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Abstract: An experimental study is performed to illustrate the effect of the
melting temperature of graphite matrix composite with phase change materials
on the performance characteristics of a small-scale li-ion package (3s2p) under
dynamic/square wave load. Paraffin (RT35 and RT42) is used as a PCM.
Graphite matrix is manufactured with 75 g I™* bulk density. The battery package
is performed for three different configurations: free-air cooling case (reference
case), and graphite matrix composites with RT35 and RT42. The experimental
outputs present that graphite matrix composite has considerable potential for
thermal management of the Li-ion pack. Safe operating time, discharge and
energy capacity values are increased by 140%, 141% and 102% with the
graphite composite with RT35 in the comparison reference case, respectively. It
is observed that the melting temperature of PCM of graphite composite is of
critical importance to the performance of the battery pack. For the graphite
composite with RT35, operating time, discharge capacity and energy capacity
values are enhanced by 6.2 %, 7 % and 10 % compared to the RT42 case,
respectively.
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Oz: Faz degistiren malzeme (FDM) ilaveli kompozit grafit matris igerisindeki
faz degistiren malzeme erime sicakliginin kiigiik 6lgekli (3s2p) bir li-iyon paketi
performans: iizerindeki etkileri dinamik-kare yiik altinda deneysel olarak
incelenmistir. FDM olarak parafin (RT35 ve RT42) kullanilmustir. Grafit matris
75 g I'* yigin yogunlugu ile iiretilmistir. Batarya paketi ii¢ farkhi konfigiirasyon
icin test edilmistir: dogal tasimim hava sogutma (referans durum) ve grafit
kompozit-RT35 ve RT42. Deneysel ¢iktilar, grafit matris kompozitin li-iyon
batarya paketinin termal yonetimi i¢in dnemli bir potansiyele sahip oldugunu
ortaya koymaktadir. Referans duruma kiyasla grafit matris kompozit-RT35 ile
gilivenli ¢aligma siiresinde %140, desarj ve enerji kapasitesi degerlerinde ise
%141 ve %102 oranminda bir artis saglanmustir. Grafit matris kompozit
icerisindeki FDM'’lerin erime sicakliklarinin batarya paketi performansi
iizerinde kritik dneme sahip oldugu goézlenmistir. Grafit matris kompozit-RT35
icin ¢alisma siiresi, desarj kapasitesi ve enerji kapasitesi degerleri grafit matris
kompozit-RT42 durumuna kiyasla, sirasiyla, %6, %7 ve %10 artirilmustir.
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1. Introduction

Electromobility is a global trend to avoid the threat of energy and climate crisis; and severe
environmental pollution such as air and noise leading to environmental health risks. However, the
battery is the key feature for spreading electromobility including cars, bikes. Li-ion battery technology
has the highest potential among other options with no-memory effect, high specific power/energy
density, long life cycle, high discharge voltage, low self-discharge and stable performance in the
current era. Although the li-ion cell provides a considerable solution for electromobility, the operating
conditions are subject to certain restrictions. Temperature is one of the key features of li-ion
performance. There are two critical conditions for temperature for li-ion technology: improper
operating temperature and high non-uniformity, which cause deteriorations in performance, safety and
lifetime. The operating temperature should be within the restricted range of 15 °C — 35 °C for utilizing
the li-ion technology more. Moreover, it is desired that the temperature gradient between cells should
be kept at less than 5 °C to avoid voltage differences. Therefore, battery thermal management system
(BTMS) is a critical role in addressing thermal safety, improving performance, and extending lifetime
(Liu et al., 2017; Arora, 2018; Zichen & Changging, 2021).

BTMS with phase change phenomenon is an impressive way with superior characteristics
including high heat absorption capability in lesser volume, isothermally process, simple lightweight
and also with noise-free and no-additional power to make reduced carbon footprint batteries for a
green environment. Nevertheless, low thermal conductance causes low heat dissipation rates in the
medium and leakage issues of kinds of paraffin are two main restrictions for the application of PCM-
based cooling strategies. Graphite matrix is a promising approach with high porosity, higher heat
transfer surface-to-volume ratio, high thermal conductance, non-reactive nature (chemically), and also
surrounding medium to avoid these disadvantages. Therefore, graphite matrix provides abundant
highly conductive thermal paths (Mills et al., 2006; Kang et al.,, 2019) and shape-stabilized
encapsulation (Zhang et al., 2021) to dissipate heat rapidly and overcome leakage issues respectively,
for PCM medium.

The research on graphite matrix/foam with PCM is presented for battery thermal management
as follows: Mills et al. (2006) published the first paper (based on author knowledge) on expanded
graphite matrix with PCM for battery cooling. The authors studied thermal conductivity, paraffin mass
fraction, and latent heat of fusion of PCM/graphite matrix composites. They reported the potential of
the graphite composite with PCM. Kizilel et al. (2008) tested the potential of the graphite matrix
composite with PCM compared to conventional active cooling systems. They observed that the cell
surface temperature is lower temperatures by graphite-PCM case. Kizilel et al. (2009) performed a
CFD study to illustrate the thermal performance of graphite composite with PCM for a cylindrical
battery pack. The PCM/graphite matrix helped the battery to achieve a more uniform distribution and
to avoid the propagation of a thermal runaway from one cell to the entire pack. Somasundaram et al.
(2012) investigated the effect of different discharge rates on PCM/graphite matrix performance by a
two-dimensional transient mathematical model. Authors reported that lower temperature values were
measured with a graphite matrix composite. Greco et al. (2015) performed a numerical study
considering the thermal responses of different configurations of graphite matrix composite. The
importance of the mutual effect between latent heat and thermal conductivity was reported. Moreover,
outputs show that the graphite matrix bulk density was a key parameter to optimize the graphite
composite with PCM. An experimental investigation is carried out to show the effect of melting phase
change composite on delaying thermal runaway for a single cell by Wilke et al. (2017). Authors
reported that hot spot temperature is diminished by 60 °C, and so thermal runaway is inhibited due to
propagation between cells following nail penetration. Jiang et al. (2016) carried out both an
experimental and a numerical study for composite PCM-based (Expanded graphite/paraffin slurry)
thermal management for li-ion cells under constant current. The thermal conductivity of PCM was
enhanced with expanded graphite (EG), and packing in aluminium tubes. The configuration showed
higher heat dissipation rates and lower temperature increase rates. However, the authors reported that
the temperature gradient in the battery pack was near 12 °C. A similar study (EG/paraffin slurry) was
also carried out under constant current by Lv et al. (2016). Wu et al. (2016) fulfilled an experimental
study on the effect of copper mesh (CM)-enhanced paraffin (PA)/expanded graphite (EG) composite.
To enhance both the thermal conductivity and strength of the proposed arrangement, the copper mesh
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acts as a skeleton. As a result, the CM-enhanced PA/EG plate (PCMP) showed a higher heat
dissipation rate and uniform temperature profile under constant discharge rates. A heat pipe-assisted
PCM/EG-based battery thermal management (BTM) system is investigated with constant discharge
currents by Wu et al. (2017). Research on the effect of two high thermal conductivity materials
including aluminium and graphite foams, which are saturated with different phase change materials is
conducted by Mallow et al. (2018). The authors reported that graphite foams showed superior
performance compared to aluminium foams. Ling et al. (2018) performed two different slurries of
graphite composites with PCM (graphite-PCM and graphite-PCM-Fumed silica) for battery thermal
management. It is reported that the hot spot temperature value of the cell was diminished, and more
temperature uniformity was provided with graphite-PCM. A similar study is performed by Wang et al.
(2018). Li et al. (2018) extend the investigation with additional silica gel and Al-honeycomb (Al-Hc)
components. It was declared by the authors that composite PCM could improve temperature
uniformity and reduce the average temperature of the battery. He et al. (2019) proposed a composite
PCM with a highly thermal conductive framework of EG/copper foam (CF) for battery thermal
management. The results showed that the composite PCM-based battery pack with EG/CF (CPCM-
EG/CF) achieves much better cooling and uniform temperature distribution than those without EG/CF
or CF under constant discharge rates. A numerical study on the thermal response of the battery module
via graphite composite was conducted by Xin et al. (2022). The authors investigated the effect of
research parameters including composite PCM thicknesses, graphite mass fractions, and coolant flow
directions/velocity/temperatures. Akula & Balaji (2022) carried out both a numerical and an
experimental study to illustrate the effect of the proposed PCM-graphite composite slurry with a fin on
the thermal management of a battery at constant discharge rates (> 2C- rate). Authors show
remarkable enhancement in temperature increase rate/uniformity, thermal conductivity, and thermal
capacitance with the addition of 30% expanded graphite (EG). This resulted in lower fin number usage
in the heat sink compared to the heat sink without EG. Yazici (2022b) conducted an experimental
study to test the effect of the various constant discharge currents on a thermal behavior of small-scale
battery package. The author presents that the graphite matrix composite with phase change has
remarkable outputs, especially, for higher discharge rates.

Researchers have studied experimentally/numerically the effect of graphite composite with
PCM for battery cooling under constant discharge rates in the cited literature above. But, there are
restricted studies tested under dynamic discharge conditions for cooling strategies with PCM. So, the
motivation of this study is to explore the effect of the phase change temperature of graphite composite
on the performance of small-scale battery packs under the dynamic/square wave discharge currents.
The effect of the melting phenomenon and porous media on the thermal performance of li-ion is also
presented comprehensively. To illustrate thermal response, transient temperature profile and thermal
camera images are utilized. Moreover, for electrical behaviour, time-dependent energy capacity,
discharge capacity and voltage variations are presented. Experimental results are given comparatively
with a free-air cooling case to evaluate graphite matrix composite with various melting ranges of
PCMs.

2. Material and Methods
2.1. Phase change composite experimental setup and procedure

RT-35 and RT-42 (organic paraffin) supplied from Rubitherm are utilized to store dissipated
heat by the Li-ion battery pack. Paraffin is an impressive material with great potential including, high
latent heat of fusion, thermal/physical/chemical stability, no phase segregation, non-reactivity, proper
compatibility with other materials and safe (Ahmed et al., 2022). The thermal properties of the
paraffin and graphite matrix composites are given in Table 1. Heat flow as a function of the
temperature of pure paraffin and graphite matrix composites was measured by Hitachi-7020 (DSC).
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Table 1. Thermal properties of materials

. Graphite matrix Graphite matrix
Thermo-physical property RT-35/42 composite with RT-35  composite with RT-42
Melting temperature (°C) 37.2/41.4 36.1 40.3
Latent heat (kJ kg™) 150/162 144 148
Thermal conductivity (W m™* K™ 0.2/0.2 7.2 8
Density (kg m®) (at 25 °C) 860/880 796 730
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Figure 1. DSC analysis of pure paraffin and graphite composite of (a) RT35 (Yazici, 2022a,b) and (b)
RT42 (Yazici and Saglam, 2021).

To build the graphite matrix, expanded graphite (EG) produced by heat treatment (expansion
and exfoliation at 900 - 1 000 °C - 60 seconds) was pressurized in a mould using Instron 3382. The
manufacturing process of expanded graphite can be found in detail in the literature (Py et al., 2001;
Mills et al., 2006). In this experimental study, expandable graphite with 50 mesh, > %98 purity, and
700 ml g ** (maximum expansion rate) was provided by Asbury Carbon. Graphite matrix with an
overall dimension of 75 mm (Length) x 52 mm (Width) x 60 mm (Height) and bulk density of 75 g I
was produced for a small-scale battery pack (3s2p). to obtain a graphite matrix composite with phase
change, the graphite matrix was immersed in a liquid paraffin bath (75-80 °C) for about 3-4 hours for
saturation. The graphite matrix was saturated with melted paraffin via surface tension and capillarity
(Py et al., 2001; Mills et al., 2006). The PCM quantity in the graphite composite with phase change is
nearly 103 grams. The paraffin mass fraction is 92% in graphite composite. Transient PCM saturation
in the graphite matrix is illustrated in Figure 2. The porosity ratio of the graphite matrix is measured at
85 % considering PCM volume. Impregnation encapsulation provides shape-stabilized PCMs (Zhang
et al., 2021) to avoid PCM leakage from the matrix. The leakage test is given in Figure 3. The
composite material is put on the paper and heated up to 75 °C for 150 minutes. It is observed that
graphite composite with phase change saves its form with a very low leakage rate of 0.41% (0.42
grams) on the paper. This low leakage rate can be expressed by the melting of covered solid PCM on
the surface.
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Figure 3. Leakage test: (a) T=25 °C, (b) T=75 °C (Yazici, 2022b).

To image structural topology, SEM (Scanning electron microscope, Zeiss EVO LS10) analysis
was used. Structural images for the expanded graphite matrix and the graphite matrix composite are
shown in Figure 4. Worm-like/vermicular particles are observed on the sample surface image for the
graphite matrix (Figure 4a). Moreover, it is shown in Figure 4a that in terms of the overlapping and
intersecting of graphite flakes, a honeycomb-like network is developed (Zou et al., 2020). However,
some non-interlocking zones between expanded graphite layers (Figure 4a). for graphite matrix
composite with phase, it is observed with the surface image of the sample in Figure 4b that the

paraffin is impregnated to the matrix, and covers the surface.

\
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Figure 4. Structural topology images: (a) the graphite matrix and (b) the graphite matrix composite
with phase change (RT-35).
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2.2. Experimental setup and procedure

The experimental rig is given in Figure 5. It consists of a test section, a DC load, a data logger,
a PC, and a thermal camera.

Test section

Thermal camera

Thermocouples

/
/
\. |
A

I [ @ &— X
Temperature data logger ' DC load

PC

(a)

Datalogger DCload Thermalcamera

PC Test section
(b)

Figure 5. Experimental setup: (a) schematic view, (b) photograph.

The test section comprises li-ion cells, nickel sheets for cell connection, terminals,
thermocouples and thermal management configurations including free-air cooling (Figure 6a) and
graphite matrix composite with phase change (Figures 6b and c). To test the battery package (3s2p)
under a dynamic load-the square wave, an electronic DC load (Chroma, CH-63004-150-60) with the
accuracy of current of £ 0.1 % F.S. (+0.06 amper) is used. The form of the square wave is presented in
Figure 7. The dynamic discharge current is set as lnaimum=16 A (2.5 C-rate) - t=16seconds and
Iminimum=6.4 A (1C-rate) - t=4seconds. For electric energy storage, a commercially available li-ion cell
of NCR 18650B (Panasonic/Sanyo) is used to form a 3s2p battery pack/module. The cell and battery
pack specifications are summarized in Table 2.
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Figure 6. Test section: (a) free-air cooling case, (b) graphite matrix composite / schematic view, (c)
phase graphite matrix composite /photograph.
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Figure 7. Discharge current variation: square wave form.

Table 2. Li-ion cell and pack specifications

Specification Cell Pack
Form factor 1s 3s2p
Capacity nominal (mA h) 3250 6500
Voltage nominal (V) 3.7V 111
Specific energy (W h kg™?) 243 258

Temperature measurement is the key evaluation criterion for the thermal performance of a
thermal management system. Therefore, the time-dependent temperature history of the battery package
is recorded with six T-type thermocouples (OMEGA brand) with an accuracy of £1 °C (or 0.75%).
Time-dependent temperature data were recorded with a temperature data logger (PCE-1200) in five
seconds intervals. Thermocouple positions/labels on the battery pack are presented in Figure 8. The
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thermal camera (Flir, A20) was also used to support thermocouple measurements and also visualize
the thermal image of graphite matrix composite with phase change and free-air cooling arrangements.
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Figure 8. Temperature measurements locations/labels on the li-ion module.

Experiments were conducted in an air-conditioned ambient of 25 °C. Experiments were ended
in terms of the limit operating temperature of 55 °C or cut-off voltage of 7.8 V value. It changes
depending on which limit is provided first.

3. Results and Discussion

The experimental study is carried out on a small-scale of 3s2p li-ion battery package’s thermal
and electrochemical behaviour under dynamic/square wave load for the performance evaluation of
graphite matrix composite with phase change material considering two different melting temperatures
(RT-35 and RT-42) of PCM. To illustrate the effect of the melting temperature point of graphite
composite with phase change, transient temperature distributions and thermal camera images are
presented in Figures 9 and 10, respectively. For the electrical performance of the battery pack under
dynamic load, the voltage, discharge capacity and energy capacity variation are also shown in
Figures 11 - 13. The free air-cooling case is also presented as a reference case in the figures.

Heat transportation in such a porous medium of graphite matrix composite has been
considered conduction along highly conductive abundant thermal bridges (Mills et al., 2006; Kang et
al., 2019). The advantage of highly conductive thermal bridges of the graphite matrix enhances the
process of carrying and storing heat in the phase change phenomenon, which provides the usage of
PCM in engineering applications. It should be noted that depending on pore sizes smaller than 10 mm,
the natural convection in such a porous medium is suppressed (Kang et al., 2019).

Transient temperature profiles of li-ion cell-1 and cell-2 for free-air cooling and graphite
composite are shown in Figure 9. For free-air cooling in Figures 9a and b, heat is not dissipated
effectively on the surface of the li-ion cells due to low thermal conductance of 0.025 W m™.K™ (at 25
°C) and low free-convection heat transfer rates. Lower heat dissipation rates from the li-ion surface
results in a higher operating temperature of 55 °C, which is critical, in a shorter time of 8.25 minutes.
The hot spots are Tyee.s and Taen2 for Cell-1 and Cell-2, respectively, because more heat is generated
at positive/negative poles. An almost linear increment in temperature is shown in Figures 9a and b.
The temperature increase rate is about 3.65 °C/minutes (Tgzcen2). The local temperature point
recordings of Cell-2 are higher (4.8 - 9.4 °C) than Cell-1. This temperature difference between cells is
associated with the thermal effect of the surrounding li-ion cell-2. It means cell-2 exposes thermal
effects more than cell-1 depending on surrounding cells. In addition, temperature values of T gcen1
and Ty.acen2, Which are placed on adjacent/ opposing surfaces, are higher compared to Tyg/cen.and Ty
sicell-2, Fespectively, for each cell. This is the result of the thermal effect of opposing/adjacent surfaces
to each other. It should be noted that heat loss from the outer/non-adjacent surfaces to the ambient is
one of the reasons for this behaviour. So, these result in non-uniform temperature distribution on the
battery pack, which causes adverse effects including unbalance of voltage between cells. From Figures
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9a and b, the maximum temperature difference (T max-Tmin=Tarcen2-Tscen) ON the battery pack is about
9.4 °C.

For the graphite composite with different phase changes, the temperature increase rate is lower
compared to free-air cooling in Figure 9c-f. With graphite matrix composite with phase changes, a
more uniform temperature distribution is observed. This is the result of the highly conductive
abundant thermal bridges, which provide effective heat dissipation from the li-ion surface, and also the
thermal energy storage capability of PCM. Simultaneously, dissipated heat in graphite matrix
composite with phase change is stored with paraffin in the form of sensible and latent heat.
Temperature readings report variable temperature increase rates in different periods for graphite
matrix composite with RT35 and RT42 in Figures 9c, d, e, and f. The variation of the temperature
increase rate is clearer for the other local points, especially, of T4se/cen-12 (NON-adjacent surfaces) due
to the lower temperature increase rate in terms of heat loss. For graphite matrix composite with RT35
and RT42, a steep increase is observed in the first period of t < 3 minutes and t < 6 minutes of
discharging, respectively, due to sensible heat storage. In the following period of 3 <t <8 - 14 minutes
(for graphite matrix composite with RT35) and 5 <t <11 - 19 minutes (for graphite matrix composite
with RT42), temperature measurements reach the melting range, and then temperature rise slows down
with a positive decrease due to phase transition (for RT35, Tm = 32 - 38 °C; for RT42, Tm = 38 - 43
°C, Rubitherm datasheet), which provides high energy storage capacity. In the next period of 8 - 14 < t
< 19.8 minutes for graphite matrix composite with RT35 and 11 — 19 <t < 18.67 minutes for graphite
matrix composite with RT42, the rate of temperature rise goes up depending on the completed phase
transition phenomenon. To illustrate the thermal behaviour of graphite matrix composite with RT35
and RT42, the temperature increment rate for T, iS given in the following as an example. It is
shown in Figures 9d and f that a temperature reading (Tsjen2) increases with 1.5 °C/minutes and 2
°C/minutes rates for RT335 and RT42 cases, respectively, for the first step (t < 6 minutes). In the
following step (6 minutes < t < 18 minutes), the temperature value increases with the lower rates of
1.24 °C/minutes and 1.02 °C/minutes for RT335 and RT42 cases, respectively. For the RT42 case, the
temperature increase rate is half of the first step. For the next step (t > 18 minutes), the temperature
increase rate is 2.5 °C/minutes with a 100 % increase for the RT35 case, while it is 0.75 °C/minutes
with a 25% decrease for the RT42 case. This provides higher temperature values in the package for
graphite matrix composite with RT42 in the period of t < 18 minutes, while it is observed that lower
temperature values are recorded after t> 18 minutes. This is the only result of delaying phase
change/latent heat storage period depending on the higher melting range for RT42. Because the
melting process starts and completes earlier for the RT35 case, temperature values are lower at the
initial period due to latent heat and then go up rapidly in terms of sensible heat storage, respectively.
However, for the RT42 case, it is shown that some points just reach the upper limit of the melting
point. So, rapid temperature increase after the melting process is not achieved by sensible heat.
Graphite matrix composite with RT35 gets 3.6-8 °C higher temperature values than the RT42 case at
t > 18 minutes. For example, at t = 18 minutes, temperature values of T2 for graphite composite
with RT35 and RT42 are 53.4 °C and 49.8 °C, respectively. To present the thermal response of the
graphite matrix composite with RT35-RT42, and free-air cooling cases, temperature readings of Tacei2
are given at t = 8 minutes as follows; 35.6 °C, 38.6 °C and 54.5 °C, respectively. Temperature non-
uniformity (Taiceno- Tsreen1) is decreased to 6.2 °C and 8.7 °C with graphite matrix composite with
RT35 and RT42, respectively. The outputs reveal that the operating temperature (at t = 8 minutes) is
about 34.7 % and 29.2% lower for the graphite matrix composite with RT35 and 42 in comparison to
free-air cooling, respectively. Temperature difference (at the end of experiments) is decreased by 34 %
and 7% for the graphite matrix composite with RT35 and 42 compared to free-air cooling,
respectively. In addition, safe operating time is 8.25 minutes, 18.67 minutes and 19.83 minutes for
free-air cooling, graphite matrix composite with RT42 and RT35, respectively. Graphite matrix
composite with RT35 achieved the longest operating time with an increase of 140.4 % and 6.2 %
compared to free-air cooling and RT42 case, respectively. The experiments for free-air cooling and
graphite composite with RT35 are terminated when the hot spot reaches the limit operating
temperature (55 °C), while the experiments are ended with a cut-off voltage (7.8 V) for graphite
composite with RT42.
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Figure 9. Transient temperature profiles of thermocouple points through the li-ion cell: free-air cooling
(aand b), graphite composite; RT-35 (c and d), RT-42 (e and f).

Time-dependent thermal camera images are given in Figure 10. Temperature values show the
outer surface temperature of the composite matrix (not directly cell temperature) for the graphite
matrix composite with phase change cases, while it shows cell temperature for free-air cooling.
Temperature reading increases fast for the free-cooling case. For the graphite composite cases, outer
surface temperature values reflect cell temperature values given in Figure 8c - f. In the period of
t < 18 minutes, the surface temperature of graphite composite with RT42 has higher temperature
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reading compared to graphite composite with RT35. Therefore, thermal images support the
thermocouple measurement given in Figure 10c - f. Moreover, temperature gradients between the
inner (cell temperature) and the outer surface of the package are approximately 9 °C for each case in
Figures 10b and c.

Free-cooling 1 Graphite matrix with phase change [Si8 Graphite matrix with phase change [g
i RT-35 > RT-42

249°C
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Figure 10. Time-depending thermal camera photographs: natural convection (a), graphite matrix with
RT35 (b) and RT42 (c).

The variation of discharge capacity with voltage (horizontal bottom line) and time depending
(horizontal top line/red), transient energy capacity variation, and total energy capacity variation are
presented in Figures 11, 12 and 13, respectively, to illustrate the electrical performance of cases.
Discharge capacity variation does not decrease continuously during experiments in Figure 11. This is
the result of the square wave load. For the highest discharge current of 16 A/ 16 seconds, the voltage
value decreased higher compared to the moment of the lowest discharge current of 6.4 A /4 seconds.
For example (graphite matrix composite with RT35), at the beginning of the experiment, the voltage
decreased from 12.5 V to 11.448 V with the discharge current of 6.4 A / 4 seconds, then, for the next
stage with 16 A / 16 seconds, the voltage value decreased 10.248 V suddenly. For the following stage
(6.4 A/ 4 seconds), the voltage value increases by 11.261 V suddenly in terms of discharge current,
which affects ionic movement, and so voltage value variation. Discharge capacity values of free-air
cooling and graphite matrix composite with RT 35 and RT42 are 1.93 A h, 4.65 A h and 4.34 A h,
respectively. So, the discharge capacity is increased by 141% and 125% for graphite matrix composite
with RT35 and RT 42 in comparison to free-air cooling, respectively. Due to the higher temperature
increase rate, the discharge capacity is restricted considering the safe temperature (50 °C) for free-air
cooling. For graphite composite with RT35, the discharge capacity value is 7% higher compared to
RT42 cases depending on the higher operating temperature in safe limits (Figure 9 - 10), which
provides higher ionic conductivity of the electrolyte and solid-electrolyte interface and high solid-state
diffusion (Yazici, 2022a).

Time-dependent energy capacity profiles are presented in Figure 12. Energy capacity, which
means power delivered for an hour by the battery, is increasing trend with an increase/decrease profile.
Figure 12a - ¢ show that the consumed energy of the battery pack is higher for the graphite matrix
composite cases in comparison with the free-air cooling case. In other words, more amount of work is
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performed by battery package with graphite matrix composites. This is the result of extended safe
operating conditions, in which temperature is one of the key parameters. In addition, the energy
capacity reading reaches a higher value in the case of RT35. The total energy capacity values are given
for each case with a column chart in Figure 13. The energy capacity delivers 18.5 W h, 37.3 W h and
34.06 W h for free-air cooling and graphite matrix composite with RT35 and 42, respectively. This
provides almost 102 % and 84 %more power for an hour for graphite matrix composite with RT35 and
RT42 compared to air-cooling. On the other side, 10% more energy capacity for the same initial
conditions is achieved by graphite composite with RT35 than RT42 case.
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Figure 12. Energy capacity variation: (a) free-cooling, graphite matrix with phase change; (b) RT35,
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Figure 13. Total energy capacity values for each case.
4. Conclusion

The effect of the phase transition temperature of the graphite composite with phase change on
the performance characteristics under square wave load form is explored. Graphite matrix composites
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with different phase change points show considerable outputs for the performance of small-scale
battery packages. The main outputs are presented below:

» For the graphite composite with RT35 and RT42, the operating temperature is reduced by
34.7 % and 29.2 % compared to free-air cooling, respectively.

» For the graphite composite with RT35 and RT42, the safe operating time increased by 140 %
and 126 % compared to free-air cooling, respectively.

» For the graphite composite with RT35 and RT42, the discharge and energy capacity values are
augmented by 141 % and 102 %, respectively, in comparison with free-air cooling.

»  Graphite composite with RT35 has higher temperature values (t > 18 minutes), which provides
higher ionic conductivity depending on the phase transition point.

» Graphite composite with RT35 provides 28.7 % better temperature uniformity in the package.

» Graphite matrix composite with RT35 achieved 6.2 % higher operating time in safe limit
compared to the RT42 case.

» Graphite matrix composite with RT35 provides 7 % and 10 % higher discharge capacity and
energy capacity values in comparison with RT42 cases, respectively.
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