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ABSTRACT ARTICLE HISTORY

This experimental study focused on the comparison of thermal protection Received 12 November 2021
performances of macro and/or nano enhanced organic PCM in  Accepted 18 April 2022

a representative battery pack from low to high discharge rates. The macro/

. . . KEYWORDS
nano enhanced RT-44 provides the desired battery thermal protection Battery pack; passive thermal
requirements in terms of criteria such as maximum temperature and max- protection; PCM; graphene

imum temperature difference restriction and uniform temperature distribu- nanoplatelets
tion throughout the battery pack. It increases the effective battery thermal

protection time by 117%-32% depending on the discharge rates. While PCM

thermal protection provides a more homogeneous temperature distribution

throughout the battery pack, nano and/or macro enhanced one provides it

throughout the cell. The macro enhancement essentially makes a major

contribution to shortening the cooling time for the next use.

1. Introduction

Li-ion batteries stand out as primary power sources for electric vehicles due to their superior
advantages such as high specific power, high specific energy density, long cycle life, low self-
discharge rate, and high discharge voltage [1, 2]. However, li-ion cells are exposed to heat generation
during operation, depending on their inner resistance and chemical reaction. Notably, the high
discharge current results in a high heat generation rate and a rapid temperature rise on the battery
[3, 4]. It may lead to some disadvantages such as thermal imbalance, capacity and performance loss,
and severe security problems like thermal runaway and explosion [5]. Ramadass et al [6]. investigated
the capacity fades of 18650 (1.8Ah) li-ion batteries operating at different temperatures for a large
number of charge/discharge cycles. The capacity fades of the cells at the operating temperatures of
25°C and 45°C at the end of 800 charge/discharge cycles were determined as 31% and 36%, respec-
tively. On the other hand, they determined that Li-ion batteries operating at 50°C lost 60% of their
capacity at the end of 600 charge/discharge cycles. To overcome these disadvantages, the use of an
effective thermal protection system is necessary. It is also desirable to have a temperature distribution
of <5°C from module to module [7]. Regarding the above results, an effective thermal protection
system should keep the maximum temperature and temperature difference inside the package below
50°C and 5°C, respectively

One of the thermal protection methods of li-ion batteries is passive thermal management based on
PCM usage. This process is based on absorption/release of the latent heat during the phase change of
PCM [8]. The PCM with high latent heat can reduce the peak temperature and the temperature
difference during the battery operation [9, 10]. Solid-liquid PCM was mostly preferred in the previous
studies due to the little volume change during the phase change [11]. Paraffin is a solid-liquid PCM
with a significant energy storage capacity that can be used for battery thermal protection. It has several
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evident advantages: high stability, low cost, and nontoxic and non-corrosive effects. The paraffin-
based PCMs suffer from low thermal conductivity and cannot provide proper thermal protection to
the battery during a long operation with high discharge rates [11, 12]. This is because the amount of
heat penetration and the contact temperature of the battery are the functions of PCM thermal
conductivity [13]. While heat penetration varies in direct proportion to PCM thermal conductivity,
battery contact temperature varies inversely. So, they are ineffective in heat dissipation for li-ion
battery protection, and they may cause thermal runaway and even explosion [14]. Therefore, the
thermal conductivity of PCMs to be used in battery thermal protection should be improved first.

The combination of the PCM with fins was the first method that comes to mind for using thermally
enhanced PCM in the battery thermal protection. Ping et al. [15] investigated the effects of fin
thickness, fin spacing and PCM thickness on the thermal performance of battery modules. They
reported that the fin thickness of 0.5 mm, the fin spacing of 2.5 mm and the PCM thickness of 10 mm
are the optimum conditions in terms of reducing the maximum cell temperature and maintaining
a more uniform temperature throughout the package. Wang et al. [16] performed an experimental
performance study of a battery pack containing cylindrical cells using PCM with thermally enhanced
metal fins. However, the use of metal fins together with the PCM causes an undesirable increase in
system weight and volume.

The PCM impregnated foam is another technique used for the effective thermal protection of
battery packs. In this respect, it has been determined that aluminum [17, 18] and copper foam/PCM
[19, 20] composites reduce the battery cells’ maximum temperature by 50%. In the last decade,
expanded graphite/PCM composites have been widely used for battery thermal management due to
low weight, high resistance to corrosion and ease of use [21]. Additionally, the leakage problem of
liquid PCM is prevented by the strong capillary force provided by the expanded graphite (EG) matrix
[22]. Xu et al. [23] examined the thermal protection of cells in a cylinder package with EG/paraffin
composite in terms of the composite density and paraffin fractions. They recommended that the 75%
paraffin/EG composite with a density of 890 kg/m® for battery thermal management. Jiang et al. [24]
proved that EG/Paraffin composites significantly reduce battery cells’ temperature rising while keeping
the maximum temperature difference around 1-2°C within the battery pack. The major disadvantage
of this method is the limited amount of PCM to be impregnated into the foam pores.

Another method used to improve their low thermal conductivity is to incorporate nanoparticles
with high thermal conductivity within the PCM. Carbon-based nanoparticles have been reported to
effectively enhance the thermal conductivities of PCM compared to metal/metal oxide nanoparticles
[25]. Additionally, the shape of the nanoparticles also affects this enhancement and the planar-shaped
nanoparticles were found to be more successful in this respect [26-28]. Graphene nano-platelets
(GNP) are planar-shaped and suitable nanoparticles that can be used to enhance PCM thermal
conductivity [29]. Goli et al. [30] showed that the thermal management of li-ion cells in
a cylindrical package can be drastically improved using PCM with Graphene nano fillers. They
reported that the improved heat conduction toward the outside significantly lowered the temperature
inside the li-ion battery package. Temel et al. [31] reported that the 7% Graphene nanoplatelets
incorporation increased the effective passive thermal protection duration by 2 times compared to
PCM in a simulative battery pack.

Several hybrid hybrid methods have also been tested for PCM based battery thermal protection.
Ling et al. [32] tested the hybrid thermal protection system consisting of PCM and forced convection
on 554P (five cells in series and four cells in parallel) li-ion cells in a rectangular package. They
determined that the combined system prevents the heat accumulation and keeps the maximum
temperature of the pack under 50°C. Kong et al. [33] proposed a coupled composite phase change
material and liquid cooling for the thermal protection of lithium-ion battery pack. They reported that
the coupled system exhibited good thermal protection at an ambient temperature of 30°C such that it
kept the maximum temperature and temperature difference of the battery pack at 41.1°C and 4°C at
the end of 3C discharge. Youfu et al. [34] proposed low density polyethylene to prevent leakage
problem of paraffin and expanded graphite-fin combination to improve the thermal conductivity of
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paraffin to be used in battery thermal protection. They found that constructed PCM-based battery
module presents excellent heat dissipation performance, allowing the battery pack to operate with the
safety temperature of 50°C and temperature difference of 5°C.

This study focused on the comparison of thermal protection performances of macro, nano and
hybrid (macro/nano) enhanced PCM in a representative battery pack. The macro enhancement was
carried out by adding copper shavings particles into the PCM as a simple but untested method in the
literature. The nano enhancement was achieved by adding planar-shaped and carbon-based nano-
particles into PCM. To investigate the combined effect of macro and nano enhancement, a macro/
nano enhanced PCM composite was also created. Performance evaluations of PCM-based passive
thermal protections with different enhancement methods were performed in a representative battery
pack from low to high discharge rates.

2. Experimental methods

RT-44 (Rubitherm Technologies, Germany) is a paraffin-based organic PCM used in this study with
a suitable melting temperature range (41-44°C) for the thermal protection of battery packs. The helical
copper metal shavings with a thickness of 0.2 mm, a width of 4 mm, and a length of 100 — 200 mm
were used as supporting material for macro enhancement (Figure 1). The GNP nanoparticles (GNP,
Skyspring Nanomaterials Inc, USA), used as supporting material for nano enhancement, have
a surface area of 150 m*/g and a thickness of 6-8 nm (Figure 1).

The nano enhanced composites (GNP/RT-44) were prepared by adding 7% GNP by mass into
completely molten RT-44 on a hot plate. The melt mixture was subjected to an ultrasonic mixing for
30 minutes to obtain a homogeneous dispersion. It has been recognized that the addition of 7% GNP is
a mixable upper limit in the molten RT-44. Thermal conductivity, DSC, and viscosity characterization
of the RT-44 and GNP/RT-44 composites were carried out using KD2 Pro (Jeiotech, South Korea) and
DSC-60 (Shimadzu Corporation, Japan) and rotary rheometer (Malvern Kinexus PRO, Switzerland)
devices, respectively.

In this study, li-ion battery packs were created representatively using cylindrical electrical heaters
instead of real cells. The dimensions of the heaters were adjusted to be similar to the genuine 18,650
(18 mm in diameter and 65 mm in height) li-ion cell. The battery packs were obtained by mounting
equally spaced electrical heaters vertically in a rectangular aluminum container. The particular
geometric properties of the battery pack were given schematically in Figure 2. Molten RT-44 or
nano enhanced RT-44 (7% GNP/RT-44) was poured directly into the battery pack. Then the battery
packs were expected to solidify at room temperature, and the heater cells were wrapped in RT-44 (or
GNP/RT-44). The macro enhanced RT-44 or macro/nano enhanced RT-44 (macro enhanced 7%
GNP/RT-44) to be tested in battery pack thermal protection was prepared by the following method.
Firstly, 20% by mass copper shavings were placed around the cells to form a metal mesh structure
within the package (Figure 2). Then, the molten RT-44 or 7% GNP/RT-44 was poured into the battery

Figure 1. Macro and nano supported material for the enhancement.
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Figure 2. The representative battery pack and temperature measuring points.

pack surrounding both the cells and the copper shaving mesh to be solidified at room temperature.
The center-to-center distance between the two adjacent heaters was fixed at approximately 36 mm so
that the optimum RT-44 (or GNP/RT-44) thickness of 9 mm was set for each heater [17]. A high
temperature resistant gasket was used between the heater and container connection areas to solve the
sealing problem.

The experimental rig used in the experiments consists of battery pack, DC power supply, thermo-
couple connections, data collector, KD2 Pro (thermal conductivity measurement device) computer,
and an air conditioning unit (Figure 3). The J-type thermocouples measured time-dependent tem-
perature at specified points in the battery packs. All thermocouples were mounted on the half depth of
the heater and named as shown in Figure 2. At the same time, two additional thermocouples (T, and
Ts) were connected to the lower and upper regions of a specific heater additionally to examine
temperature variation across the heater height.

Data ' s
DC Power e
Collecto ' [Thermocouples

Connections

Figure 3. Experimental test rig.
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The J-type thermocouples with an accuracy of + 0.5°C have gathered temperature data at 30 second
intervals via a data collector (Agilent 34970A) and transferred it to a computer. In practice, the amount
of heat dissipation of a li-ion battery is a function of state of charge, rate of discharge and the operating
temperature. The increase in discharge rate is directly related to the amount of heat dissipated. This
was achieved by increasing the resistance power in this study. The state of charge and operating
temperature of the li-ion battery also affects the dissipation heat during the operation. The effects of
the state of charge and operating temperature on the dissipating heat of Li-ion battery were not
considered in this study. Battery cells were assumed to be unaffected by the state of charge and the
operating temperature, and therefore it emits constant heat. The state of charge and operation
temperature effects are left as the subject of a future study. As a representative battery cell, the heaters
were assumed to emit constant heat during the discharge process. Each heater was connected to a DC
power supply to emit 2.2 W, 44 W, 6.6 W, and 8.8 W, respectively. Thereby, different discharge rate
scenarios were created for the representative battery pack. The representative battery pack tested for
different protection systems in an air-conditioning cabinet maintained a constant temperature of
20°C. Natural convection measurements were also carried out by running the battery pack empty
under the same conditions. Natural convection state is sometimes referred to as a thermally unpro-
tected system.

The thermal conductivity measurements were performed by using a KD2 Pro device (Decagon
Devices Inc, USA) at 20°C for the solid phase in an air conditioning device. It works based on the
transient linear heat source principle. Measuring the temperatures during the heating period, the
sensor of the KD2 Pro operates both as a heater and a temperature sensor. The thermal conductivity
value is determined by analyzing the measured temperatures over time. The accuracy of the KD2 Pro
was +0.02 W/mK, at least five measurements were made for each sample by recording the mean values
with a standard deviation of 0.5.

The Differential Scanning Calorimetry (DSC) properties (melting temperature and melting latent
heat) were measured by using Differential Scanning Calorimetry (DSC-60 Shimadzu, Japan). The
ramp rate of the device was adjusted to 2°C/min between the temperature range of 20°C and 60°C. The
accuracy of DSC was 0.1°C, at least three measurements were made for each sample and mean values
were recorded with a standard deviation of 1%.

3. Results and discussions

The effect of macro and/or nano enhancement on the thermophysical properties such as thermal
conductivity, melting temperatures, latent heat, and dynamic viscosity have been reported in this
section. The thermal conductivity values of macro and/or nano enhanced RT-44 were given in
Figure 4. The applied macro enhancement causes an increase of 1.97 times in thermal conductivity
while the nano enhancement causes an increase of 3.3 times. The synergistic effect of the macro and
nano thermal conductivity enhancement was measured to be 4.2 times, a relatively lower enhancement
compared to the sum of the independent effects. This is based on a non-linear character of the thermal
conductivity increase.

DSC analyses were conducted to investigate the effect of macro and nano additives on the thermal
properties such as melting onset temperature (T,,), melting endset temperature (T.,,) and melting
latent heat (H,,). Figure 5 depicts DSC curves of the macro and/or nano enhanced RT-44 composites.
It is seen that macro enhancement causes significant changes in DSC curves compared to nano
enhancement. The quantitative results for the melting temperatures and latent heats of macro and/
or nano enhanced composites were calculated by the DSC software and were compared in Table 1. The
melting onset (T,,,) and melting endset temperatures (T.,,) remained unaffected by the nano
enhancement. On the other hand, it is clear that the macro enhancement causes decrease in the
related temperatures. For example, while the melting onset temperature (T,,,,) for RT-44 is 40.22°C, it
decreases to 36.9°C when it comes to macro/nano enhanced RT-44. This variation can be attributed to
the heat transfer rate and the solid/PCM interface. Similarly, the reduction in the latent heat is also
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Figure 5. DSC curves of the macro and/or nano enhanced RT-44 composites.
Table 1. The thermophysical properties.
Tom Tem Hm H@SOOC
Material (°0) (°0) (/g) (kg/ms)
RT-44 4022 44.70 2396 0.0082
Macro enhanced RT-44 39.28 43.98 167.5 -
Nano/RT-44 40.29 44.92 221.5 0.033
Macro/Nano enhanced RT-44 36.89 43.26 152.8 -

affected by the macro enhancement. For example, while the latent heat (H,,,) was decreased by 7.5% in
nano/RT-44 composite, decreases of 30.1% and 36.3% were detected in macro/RT-44 and macro/
nano/RT-44 composites, respectively. Macro and nano additives can be said to have negative effects on
dynamic viscosity as well as melting latent heats. Four times increase in dynamic viscosity (u) occurs
only with the addition of 7.5% nanoparticles Although the capacity loss in the latent heat is tolerable,
an increase in the dynamic viscosity causes significant effects on the heat transfer mechanism
especially in the liquid phase.
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Firstly, the heat powers of the electric heater were correlated to the real li-ion cell discharge rates.
Hémery et al. [35] matched the temperature rise of a real li-ion battery operating at 0.5C, 1C, 2C, 3C
discharge rates with electrical heater powers. In their study, the temperatures were measured both on
the wall of a Li-ion cell and at the cylinder axis, and the corresponding heater powers were averaged.
The data obtained were plotted in Figure 6 and an appropriate curve was fitted. The heater powers
used in this study were determined by using a specific curve equation (Table 2).

The thermal protection performances of macro and/or nano enhanced RT-44 were compared in
terms of battery pack maximum temperature, maximum temperature difference and effective protec-
tion times. Undesired heat accumulation causes the cells in the central area of the battery pack to reach
the maximum temperature. In the experiment, the maximum temperature was measured at point #T,
and is given in Figure 7 versus time. It demonstrates a period longer than the battery cell discharge
time to make some observations.

The maximum temperature curves of the unprotected (natural convection) battery pack undergo
a parabolic increase toward a limit value with the establishment of thermal equilibrium after an initial
rapid increase. These parabolic increase rates are proportional to the discharge rates and the max-
imum temperatures exceed the critical temperature of 45°C in a short period of time at all discharge
rates. However, RT-44 based thermal protection significantly restricts the maximum temperature of
the battery pack at all discharge rates. Since melting has not yet started, RT-44 exhibits similar but
lower maximum temperature responses to natural convection only at low discharge rate (2.7C). In
contrast, the maximum temperature curves present the behavior of different regimes at high discharge
rates where phase change occurs.Firstly, the maximum temperature of the battery pack rises quickly
before the melting process of RT-44. At this regime, heat transfer takes place entirely by conduction
and the maximum temperature of the battery pack is significantly reduced due to more heat penetra-
tion to the RT-44 compared to natural convection. The restriction of the maximum temperature is an
essential protection performance for the battery packs, but it decreases as the discharge rate increases.
Further reduction of the slopes of the curves in the second regime formed with the onset of melting is
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Figure 6. Discharge rates corresponding to heater powers.

Table 2. Discharge rates corresponding to heater powers (this study).
Power(W) 2.2 4.4 6.6 8.8
C Rate 2.7 4.0 5.1 6.0
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Figure 7. The variation of the maximum temperature of the battery pack with time.

important in terms of limiting the maximum temperature. With liquefying of the mushy zone around
the cells, the effective heat transfer mechanism turns from conduction dominant to convection at
the second regime. Also, the second regime shortens and its slope increases depending on the
discharge rate magnitude. When the liquid around the cells reaches a certain thickness, the convective
heat transfer mechanism becomes dominant under the effect of significant buoyancy forces near the
cells. In this third regime, the battery maximum temperatures remain nearly stable throughout
constant temperature plateaus. However, aforementioned constant temperature plateaus occur at
a high temperature and in a short time due to increased discharge rates. The constant temperature
values were measured at approximately 53.5°C, 58.5°C and 62.1°C for the discharge rates of 4C, 5.1C
and 6C respectively. Especially at high discharge rates, it may be advantageous to reduce the constant
temperature plateaus below 45°C, the critical temperature for battery pack thermal protection.In this
respect, macro and/or nano enhancements were carried out on the PCM to reduce the constant
temperature plateau to lower temperatures. The maximum temperature curves were seen to behave in
the exact same way with the macro enhanced RT-44. However, it can be said that copper shaves create
a network structure that will help to transmit the heat released from the cells to the inner RT-44
regions. As a result, the maximum temperature values tend to have lower values. The maximum
temperature curves of the nano enhanced RT-44 present some distinct differences. Since the thermal
conductivity coeflicient is enhanced at 7% GNP/RT-44, the maximum temperatures of the battery
pack are better restricted in the conduction dominated regimes especially at lower discharge rates
(<4C). At high discharge rates (>4C), it is an advantage that the mushy region quickly liquefies with
enhanced thermal conductivity and the constant temperature plateau occurs at a lower temperature
(=50°C). However, considering the cell discharge time, reducing the aforementioned constant tem-
perature plateau below 45°C is essential for an effective protection. This enhancement is partially
achieved by macro/nano enhanced RT-44. On the contrary, the short duration of the mentioned
constant temperature plateau is an important disadvantage. This is because the convective flows that
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started in the narrow liquid region around the battery cells are slowed down due to the higher viscosity
of 7% GNP/RT-44 as the liquid region begins to expand. At this regime under a weaker convection
heat transfer mechanism, the maximum temperature curves start to increase again. As a result, it
underperforms the RT-44 after a breakeven point (t = 2845 s for 5.1C and 1490 s for 6C). Fortunately,
this only happens after the cell has been fully discharged.

The restriction of the maximum temperature of the battery pack is an important performance
criterion for the thermal protection of the battery pack. The maximum temperatures at the end of the
discharge and the related percentage performance enhancements in comparison to RT-44 were given
in Figure 8 for the macro and/or nano enhanced RT-44. The maximum temperatures of the battery
pack were measured to be 51.3°C (2.7C), 69.4°C (4C), 82.8°C (5.1C) and 94.6°C (6C) in the natural
convection cases as shown in Figure 8. In other words, the maximum battery pack temperature
exceeds 45°C at all discharge rates and therefore it requires the use of thermal protection. With RT-44,
the maximum battery pack temperatures were restricted significantly to the values of 35.9°C (2.7C),
42.8°C (4C), 47.2°C (5.1C) and 52.0°C (6C), and performance enhancements were achieved in the
range of 30%-45% compared to the unprotected battery pack. However, RT-44 protection provides the
ideal protection at 2.7C and 4C while remaining insufficient at 5.1C and 6C. Macro and/or nano
enhancements on the RT-44 have resulted in a better and improved protection performance. The
macro and/or nano enhanced composites provide an additional several degrees of restriction for
maximum temperatures compared to base materials. For instance, at the discharge rates of 2.7C and
4C, the macro or nano enhanced composite provides an approximate 6-9% performance increase
compared to the RT-44 and keeps the battery maximum temperatures safe below 45°C. On the other
hand, both macro enhanced or nano enhanced RT-44 do not provide ideal protection at high
discharge rates (>5.1C). The maximum battery pack temperatures for macro or nano enhanced RT-
44 exceed 45°C, so they provide only effective protection for a limited time at the discharge rate of 5.1C
and 6C. Moreover, the nano enhanced RT-44 performs worse at 5.1C discharge rate in terms of
maximum temperature restriction. The reason for this is that the heat conduction is less than RT-44
until convective currents start in the liquid layer, which is formed quickly due to the increased thermal
conductivity in nano enhanced RT-44. Because of the molecular disorder, the thermal conductivity of
liquid 7% GNP/RT-44 is lower than solid RT-44. The same negative effect was dominant due to the
early formation of convective currents at a discharge rate of 6C. On the contrary, the macro/nano
enhanced RT-44 is totally successful at keeping the battery cells below 45°C at all discharge rates.

The effective protection time is defined as the period it takes for the maximum temperature of the
battery pack to exceed 45°C. Figure 9 shows the effective protection times and performance enhance-
ment percentages of macro and/or nano enhanced RT-44 in comparison with RT-44 thermal protec-
tion. The effective protection times for the natural convection were measured as 933 s (2.7C), 354
s (4C), 223 5 (5.1C) and 158 s (6C) from Figure 9. In all other thermal protection methods, completely
effective protection was provided throughout the related discharge time for the discharge rate of 2.7C
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Figure 8. The maximum temperatures and the percent performance enhancements compared to RT-44.
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Figure 9. The effective protection times and percent performance enhancements compared to RT-44.

and 4C. Although it does not provide complete protection at high discharge rates (=5.1C), significant
improvements are achieved compared to the unprotected battery pack. Such that in the use of RT-44,
effective protection times are increased by 2.9 (5.1C) and 2.6 (6C) times compared to natural
convection cases. On the other hand, the enhanced RT-44 composites (except nano one), improve
the battery protection performances by further prolonging the effective protection times. The macro/
nano enhanced RT-44 provides the best performances in terms of effective protection times. It
improves the effective protection times by 117% (4C), 79% (5.1C) and 32% (6C) compared to RT-44.

Another performance criterion is to keep the maximum temperature difference throughout the battery
pack below 5°C. The maximum temperature difference of the battery pack can be defined as the difference
between the measurement point of #T, in the interior and #T, in the outer region. Figure 10 shows the
maximum temperature difference-time variation throughout the battery pack with different thermal
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Figure 10. The maximum temperature difference-time variation throughout the battery pack.
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protection methods. In natural convection, the maximum temperature differences throughout the battery
pack exceeding 5°C (except for 2.7C) during the discharge process supports the necessity of thermal
protection. The RT-44 based thermal protection seems to be successful at maintaining the maximum
temperature difference below 5°C at all discharge rates. With the RT-44, the maximum temperature
differences continuously increase until melting begins. The initiation of melting in the inner region of
the package before the outer region reduces the maximum temperature difference and keeps it relatively
small. In other words, continuity of the temperature ramp rate of #T, and decrease of temperature ramp
rate of #T causes a significant restriction in maximum temperature difference. On the other hand, nano
and/or macro enhancement cause negligible performance loss in terms of maximum temperature differ-
ence only at a portion of high discharge rate of 5.1C and 6C. This is caused by the more efficient transfer of
heat to the outer part of the pack as a result of enhanced thermal conductivity.

Similarly, giving consideration to battery pack thermal protection, the temperature difference through-
out the cell height should be below 5°C. It was calculated as the difference between the temperature
measured at the upper point (#T) and the temperature measured at the lower point (#Ty) of the cell. The
temperature difference throughout the cell height was found to increase in proportion to the discharge rate.
Figure 11 shows the temperature difference throughout the cell height with different thermal protection
methods used at a discharge rate of 6.0C. In the case of natural convection, the mentioned temperature
difference increases rapidly under the effect of buoyancy driven flow and exceeds 5°C toward the end of the
discharge process. The buoyancy flow effects also apply to the liquid RT-44, but the temperature difference
is significantly reduced due to its slow motion compared to natural convection. As a result, each thermal
protection method provides a more uniform temperature distribution throughout the cell. In these cases,
the maximum temperature differences throughout the cell were kept below 1°C. One of the reasons for
a more uniform temperature distribution throughout the cell is the insufficient liquid fraction formed at the
end of the discharge. Another reason is the suppression of buoyancy flows due to the macro and nano
addition increasing the viscosity in the liquid phase.

The cooling times of PCM-based passive thermal protection systems are critical for reuse when the
battery pack is off. Figure 12 compares the cooling performances of RT-44, macro and/or nano enhanced
RT-44 thermal protections until the maximum temperature of the battery (#T) drops below 30°C after
5.1C discharge. Macro enhancement of RT-44 is seen to be more effective than nano enhancement of RT-
44 in terms of shortening the cooling time. The cooling times were measured as 9746, 7345 and
8858 seconds for RT-44, macro enhanced RT-44 and nano enhanced RT-44, respectively. In other
words, the macro or nano enhanced RT-44 have 25% and 9% enhancement in cooling performance
compared to the RT-44, respectively. The cooling time was determined as 6698 seconds in the macro/nano
enhanced RT-44, and the macro enhancement can be said to have made a major contribution to the 31%
performance enhancement.
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Figure 11. The temperature differences along the cell height.
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The continuous on/off cycles of the battery pack was performed to examine the heat accumulation
effect on the subsequent operations. As shown in Figure 13, all thermal protection methods have been
tested in a five-cycle scenario where the representative battery pack was operated for 10 minutes and
then stopped for 10 minutes for each cycle. Since the heat accumulated in the battery pack is not
completely dissipated to the environment, the maximum temperature continuously rises as a result of
the subsequent discharge processes. In the unprotected (natural convection) battery pack, the max-
imum temperature approaches 100°C in the 5% cycle. With the RT-44, the maximum temperature of
the battery pack was determined as 56°C in 5 cycle. However, it is clear that the thermally enhanced
RT-44 provides better performance due to slower temperature rise during discharge and faster
temperature drop during battery pack is not operated. The positive effect of macro enhancement on
cooling performance keeps the maximum temperature in the 5th cycle 2.4°C and 4.4°C lower for RT-
44 and 7% GNP/RT-44, respectively. Especially for the Macro/Nano enhanced RT-44, the maximum
temperature at the end of the charge/discharge cycles could be reduced to an acceptable temperature of
47.5°C. However, for all enhancement methods, temperature is over 45°C from the 3rd cycle. When
the on/off cycles are compared in terms of the maximum temperature difference, the nano enhance-
ment provides good protection up to the 4th cycle. Macro/nano enhancement, on the other hand,
keeps the maximum temperature difference below 5°C throughout the whole cycle.

As a result, nano and macro enhanced thermal conductivity will improve the battery pack’s ability
to radiate outward heat accumulated in its interior. If this capability is combined with an arrangement
such as passing air around the battery pack while the electric vehicle is in motion, it can become
a practically usable system with a completely efficient thermal protection.
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Figure 13. On/off cycles.
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Table 3. Summary of results for different PCM-based thermal protection methods.

Thermal Protection Maximum Temp. (°C) Maximum Temp. Difference (°C)
Method 2.7C 4.0C 5.1C 6.0C 2.7C 4.0C 5.1C 6.0C
RT-44 35.9 42.8 47.2 52.1 2.6 1.5 1.9 29
Macro enhanced RT-44 34.2 425 46.7 50.6 3.6 4.1 4.6 6.5
Nano enhanced RT-44 33.2 40.5 493 493 23 2.7 6.5 53
Macro/Nano enhanced RT-44 32.6 404 443 46.3 2.9 45 3.9 5.1

A summary of the results for the RT-44, macro enhanced RT-44, nano enhanced RT-44, and

makr

o/nano enhanced RT-44 are given in Table 3.

4, Conclusions

In the present study, the thermal protection performances of macro and/or nano enhanced organic

PCM
perfo

were tested from low to high discharge rates in a representative battery pack. Thermal protection
rmances were compared according to keeping the maximum temperature below 45°C and the

maximum temperature difference below 5°C, and the following conclusions were drawn.

The positive effect of macro enhancement on thermal conductivity increase is 1.97 times and
nano enhancement is 3.3 times. The coupled effect of the macro and nano enhancement in
thermal conductivity increase is 4.2 times relative to only the PCM case.

Macro and/or nano enhancements create a thermal protection advantage by reducing the
constant temperature plateau to a lower temperature.

At discharge rates of 2.7C and 4.0C, all PCM-based thermal protection methods keep the maximum
battery pack temperature below 45°C. Conversely, at relatively high discharge rates of 5.1C and
6.0C, the macro/nano enhanced PCM performs best at limiting the maximum temperature.

The pure PCM is quite successful at keeping the maximum temperature difference below 5°C.
Although macro or nano enhancement deteriorates the performance in this respect, it can be accepted
that the macro/nano enhanced PCM keeps the maximum temperature difference below 5°C.

The macro/nano enhanced RT-44 enhances the effective protection times compared to RT-44 by
117%, 79% and 32% at 4C, 5.1C and 6.0C respectively.

Macro/nano enhancement significantly shortens the cooling time of the heat accumulated RT-
44. In fact, macro enhancement greatly contributes to the cooling time performance.
Macro/Nano enhanced RT-44 maintains the maximum temperature and maximum temperature
difference within the allowable limit due to the slower temperature rise during discharge and the
faster temperature drop during cooling operation.

Another method of reducing the PCM thermal temperature plateau seems to be lowering the PCM melting
temperature. The next study is planned to examine the effects of lowering the PCM melting temperature as
much as possible in order to take advantage of phase change. At the same time, the variation of the heat
emitted by the battery cells with time will be tested using a variable current to consider the state of charge

effect.

Nomenclature

T temperature (°C) m melting

k thermal conductivity (W/mK)

H latent heat (J/g) Acronyms

u dynamic viscosity (kg/ms) PCM Phase Change Material

GNP Graphene Nanoplatelets

Subscripts EG Expanded Graphite

om onset melting DSC Differential Scanning Calorimetry

em endset melting S Stage

max maximum
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