. Indeed, the 

matrix deformations due to the PCM density variation whereas the PCM changes phase, might 

provoke cracks in the conductive structure and then affect the effective thermal conductivity. 

In order to prevent the loss of the composite integrity and to prevent PCM leakage, the 

Compressed Expandable Natural Graphite (CENG) can be encapsulated. The encapsulation of 

PCM is an alternative solution of the thermal conductive enhancement technique for improving 

heat transfer rate [35]. However, nano [36], micro [37] or macro encapsulations [38] are very 

rarely associated with an internal conductive matrix [25] [39]. 

This study tackles the thermal stability of a paraffin-ENG composite encapsulated in aluminium 

shells in a packed bed heat exchanger configuration. A test bed has been designed and 
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manufactured in order to impose 8500 thermal cycles to the composite. The temperatures and 

the heat exchange rate were monitored during the cycling test. These data were initially 

dedicated only for managing the automatic switch between the cooling and heating cycles. 

However, the data can be exploited to provide a first analysis. After the cycling test, the thermal 

properties of the CENG-PCM capsules were measured and compared to the material at its initial 

state. 

2. Experimental set-up description

2.1. Materials

2.1.1. CENG manufacturing 

Manufactured from exfoliation of natural graphite particles, the Expanded Natural Graphite 

(ENG) is composed of porous structure in the shape of worms. Before uniaxial compression, 

the ENG has a density close to 3 kg/m3 and a porosity larger than 99%. The compression leads 

to a layered matrix where the worms are orientated and flattened. A second level of porosity, 

between each layer, is then created [40]. Therefore, the material presents an orthotropic 

mechanical and thermal properties as shown by Py et al. [41]. 

The Compressed Expanded Natural Graphite (CENG) used in this study has been provided by 

MERSEN® with a density of 2000 kg/m3. The CENG has been impregnated by capillarity 

action until saturation with paraffin RT 70HC from Rubitherm®. At the end, the mass fraction 

of paraffin was 80% and 20% for CENG. 

The thermal conductivity of the CENG-PCM has been measured in both directions using a 

guarded hot plate device designed by Carré and Delaunay [42]. The thermal conductivity in the 

compression direction is 6 W.m-1.K-1 and 20 W.m-1.K-1 in perpendicular direction. The paraffin 

density is 880 kg.m-3 in solid state and 770 kg.m-3 in liquid state. 

2.1.2. PCM-CENG-Aluminium Shell 

The thermal expansion of the paraffin when the phase changes, induces an expansion of the 

CENG. This expansion occurs mainly in the direction of the compression, provoking a 

separation of the graphite layers. When the expansion motion is bridled during the melting 

phase, the paraffin escapes preferentially from the CENG through the laminated network 

created by the graphite layers in the planar direction. In order to prevent the paraffin leaks in 

the Heat Transfer Fluid, the CENG has been encapsulated in aluminium shells (Figure 1). Each 

shell encapsulates a bullet shape PCM-CENG material with 13 mm diameter and 13.5 mm 

height. The CENG matrix is oriented to have the bullet axis in the direction of the compression. 
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The aluminium capsule, with a thickness of 0.5 mm, has been chosen a little larger with 13.5 

mm diameter and 15 mm height, in order to leave some free space for the expansion of the 

composite during the phase change, and then, to avoid paraffin leaks outside the CENG. A 

thermal conductive paste has been added, in order to reduce the thermal resistance between 

the composite and the aluminium lateral shell. The amount of grease is small compared to the 

free space in the capsule in order to leave freely the expansion. The shell has been sealed by 

laser welding. All the encapsulation process has been designed and performed by 

HUTCHINSON®. The main characteristics of the PCM-CENG-Aluminium composite are 

displayed in Table 1. 
Volume (ml) 

PCM-CENG-aluminium 
2.5 

External surface 
(mm2) 

1 250 

weight (g) Aluminium shell 1.03 
CENG 0.36 
PCM 1.43 
PCM-CENG-aluminium 2.82 

Table 1 : Physical parameters for one capsule of CENG-PCM 

Figure 1 : Picture of CENG-PCM-Aluminium capsules 

[single column] 

2.2. Experimental design 

A dedicated hydraulic test bench has been designed and manufactured in order to automatically 

impose thermal cycles to the packed bed PCM-ENG capsules (Figure 2). The bench is 

composed of a hot loop where the water is heated with a 6 kW electric resistance. The cold 

water is provided by an air-cooled water tank. The two loops operate alternatively using 

solenoid valves for cooling or heating phases (Figure 3). The system is controlled by an 
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ARDUINO program implemented in the electrical box. The circulation is performed using a 

centrifugal pump where the flow rate can vary from 720 to 760 l.h-1. 

Figure 2 : Picture of the test bed 

[single column] 

Figure 3 : Test bed piping and instrumentation diagram 

[single column] 

The storage tank is filled with 1408 CENG-MCP capsules (Figure 5), representing a latent 

energy storage capacity of 520 MJ. In order to obtain a uniform flow within the packed bed, 
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two grids are installed at the inlet and at the outlet of the cylindrical parts of the storage tank. 

The tank is insulated with 30mm thickness polyurethane foam. The size of the tank is displayed 

in Figure 4 and  

Cylindrical part Height (m) 0.2 
Diameter (m) 0.2 

Conical part Height (m) 0.09 
Stainless steel thickness (mm) 2 

Table 2 while the tank filling materials properties are presented in Table 3. 

Figure 4 : Storage tank layout 

[single column] 

Figure 5 : Storage tank filled with CENG-PCM capsules 

[single column] 

Cylindrical part Height (m) 0.2 
Diameter (m) 0.2 

Conical part Height (m) 0.09 
Stainless steel thickness (mm) 2 
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Table 2 : Storage tank size 

Cp (J / kg . K) Weight (kg) 
Water within the storage tank 4186 4.8 

Aluminium 897 1.45 
Stainless steel 500 4 

PCM 2000 2 
CENG 1800 0.5 
Table 3 : Material weight and heat capacity of the storage tank 

2.3. Metrology 

The temperatures have been measured at the inlet and the outlet of the storage tank with 3 mm 

B class PT100 sensors. The hot and cold water tank temperatures are acquired using 1 mm K 

type thermocouples. All the sensors have been calibrated before starting the cycles. The flow 

rate has been measured by an Endress+Hauser Promag 10H15 electromagnetic flowmeter. All 

the data were recorded every second via an ARDUINO interface to a PC. 

2.4. Experimental procedure 

2.4.1. Aggregated parameters 

The heat transfer rate  has been calculated using the inlet temperature Tin, the outlet temperature 

Tout, the volumetric flow rate q, the density  and the heat capacity Cp of the water at the 

average temperature (  Equation 1). 

Equation 1 

The energy stored Estored for each phase, heating and cooling, has been calculated from the heat 

transfer rate  and the time step t (Equation 2). 

Equation 2 

Where t0 denotes the starting time of the phase and tend, the end time. 

The measurement uncertainties of the aggregated parameters are assessed to be less than 10%. 

The major uncertainties are on the temperature difference at the end of cooling or heating cycle 

when this difference is small: 0.9 K. 

2.4.2. Heat losses assessment 

A first run without PCM-CENG capsules has been performed in order to measure the heat losses 

of the storage tank. The heat transfer rate has been measured with a water flow at the maximum 
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operating temperature: 85°C. The maximum heat losses were measured at 350 W without 

insulation and 100 W with insulation. This value is reasonably small compared to the average 

heat transfer rate between the capsules and the HTF, larger than 5000 W, during the test. 

2.4.3. Cycling procedure 

The tests were performed from April to June 2018. The test bed was running 24 hours a day, 7 

days a week schedule. The first 1000 half-cycles were dedicated for tuning the duration of each 

cycle. 

The conditions required for changing phase from cold to hot or hot to cold half-cycle were the 

following. First, the temperatures difference between the inlet and the outlet had to be less than 

0.9 K. This was equivalent to commute when the heat flow rate was less than 800 W. The 

second additional condition was based on the temperatures of the hot and cold tanks. The 

temperature of the cold tank had to be less than 40°C before starting the cooling half-cycle. 

Similarly, the temperature of the hot tank had to be more than 84°C before starting the heating 

half-cycle. 

The test bed was settled in a warehouse with uncontrolled ambient temperature. Therefore, the 

water air cooling process was affected by the external temperature variations: night/day, 

hot/cold days. However, the minimum and maximum temperatures of thermal cycles were 

reached at each cycle allowing the complete phase change. Even if, the durations of the cycle 

fluctuated (Figure 10), the CENG-PCM samples experienced the same phenomenon at each 

cycle. The tests were stopped several times for the maintenance of the electrical box. Also, we 

observed that some capsules were not perfectly sealed. Therefore, a small quantity of paraffin, 

approximatively 5 grams, escaped from the storage tank. The lost paraffin settled in the cold 

parts of the test bed, including in the solenoid valve. This paraffin deposit provoked a failure in 

fully closing the cold water valve when operating a heating half cycle. These failures happened 

several times for half-cycles around number 15000. 

3. Results and discussions

3.1. Samples observation

A PCM-CENG sample before and after thermal cycling is shown in Figure 6 and Figure 7. On 

the new sample, we can observe the thermal grease at the top of the aluminium shell. After 

aging, a withe paste coated completely the internal wall of the shell. This paste was a mix of 
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paraffin and thermal conductive grease. Therefore, despite some space left in the shell to allow 

the matrix to expand freely, some paraffin migrated at the surface of the CENG. 

In addition, we can observe a delamination of the CENG structure. As expected, the thermal 

expansion of the paraffin weakened the bonds that keep together the graphite layers. 

Figure 6 : Picture of an open CENG-PCM-Aluminium capsules 

[single column] 

Figure 7 : Capsules opened after ageing test 

[single column] 

3.2. Cycle analysis 

We will call in this section each cooling or heating phase, a half cycle  The full thermal cycle 

includes 

3.2.1. Temperature and heat transfer rate analysis 
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The heat transfer rate and the temperature evolution at the inlet and outlet of the storage tank 

and the temperatures of the hot and cold water tanks are plotted for two half-cycles in Figure 8. 

The hot water tank remains at the same temperature during the cooling phase. Its temperature 

drops at the beginning of the heating phase from 85 °C to 75 °C because the cold water 

evacuated from storage tank comes in the hot tank. The hot tank temperature rises during the 

heating cycle tanks to the supply of the 6 kW electrical resistance. The small temperature 

fluctuations observed in the hot tank are due to the natural convection within the tank. 

The cold-water tank is at 35 °C before the cooling phase starts. This initial temperature depends 

on the external ambient temperature because the cooling capacity depends on an air chilling 

system. The cold tank temperature increases when the hot water from the storage tank enters to 

the tank. Then, the temperature of the cold tank decreases with a slope depending on the external 

ambient temperature. 

The phase change temperature of the composite is around 70 °C. Therefore, the temperature 

difference between the Heat Transfer Fluid (HTF) and the PCM is larger during the cooling 

phase, around 25 K, compared to the heating phase, 10 K. We can then expect that the duration 

of the cooling cycles will be shorter. 

The inlet temperature varies from 85 to 40 °C and follows the hot or cold tank temperatures 

with a difference around 2-3 K. The temperature difference between inlet and outlet is very 

important at the beginning of each cycle due to the replacement of the HTF within the tank. 

Indeed, the outflow keeps the same temperature while the inlet flow temperature changes 

sharply. This phase duration, around 25 seconds, corresponds to the HTF transit time within the 

tank. At the end of this phase, the heat transfer rate is maximum. 

After this maximum heat transfer rate, the inlet temperature changes gently because of the hot 

and cold tank temperatures variation, while the outlet temperature varies sharply. Then, the heat 

transfer rate decreases progressively to reach a constant value stage where the heat transfer 

represents mainly the heat exchange between the capsules and the HTF. 

When the heat transfer rate is lower than 800 W, the half-cycle ends. 
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Figure 8 : Temperatures variations for half-cycle numbers 1450 and 1451 

[single column] 

3.2.2. Energy balance analysis within a cycle 

The Figure 9 displays the energy stored or released during the cycling. The first half cycle 

displayed is a cooling phase where the PCM solidifies. The total energy is calculated from the 

experimental data with Equation 1. The sensible energy Esensible is calculated (

 Equation 3) from the average temperature Taverage within the storage tank (

Equation 4) and the weight of water within the tank mwater, the weight of aluminium of

the capsules malu, the weight of stainless steel of the storage tank mtank, the weight of paraffin 

mPCM,. The weights and heat capacities are given in Table 3 and t0 denotes the time at the 

beginning of the phase. 

 Equation 3

We assume that all the components are at the same average temperature Taverage: 

Equation 4 

The latent energy  (Equation 5) is deduced from the total energy Estore and the sensible 

energy Esensible: 
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Equation 5 

We can first note on Figure 9, that the total energy is conserved during the cycles. The losses 

at the walls are negligible from one cycle to the other one. The latent energy evolution shows 

that the PCM solidifies in 80 seconds approximatively and melts in around 200 seconds. This 

phenomenon can be explained by the average temperature difference between the HTF and the 

phase change temperature of 70 °C. This difference is around 25 K in cooling phase versus 10 

K during heating phase. Also, we can observe at the end of each phase, that latent energy found 

experimentally is very close to the theoretical value. It proves that the phase change operated 

completely. At last, we can observe that the latent energy represents only 30% of the total 

energy. 

Figure 9 : Energy variation during heating and cooling phase for four half-cycles 1450, 1451, 1452 and 1454 

[single column] 

The durations of the cycles are plotted in Figure 10. The duration of the heating cycle is 

relatively stable compared to the cooling cycles: 20% variation for the heating cycles versus 

100% for the cooling ones. The oscillations, more visible on the cooling phase plots, are 

correlated to the external temperature variations. Typically, an oscillation represents a day of 
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test. These typical fluctuations are also visible in Figure 11 that plots the evolution of the 

average heat transfer rate for each phase. 

3.2.3. Heat transfer analysis 

The average heat transfer rate (Figure 11) varies in the same order of the durations of the cycles. 

The fluctuations are due to the uncertainties of the measurement, to the variation of the flowrate 

of 5-6%, and, for the cooling cycles only, to the external temperature fluctuations. If we focus 

on the heating cycles, the average heat transfer rate trend line seems to be unchanged from the 

beginning of the aging test until the end. The conservation of the heat transfer rate seems to 

demonstrate that the effective thermal conductivity of the composite is not affected by the 

delamination of the CENG. This result could be expected. Indeed, the delamination affects 

mainly the axial heat transfer while the planar should remain the same. Moreover, the thermal 

conductivity of the CENG-PCM is already three times larger in the planar direction before 

delamination. Therefore, the heat transfer occurs mainly in the planar direction. 

An average heat transfer coefficient has been calculated for a heating cycle before and after 

aging. A difference less than 4% has been found between the two values: 394 W.m-2.K-1 before 

aging and 377 W.m-2.K-1 after aging. In both cases, the heat transfer has been calculated when 

the heat transfer rate was nearly constant over 100 seconds. During this period, the PCM should 

change phase and its temperature should be nearly constant. Therefore, the temperature 

difference has been taken between the average water temperature Taverage and the phase change 

temperature 70 °C. 

3.2.4. Energy conservation 

The stored energy evolution is plotted in Figure 12 and Figure 13. Again, we observe a 

fluctuation mainly due to uncontrolled cooling temperatures, which affect the maximum 

temperatures reached by the storage and then, the sensible energy. However, we do not observe 

any significant changes between the first cycles and the last cycles. However, as seen before, 

the total energy calculated contains more than 70% of sensible energy. In consequence, a 

reduction of the latent heat storage capacity might be not visible in the total energy evolution. 
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Figure 10 : Half-cycle duration for heating and melting phases 

[single column] 

Figure 11 : Average heat transfer rate during each 17 000 heating and cooling half-cycles 

[single column] 
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Figure 12 : Average heat transfer rate for each half-cycle duration for heating and cooling phase. 

[single column] 

Figure 13 : Energy transferred at each half-cycle 

[single column] 
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3.2.5. Thermal properties 

In order to assess the thermal storage capacity evolution, a Differential Scanning Calorimetry 

(DSC) analysis was performed on the PCM (Figure 14). The PCM was extracted from the 

CENG by heating and pressing the composite. The liquid extracted was composed from mostly 

of paraffin and a small amount of thermal grease. The two components could not be separated. 

This sample was compared to unused new paraffin. The DSC was carried out on 

respectively 2.5 mg and 3.6 mg samples of aged and new paraffin, between 30°C and 90°C at 

8 K/min. The melting and solidification onset temperatures were determined by taking the 

intersections of the baselines with the tangents at the inflection points of the DSC pikes which 

are the equivalent to the maximum slopes of the pikes. The results, given in Table 4, show 

that the temperatures of phase change in melting and solidification remain identical. The 

difference between the latent heat is less than 10%. This difference might be due to the 

decrease of the latent heat capacity or, more probably, due to the impure mixing of the 

aged paraffin with the thermal grease. Indeed, the presence of thermal grease does not 

contribute to the latent heat, but it counts in the total mass of the sample. Therefore, the 

latent heat of the mixing is inevitably reduced. In consequence, we can claim that the 

thermal cycling does not affect significantly the thermal storage capacity of the composite. 
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Figure 14 : DSC analysis with aged and new RT70HC paraffin including base lines and tangents to determine the onset 
melting (in red) and solidification (in blue) temperatures 

[single column] 

Melting 
temperature 

Solidification 
temperature 

Latent heat 

New PCM 69.5 °C 68.8 °C 257 J.g-1 
Aged PCM 69.2 °C 69 °C 230 J.g-1 

Table 4 : Latent heat, melting and solidification onset temperatures for new and aged RT70HC paraffin 

3.3. FTIR Spectra analysis 

A Fourier Transform InfraRed spectroscopy (FTIR) has been performed on new and aged 

paraffins (Figure 15). Both spectra are very similar with identical pikes at the same frequencies. 

This analysis shows that no new species appeared during the aging test, demonstrating the 

chemical stability of the paraffin. 
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Figure 15 : FTIR spectra for new (in black) and aged paraffin (in red) 

[single column] 

4. Conclusion

Compressed ENG paraffin encapsulated in aluminium shells has been thermally aged by 

applying more than 8500 heating and cooling cycles. After the aging process, we observed a 

delamination of the CENG structure inside the shell. This deterioration was probably the 

consequence of the successive thermal expansions of the structure. However, no significant 

change in heat transfer rate from the storage material to the fluid has been measured. The heat 

transfer capacity stability is undoubtedly due to the heat transfer which was affected only on 

the direction of the compression while the heat transfer occurs mainly along the planar 

direction. 

According to the DSC analysis, the thermal storage capacity of the CENG-PCM seems to 

remain almost unchanged during the aging process. The DSC analysis has shown that the phase 

change temperatures were not affected by the thermal cycling. Finally, the FTIR analysis did 

not reveal any appearance of a new species. 

In conclusion, we can say that the CENG-RT70HC encapsulated in aluminium shell can endure 

more than 8500 thermal cycles without significant reduction of its thermal properties. 
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